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Abstract 

Cancer is mainly driven by the long-term accumulation of somatic mutations in normal cells. 

The cause of these mutations in different cancers can range from exogenous and endogenous 

chemicals to defective biological processes. The genomic analysis of mutational landscapes in 

different cancer types has revealed many distinct patterns of mutations collectively known as 

mutational signatures. The characterization of these mutational signatures is in progress; 

however, many signatures of unknown etiology remain. Although the International Agency for 

Research in Cancer (IARC) has classified both formaldehyde and acetaldehyde as human 

carcinogens, there is still minimal comprehension of their mutagenesis at the nucleotide level. 

We used a highly sensitive yeast genetic reporter system, which features the generation of 

single-stranded DNA (ssDNA), to demonstrate formaldehyde- and acetaldehyde-induced 

mutations. My former lab colleague, Reena Fabros, researched formaldehyde mutagenesis, 

while I focused on acetaldehyde, and computationally analyzed the mutational signature 

induced by formaldehyde and acetaldehyde. I assessed the cell viability and mutation 

frequency of acetaldehyde-induced yeast mutants, and isolated and sequenced their 

genomes. My findings revealed that the relative contribution of C->A, C->T, and T->C 

substitutions is higher in formaldehyde and acetaldehyde yeast compared to the untreated 

control yeast. Most importantly, the formaldehyde-induced mutational signature resembles a 

single base substitution SBS40 of unknown etiology from Catalogue of Somatic Mutations in 

Cancer (COSMIC) database. Moreover, acetaldehyde induced an excess of deletion events 

longer than five bases, while formaldehyde did not. Despite deciphering many of these 

mutational signatures from different model systems, a significant research gap remains for 
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many mutational signatures with unknown or partially understood etiology. I used 52 curated 

cancer datasets of 19 different cancer types from the cancer genomics cBioPortal database. 

After reconstructing all the mutational signatures from mutation data, I used Gene Set 

Enrichment Analysis (GSEA) and Gene Ontology (GO) enrichment analysis to analyze the 

reconstructed mutational signatures and gene expression data and identify correlated 

biological processes. The common GO terms across male-only, female-only, and mixed sample 

datasets were found in most signatures. The results of many signatures are consistent with 

the known proposed etiology of the COSMIC signatures. For those signatures of unknown 

etiology, SBS8, SBS16, SBS28, and SBS41 are linked to DNA repair; SBS12, SBS19, SBS33, and 

SBS37 are associated with immune function; SBS17a/17b are linked to reactive oxygen species 

damage response; SBS5 with cell division; and SBS40 is linked to xenobiotic metabolism. The 

GO semantic similarity showed a range of values for different signatures. The correlation 

between age and mutation count varied for different mutational signatures.  These findings 

could contribute to a better understanding of formaldehyde- and acetaldehyde-induced 

mutational signature and show how different mutational signatures vary not only by different 

related biological processes but also across different age groups. 
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1.2 Cancer and carcinogenesis 

Cancer is a complex disease characterized by the uncontrolled division and proliferation of 

abnormal cells. These cells invade the surrounding tissues and metastasize to distant parts of 

the body via the blood and lymphatic systems, significantly impairing different types of tissues 

leading to multisystem failure and death. Cancer cells have several distinct features that 

differentiate them from normal cells, such as uncontrolled growth and division, resistance to 

apoptosis (programmed cell death), angiogenesis, genome instability, and immune evasion 

(1). There are different types of cancers categorized by their tissue of origin. Carcinomas 

include cancers that arise from epithelial cells or the lining of organs, such as lung, breast, and 

colorectal cancers. Sarcomas arise from connective tissues such as bone, cartilage, muscles, 

and fats, and include cancers such as osteosarcoma and liposarcoma (2). Another type of 

cancer, leukemias, arises from blood-forming tissues (bone marrow) where white blood cells 

proliferate abnormally. The lymphatic system such as, lymph nodes and lymphoid tissues, is 

affected by certain lymphoma cancers, such as Hodgkin and non-Hodgkin lymphoma. Brain 

and spinal cord cancers include gliomas and meningiomas (3). 

Carcinogenesis is a complex multi-step process where normal cells change into malignant, 

abnormal cells through genetic and epigenetic alterations, inflammation, and immune 

dysfunction over a long period of time, affecting the key cellular processes such as cell 

division, DNA repair mechanisms, and apoptosis, ultimately leading to cancer development 

(4). The multiple steps involved in carcinogenesis are initiation, promotion, and progression at 

the molecular and cellular level (5). In the initiation step, the DNA reacts with physical and 

chemical human carcinogens such as ultraviolet light, formaldehyde in tobacco smoke, and 
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acetaldehyde in alcohol, leading  to the formation of DNA adducts and errors during 

replication (6). The endogenous intermediate products, such as reactive oxygen species (ROS) 

and reactive nitrogen species (RNS), produced during metabolic processes cause oxidative 

stress and DNA damage, such as 8-oxo-guanine formation (7). Point mutations, gene 

amplifications, and chromosomal translocations in proto-oncogenes such as KRAS (Kirsten Rat 

Sarcoma Viral Oncogene Homolog), MYC (MYC proto-oncogene derived from 

Myelocytomatosis), and EGFR (Epidermal Growth Factor Receptor) transform into oncogenes 

by constitutive activation of growth-promoting signals (8). The mutations that would cause 

loss of function of tumor suppressor genes such as TP53, RB1, and APC disable the ability to 

stop cell proliferation and induce cell death (9). Also, mutations in DNA repair genes such as 

MLH1, MSH2, important for mismatch repair (MMR), or BRCA1/BRCA2, important for 

homologous recombination repair mechanisms, compromise the overall DNA repair 

mechanisms, increase the mutation burden, leading to genomic instability (10). 

In the promotion step, the clonal expansion of all mutated cells is stimulated by promoters 

such as inflammation, growth factors, and hormones such as estrogen which promote breast 

malignant cell proliferation (11). Epigenetic alterations such as DNA methylation and histone 

modifications alter gene expression, promoting cancer cell survival and proliferation (12). For 

example, hypermethylation of tumor suppressor gene promoters silences the expression of 

genes such as DAPK1 (Death-Associated protein Kinase 1) and PTEN (Phosphatase and Tensin 

Homolog), promoting uncontrolled cell growth (13). Inflammatory mediators such as 

cytokines and chemokines activate different types of proliferation pathways, such as NF-κB 
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(Nuclear Factor kappa-light-chain-enhancer of activated B cells) and STAT3 (Signal Transducer 

and Activator of Transcription 3) (14).  

Finally, in the progression step, the accumulation of genetic and epigenetic changes, high 

mutation burden, unstable chromosomes, and impaired DNA repair systems with cell cycle 

checkpoint dysregulation drives the malignancy into tumor phenotypes (15). In tumor cells, 

the genomic instability can lead to upregulation of hTERT (human telomerase reverse 

transcriptase) which is a subunit of telomerase, that in turn circumvents senescence and 

contributes to the cell immortality (16). To fulfill all tumor cells nutrient and oxygen level 

requirements, blood vessel growth is promoted by angiogenic factors such as VEGF (Vascular 

Endothelial Growth Factor) and FGF (Fibroblast Growth Factor) (17). The invasive properties of 

all tumor cells are enhanced by epithelial-mesenchymal transition (EMT), which gives them 

the freedom to break away, move, and invade other normal tissues. They even escape the 

immune cells' attacks by reducing antigen presentation and exploiting the immune 

checkpoints (18). 

1.3 Human Carcinogens 

Human carcinogens are different types of physical, chemical and biological agents that can 

induce DNA damage in the form of lesions by chemically reacting with DNA strands, 

mutations, or disrupting biological pathways leading to cancer. Different types of human 

carcinogens damage human DNA. Many of these human carcinogens are categorized based on 

their origin, such as exogenous carcinogens, which come from external sources, whereas 

endogenous carcinogens are generated internally within the human body (19). 
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Exogenous carcinogens can damage the DNA by promoting mutations or interfering with key 

cellular processes such as DNA repair. Exogenous chemical DNA-damaging carcinogens include 

benzo[a]pyrene and nitrosamines found in tobacco smoke associated with DNA adducts 

formation, which has been linked to lung and oral cancer (19,20). Benzene, found in industrial 

solvents and gasoline fumes, is associated with DNA strand breaks and is linked with leukemia 

(21). Aflatoxins from moldy grains and nuts induce guanine adducts which mispairs with 

adenine leading to G->T transversion in the TP53 gene are linked to liver cancer (22). Mineral 

fibers such as asbestos used in construction are associated with physical irritation and chronic 

inflammation, which in turn can lead to mesothelioma and lung cancer (23). Arsenic found in 

groundwater is associated with oxidative stress, and DNA methylation is linked to skin and 

lung cancer (24). Physical agent, ultraviolet (UV) radiation, has been associated with the 

formation of pyrimidine dimers and DNA damage and can lead to skin cancer (25). Ionizing 

radiation, such as X-rays and gamma rays, associated with DNA double breaks and mutations 

can be linked to leukemia, thyroid and breast cancers (26). 

Endogenous carcinogens arise from normal physiological processes such as cellular 

metabolism or inflammatory responses and cause DNA damage and mutations, contributing 

to cancer development (27). Examples include ROS such as superoxide and hydrogen 

peroxide, which are the byproducts of cellular metabolism and cause oxidative DNA damage 

by forming 8-oxoguanine lesions, contributing to multiple cancer types (28). RNS such as nitric 

oxide and peroxynitrite, which are produced during inflammation can damage DNA by 

deamination, mutations, and strand breaks, potentially resulting in stomach, liver, and colon 

cancers (29). Excess hormone levels of estrogen can form DNA adducts, which damage the 
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DNA, contributing to breast and ovarian cancer (30). Excess levels of androgens can stimulate 

the increased growth of prostate epithelial cells, leading to prostate cancer (31). Bile acids 

such as deoxycholic acid induce ROS and inflammation in the gut lining, leading to colon and 

liver cancers (32). Lipid peroxidation releases products, such as malondialdehyde and 4-HNE 

(4-Hydroxy-2-nonenal), forming DNA adducts and mutagenesis, leading to liver cancer (33). 

 1.4 Aldehydes as human carcinogens 

Among many human carcinogens, aldehydes represent a significant group and are found in 

both exogenous and endogenous forms. They are widespread and are highly reactive. DNA 

chemically reacts with different types of aldehydes, which modify its structure and function 

(34). These reactive compounds have a (-CHO) group, which forms covalent bonds with DNA 

and proteins, leading to different forms of DNA damage such as point mutations, DNA-protein 

crosslinks, interstrand and intrastrand crosslinks, DNA adducts, single and double-strand 

breaks. Mutagenesis induced by aldehydes is thought to lead to cancer (35). 

The International Agency for Research on Cancer (IARC) has declared different types of carcinogen 

groups. The categorization of different groups is based on scientific judgment that reflects the 

strength of the evidence derived from studies in humans and experimental animals (36,37). Out of 

many aldehydes, we picked formaldehyde (FA) and acetaldehyde (AA) because each has 

widespread human exposure (38). AA is found in tobacco smoke and can lead to stomach and 

oral cavity cancers (38,39). AA is produced endogenously during ethanol metabolism that 

forms DNA adducts, leading to liver and esophageal cancers (40). Exposure to FA found in 

industrial smoke, vehicle exhaust, and disinfectants via inhalation or skin contact can lead to 
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mouth and nasopharyngeal cancers (41). FA produced during DNA and histone demethylation 

can crosslink with protein leading to lung and nasal epithelial cancers (42). FA has strong 

epidemiological and experimental evidence as a human carcinogen. The endogenous FA is in the 

range of tens of micromolar in human blood and is considered as group 1 carcinogenic agent by 

IARC, because there is sufficient evidence of carcinogenicity in humans (43,44). AA is in group 2B 

as it is a possible carcinogen to humans because there is limited evidence of carcinogenicity in 

humans, while ethanol-derived AA is in group 1 because there is sufficient evidence of human 

carcinogenicity (36). Despite numerous studies elaborating the genotoxic effects of FA and AA, the 

mutagenicity is still less understood, and results are inconclusive. 

Details about AA and FA mutagenic properties can be found in Chapter 2. 

1.5  Mutagenesis and Mutational signatures 

Genomic DNA have the genetic information within the chromosomes of an organism. It has all 

the inherited genetic information important for growth, survival, and reproduction (45). 

Mutagenesis is a process of creating mutations, which can be permanent modifications or 

heritable changes in DNA, leading to altered protein functions and phenotypes. There are two 

types of mutagenesis (46). Spontaneous mutagenesis can occur naturally and is driven by the 

intrinsic chemical instability of DNA, metabolism, and unavoidable replication errors leading 

to depurination, which is the loss of purine bases adenine (A) and guanine (G), creating an 

abasic site and the insertion of random base opposite to the abasic site, and deamination, 

which changes cytosine to thymine, which is a ubiquitous process linked to aging (47). The 

generation of ROS during respiration, oxidizing guanine to 8-oxo-deoxyguanosine, miscoding 
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guanine to thymine transversion, and replicative polymerases inserting wrong nucleotides or 

slips on repeats when proofreading or if MMR is defective, can result in single base 

substitutions and indels (insertions and deletions) (48). In contrast, induced mutagenesis can 

occur due to external mutagens, which can increase the mutation burden in an organism.  

Mutagens damage the DNA by chemically reacting with it and forming DNA adducts, single- 

and double-strand breaks, DNA-protein crosslinks, or disrupting the replication or repair 

mechanisms (49). For example, alkylating agents Ethyl Methanesulfonate (EMS) and anti-

cancer drug temozolomide can add a methyl group to O6-guanine, yielding G->A transitions 

(50); Polycyclic Aromatic Hydrocarbon (PAH) in tobacco smoke can form bulky adducts with 

DNA, leading to G->T transversion (51); ionizing radiation, such as X-rays and gamma rays can 

cause double-strand breaks or large deletions (52).  

Cells activate different repair pathways in response to these DNA damages, and when the 

damage in the DNA is high, cell death or apoptosis is activated to remove the damaged cells 

(53). On the other hand, if genes that are important for maintaining normal biological 

processes are mutated, this could result in uncontrolled division of cells (54,55). Unrepaired 

lesions cause the genomic stability and cause genetic variation, which can contribute to 

carcinogenesis and to other diseases (56). Mutational signatures are unique patterns of 

genetic changes in the DNA that are attributed to distinct mutational processes. Each 

nucleotide base present in the DNA is susceptible to chemical reactions or mutations caused 

in reaction with other molecules, which sets a basic principle of the generation of mutational 

signatures, where the set of DNA mutations observed in a genome results from 
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superimposing the characteristic patterns of the mutagens or the mutational processes 

responsible for inducing mutations (57–59).  

Although the concept of DNA-damaging agents causing footprints of somatic mutations was 

around for decades, mutational signatures as a genome-wide concept came into light only 

when whole-genome sequencing became practical. In 2010, the first cancer genome project 

(Sanger Cancer Genome Project) was completed using melanoma cells and tobacco smoking-

linked lung cancer cells. The DNA in melanoma cells has UV-driven C->T transitions, whereas 

the malignant lung cells have C->A transversions (60). These distinct mutational patterns set a 

foundation that a single genome can have multiple mutation processes. In 2012, a group of 

scientists generated catalogs of somatic mutations from 21 whole-genome sequenced breast 

cancers (59). The somatic mutations were analyzed using a non-negative matrix factorization 

(NMF) algorithm to identify the mutational signatures (57). NMF decomposes the patterns of 

mutations found in the mutational catalog of cancer into individual signatures. This algorithm 

also estimates the number of mutations contributing to each signature (Figure 1.1). 

Reconstruction error, or non-systematic analysis error, is the difference between the original 

cancer mutational dataset and the decomposed mutational signatures and contributions (57). 

This work was the first demonstration of separating overlapping mutational processes found 

in the same tumor. Alexandrov et al. (2013) extended the NMF framework to use on 30 

different cancer types across 7,042 tumors, extracting 21 different mutational signatures. Out 

of these 21 signatures, many of them were linked to certain etiologies, such as SBS1 was 

associated with age and SBS4 with tobacco smoke (61). 
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The COSMIC (Catalogue Of Somatic Mutations In Cancer) database in 2015 curated all different 

mutational signatures with associated etiology, and the number of mutational signatures has been 

expanded throughout the following years (62,63). The data sources used are all pan-cancer 

datasets, such as Pan-Cancer Analysis of Whole Genome (PCAWG) and The Cancer Genome Atlas 

(TCGA), and many exposure-specific studies, which may capture signatures that are not present in 

pan-cancer datasets. All these latest reference sets of mutational signatures were extracted using 

SigProfiler using the NMF algorithm as found in the research studies done by Alexandrov et al. 

(2020) using 2,780 whole-genome variants produced by the PCAWG network. Moreover, the 

reproducibility of all the results was assessed on 1,865 whole genomes and 19,184 exomes (64–

66). 

According to the latest release, v3.4, in October 2023, there are six different sets of mutational 

signatures. Altogether, there are 69 single base substitution (SBS) signatures, 19 double base 

substitution (DBS) signatures, and 23 small insertions and deletions (ID) signatures, usually 

between 1 and 50 base pairs, several copy number (CN), structural variants (SV) signatures, and 

RNA-SBS signatures (67). The profile of each SBS signature has been displayed where each 

signature has six substitution types: C->A, C->G, C->T, T->A, T->C, and T->G, and all these 

substitutions are referred to by the pyrimidine of the mutated Watson-Crick base pair. 96 possible 

mutation types were produced by examining the immediate bases at 5′ and 3′ positions for each 

type of substitution (6 types of substitution × 4 types of 5′ base × 4 types of 3′ base). All SBS 

mutational signatures were reported based on the 96 possible trinucleotide contexts (67,68). Out 

of all these SBS mutational signatures, some signatures, such as SBS1 and SBS5, are clock-like 

signatures. SBS1 has C->T transitions at CpG dinucleotides associated with spontaneous 
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deamination of 5-methylcytosine during normal DNA replication (69), and SBS5 has a flat signature 

with a mixture of all six single base substitutions, although its precise etiology is still unknown (70). 

Both signatures are ubiquitously present in all cancer types, reflecting the endogenous, low-level, 

continuous biological processes, and the mutation burden accumulates with time (71). Both SBS2 

and SBS13 are associated with the activity of the APOBEC family of cytidine deaminases when 

APOBEC3A/3B converts cytosine to uracil in the same trinucleotide sequence context 5’-TpCN-3’, 

where “T” stands for thymine, “p” for phosphodiester bond, “C” stands for cytosine, which is 

deaminated to uracil and ultimately mutated, and “N” stands for any base (A, C, G, or T) (72). But 

the dominant mutation types are C->T (transition) for SBS2 and C->G (transversion) for SBS13, 

respectively. SBS2 mutational patterns may be generated either directly by DNA replication across 

uracil before base-excision repair (BER) acts or after the use of BER to excise uracil, creating abasic 

sites, that are bypassed by error-prone translesion synthesis (TLS) polymerases (73). SBS13 

mutational patterns are likely generated by the bypass of error-prone TLS polymerases such as 

REV1 (Reversionless 1), on the abasic sites created by BER (59,74). Previous studies with limited 

evidence suggested that the activation of APOBEC enzymes in cancer may be due to previous viral 

infection, tissue inflammation, or the movement of retrotransposon (75). Both SBS2 and SBS13 are 

found together in the same samples (76).  

Although both signatures, SBS4 (Figure 1.2) and SBS29 (Figure 1.3) are tobacco-related and are rich 

in C->A transversions, they have different sources of tobacco carcinogens, exposure routes, and 

DNA lesions. SBS4 is induced by tobacco carcinogens such as PAHs found in tobacco smoke and is 

found in smoking-related tumor sites (70). In contrast, SBS29 is induced by tobacco nitrosamines 

and is predominantly present in tobacco-chewing oral sites (71,77). These differences are 
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important for inferring the lifestyle exposures and for separating different etiologies in mutational 

signature studies (Figures 1.2 and 1.3). Seven different signatures, such as SBS6, SBS14, SBS15, 

SBS20, SBS21, SBS26, and SBS44, are all linked to defective DNA mismatch repair (MMR) with or 

without microsatellite instability (MSI), because all have the same root lesion and replication errors 

that a functional MMR repairs. When any key protein of MMR, such as MLH1, MSH2, MSH3, MSH6, 

and PMS2, is either missing or silenced, the repair cycle fails, and different categories of mutations 

accumulate to give distinct mutational spectra. SBS6 is dominated by C->T mutations in the CpG 

context (70,78); SBS14 is dominated by C->A mutations in CCN contexts (70,79); SBS15 is 

dominated by C->T mutations in the GCN context (70,78); SBS20 is dominated by C->A mutations in 

CCN context and a mix of little C->T mutations found in the GCN trinucleotide context (70,78); 

SBS21 is dominated by T->C mutations in GTN and TTN trinucleotide contexts (70,78); SBS26 is 

dominated by T->C mutations in ATN, GTN, CTN, and TTN trinucleotide contexts (71,77,78); SBS44 

is dominated by C->T in GCN & ACN contexts, C->A in in CCT, CCA & CCG contexts, and a wide 

plateau of T->C mutations in A/T-rich triplets (80). In addition to MMR and MSI, signatures SBS14 is 

associated with POLE (polymerase epsilon) mutation (81), and SBS20 is associated with POLD1 

(proofreading-deficient) mutations (82). Altogether, all these mutational signatures provide 

information on exposures to diverse carcinogenic and mutagenic agents, or the results of 

damaged cellular pathways to understand the foundation of mutational processes of cancer 

(62,67–71). 
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Figure 1.1: Non-negative Matrix Factorization (NMF) algorithm 

The NMF is used in modeling mutational signatures of mutational processes operative in the cancer genome. It is done 

such that the cancer genome is a linear superimposition of the              three mutational signatures with the contribution of each 

signature (57). 

Figure 1.2: Single Base Substitution 4 (SBS4) (70) 

On the top, there are six single base substitution. In the x-axis, there are 96 trinucleotide context and in y-axis, the 

percentage of each single base substitution in each trinucleotide context. It is associated with tobacco smoking. Its 

profile is similar to the mutational spectrum observed in experimental systems exposed to tobacco carcinogens such 

as benzo[a]pyrene  
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Figure 1.3: Single Base Substitution 29 (SBS29) (71,77) 
On the top, there are six single base substitution. In the x-axis, there are 96 trinucleotide context and in y-axis, 
the percentage of each single base substitution in each trinucleotide context. It is associated with tobacco 
chewing. 
 

In a recent study with human iPSC (induced pluripotent stem cell lines), the authors investigated 

many chemical agents, including AA and FA, but could not induce a reliable mutational signature 

(58). Similarly, in another study, double knockout mice where ALDH2 (Aldehyde dehydrogenase 2) 

and AHD5 (Alcohol dehydrogenase 5) enzymes for aldehyde detoxification were removed, the mice 

developed leukemia but could not produce robust mutational signatures (83). It may be possible 

due to the weak mutagenic property of both aldehydes for which their model system was not 

sensitive enough to detect all the mutations. 

Details about AA- and FA-induced mutational signatures can be found in Chapter 3. 

1.6 Budding yeast as a model organism 

Saccharomyces cerevisiae has often been a useful choice of eukaryotic model organism to 

study human disease. The availability of full 12 Mb genome information, and the 

identification of cellular and molecular pathways sharing essential DNA replication and repair 

pathways found in humans, make it a suitable model organism (84). Moreover, its facile 
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genetics makes it suitable for mutational, carcinogenic, and toxicological studies (85). 

Genomic DNA is required to be in single-stranded form transiently to serve templating 

functions, but during this process, the nucleotides are open to react with various mutagenic 

molecules, increasing the magnitude of mutagenesis (86). Our temperature-sensitive yeast 

strains were genetically engineered to readily form long stretches of single-stranded DNA 

(ssDNA) to generate a high number of mutations even from weak mutagens such as AA and 

FA, and this significant number of mutations is required for mutational signature analysis (87). 

The whole genome sequencing of many cancer samples shows the presence of many 

mutation clusters upon the formation of ssDNA, and mutagenic agents like FA or AA can 

attack long stretches of ssDNA. Clusters of multiple mutations are generated when DNA 

damages are not repaired before replication, allowing error-prone DNA TLS polymerases to 

incorporate the wrong bases across these lesions (74,86). 

Yeast strains have been used in many scientific studies to assess the toxicity of both AA and FA 

and in a few studies on their mutagenicity (87–92). In a recent study, a sensitive yeast reporter 

assay was used to show the mutagenic properties of AA on single-stranded DNA (ssDNA), 

where AA-induced mutations depend on TLS by DNA polymerase zeta (pol ζ), showing 

predominantly G->T mutations (93). In another study, yeast has all repair systems, such as 

NER, HR, and TLS, orthologous to human repair systems, so deletion of these repair genes 

leads to AA-induced interstrand crosslinks and DPCs (DNA-protein crosslinks), showing the 

role of these repair systems in acetaldehyde tolerance and contributing to the prevention of 

genomic instability (92). In another experiment, cis-/trans-DDP 

(Dichlorodiammineplatinum(II)) and FA mutagen-sensitivity test were carried out in haploid 
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yeast, knocking out NER genes (rad1Δ, rad2Δ) and interstrand cross-link repair nuclease 

(smn1/pso2Δ), including DNA-protein crosslink repair, to show how these pathways contribute 

to survival and lesion processing (94). Yeast offered a precise test for DPC repair because the 

deletion of the WSS1 gene (a metalloprotease important for protecting against DPCs) resulted 

in immediate survival defects in a FA-induced mutagenesis experiment (95). Altogether, yeast 

has been proven to be an effective tool for carrying out different types of mutagenesis 

experiments (See Chapter 2 and 3) (44,49,87,96–98). 

1.7 Decoding pan-cancer biology for biological pathway insights 

Many mutational signatures in the PCAWG project have been associated with endogenous 

factors, spontaneous DNA chemical changes, and defects in DNA repair pathways (68); for 

example, SBS1 is associated with spontaneous deamination of methylated cytosines (59); 

SBS2/13 is associated with the activity of the APOBEC (Apolipoprotein B mRNA Editing 

Catalytic Polypeptide-like) family of cytidine deaminases (59); and SBS6/14/15 has been 

associated with defective DNA mismatch repair (79,99). Exogenous chemical, biological, or 

environmental exposure has also been associated with mutational signatures; for example, 

SBS4 is associated with tobacco smoking (70), all subsets of SBS7 are associated with UV light 

exposure (100), and SBS24 is associated with aflatoxin exposure (77,101).  

However, in this PCAWG project, there were a significant number of signatures that do not 

have known etiology because the underlying mutational processes have not been clearly 

identified or experimentally validated. For example, SBS5, SBS8, SBS12, SBS16, and many 

other signatures are of unknown etiology (57,68). The plausible reasons behind the unknown 

etiology of these mutational signatures may be the complex mutational processes arising 
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from the combined effect of endogenous and exogenous mutations (102), low availability of 

these signatures in tumor cohorts (103), or rare mutational processes found in low 

populations. These unknown etiology signatures may appear across many cancer types but 

without a clear link to any established mutational signatures (104). 

The integrative approach of using Gene Set Enrichment Analysis (GSEA) (105) and Gene 

Ontology (GO) enrichment analysis (106) to mutational signatures may be a powerful tool to 

understand complex mutational processes reshaping different biological pathways associated 

with tumor growth and vulnerabilities that mutational count alone cannot uncover (107). The 

NMF algorithm is used in the mutational signature deconvolution step that splits each tumor 

sample’s mutational catalog into mutational signatures showing the highest similarity with 

COSMIC signatures (57). This step quantifies the DNA damage by physical or chemical agents 

to endogenous APOBEC activity, MMR deficiency to oxidative stress, and many other sources 

of DNA damage that affect the tumor’s genome (108). The mutational burden is correlated 

with gene expression across all the samples present in the cohort, which gives a ranked list of 

genes that provide information about the overall gene expression landscape and identify 

potential highly expressed expressed genes for each mutational signature (109). 

There are thousands of correlated genes, so instead of inspecting each corresponding 

correlation, we run GSEA analysis on the list of ranked genes of each mutational signature. 

GSEA can test predefined gene sets (e.g., ontology gene sets, hallmark gene sets, Reactome) 

and list them non-randomly at the top or bottom of the list (110,111). The upregulated gene 

sets are at the top, and downregulated gene sets are at the bottom of the list, with statistical 

significance (112). The GO enrichment analysis then converts these upregulated and 
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downregulated gene sets into GO terms that have biological narratives. The final biological 

narrative may reveal a clear and coherent cause-and-effect relationship where mutational 

signatures explain the type of DNA damage, while GSEA/GO analysis summarizes the cell 

response activity (112,113). This combination of mutational signatures with GSEA/GO will 

push the boundaries beyond mutational landscapes to highlight signature-specific biological 

associations and vulnerabilities, and may generate meaningful hypotheses that can be 

further tested with clinical data for disease diagnosis and treatment (107). 

1.7.1 Gene Set Enrichment Analysis (GSEA) 

GSEA is a computational technique that assesses whether a previously defined set of genes 

exhibits statistically significant and concordant differences between two biological phenotypes 

(like normal versus disease state) (112). The GSEA strategy was first introduced by the Broad 

Institute, and the fundamental concept behind GSEA is to focus on the collective action of a 

pre-defined group of genes rather than individual genes (114). Each group of genes (gene 

sets) is defined based on prior biological knowledge from multiple experiments and validation. 

Individual gene sets are associated with specific biological pathways, molecular functions, 

cellular components, chromosome location, or regulation (110). In cancer studies, the 

mutational processes are large and complex. The single-gene analysis cannot capture the 

coordinated complex changes because all the small changes by a single gene don’t pass the 

statistical cut-off, so they seem unimportant (115). In contrast, the large coordinated changes 

by the group of genes can be significant and are important for the comprehensive study of 

mutational processes in cancer (116). It is applied to genomics and RNA-seq expression data 



21 
 

to identify the set of genes that has statistically significant variations in the expression matrix 

reflecting the genomic phenotype from upregulated to downregulated correlation (117). 

We derived the mutation and RNA-Seq expression data for our computational analysis from 

the same samples within each cancer dataset. The MutationalPatterns package was used to 

reconstruct the mutational signatures. Pearson’s correlation was calculated between the 

reconstructed mutational signature and expression data. After ranking all the genes based on 

Pearson’s correlation coefficient, for GSEA, we repurposed an R script written by Dr. Alexandre 

Blais, and associated libraries were used. When GSEA is applied, it evaluates predefined sets 

of genes from a database, for example, the Molecular Signatures Database (MSigDB) (118), 

linked to the mutational signature, and ranks those gene sets to determine if those gene sets 

have been upregulated or downregulated based on positive or negative values of enrichment 

score (ES) (119). The ES is calculated by performing a random walk down the ranked list of 

genes. The running sum statistics increase when a gene is encountered in the ranked list of 

genes that is a part of the gene set, and the running sum statistics decrease when a gene is 

encountered in the ranked list of genes that is not a part of the gene set. The ES of each gene 

set is the maximum deviation from zero encountered during the walk. Each ES value of 

multiple gene sets is normalized to make ES scores comparable across many gene sets of 

different sizes. If the gene set is significantly enriched at the top of the list, the running sum 

statistics will show a high peak representing the high ES. The multiple gene sets requires 

conducting multiple hypothesis testing to calculate the false discovery rate (FDR) for each 

individual gene set (114,120). 
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Figure 1.4: Gene Set Enrichment Analysis (GSEA) (114,120) (121) 

In the right side, the random walk is over the gene list rank to find the genes in the ranked genes and in Gene 

set S. If there is same gene in ranked gene list and in Gene set S, the running sum statistics increase and if 

there is different gene, the running sum statistics decrease. The leading edge subset has core enrichment 

genes. In the left side, the running sum statistics increases for only those genes present in the gene set and in 

the gene list such as Gene A, C, D, E and F. 

 

Here in (Figure 1.4), on the left side, we have a ranked list of genes, that is based on the 

correlation coefficient with respect to the presence of a mutational signature. The gene set 

has genes, such as gene A, gene C, gene D, gene F, and gene G. The random walk is performed 

in the ranked list of genes, and when “gene A” is encountered, the running sum statistic is 

increased because “gene A” is present in the gene set. In contrast, when “gene B” is 

encountered, the running sum statistics is decreased because “gene B” is not present in the 

gene set. The same principle applies down towards the “gene G” (119,122,123). 

On the right side, GSEA has a three-panel enrichment plot. On the top panel, gene set S is the 

predefined gene set where all genes are arranged by a ranking statistic from the magnitude of 

correlation with the phenotype. Each vertical line present in the gene set S represents each 

gene position. The leading edge subset is the subset of core genes present within the gene set 
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that contributes most to the enrichment score (122). These are the first genes that are 

encountered as the random walk is performed before the running sum statistic reaches its 

maximum value, and biologically the most relevant genes crucial for the overrepresentation of 

the gene set S. The ES reflects the degree of the overrepresentation of each gene present in 

the gene set S at the top or at the bottom of the ranked gene list (112). 

Then, multiple hypothesis testing is done by permutation test to measure the statistical 

significance of all enrichment scores of multiple gene sets (124). The generated nominal p-

values estimate the statistical significance of each gene set’s ES; adjusted p-values represent 

the p-values after correction for multiple hypotheses, such as FDR (125); and q-values 

estimate the proportion of false positives among significant results. 

1.7.2 Gene Ontology (GO) Enrichment Analysis 

GO enrichment analysis is performed to interpret the gene sets into biologically relevant 

biological processes, molecular functions, or cellular components (126). The focus of our 

research is on biological events, so my work is only towards the biological processes category. 

After GSEA, the significantly upregulated gene sets go through GO analysis. Each GO term 

defines particular biological processes. Multiple child GO terms can be related to single-

parent GO terms. Moreover, each of these GO terms has a unique identification number 

(127). I used the “enrichGO” function to find enriched GO terms (113,128) and used an R 

package “rrvgo” to identify parent biological GO terms (129,130) to understand the broader 

biological context of mutational signatures. 
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The “enrichGO” function walks through the Gene Ontology hierarchy (131) and correlates the 

leading-edge subset genes of each gene set with biological process terms, applying a 

hypergeometric/Fisher test that returns p-, adjusted p-, and q-values for the statistical 

significance. The raw output is full of redundant child GO terms, so to trim all these child GO 

terms, the rrvgo package was used to simplify the redundancy of GO term sets based on 

semantic similarity by grouping similar GO terms (132,133). At first, it calculates the semantic 

similarity matrix to quantify the closeness between two GO terms in the GO hierarchy, and 

next it hierarchically clusters the child GO terms to a single parent term with statistical 

significance (130). For example, child GO terms such as “positive regulation of cell cycle 

G2/M phase transition” and “mitotic G2 DNA damage checkpoint signaling”, with GO term 

identification numbers GO:1902751 and GO:0007095, respectively, can have the same parent 

GO term “chromosome segregation”, with GO term identification number GO:0007059. Both 

these child terms and parent parents are associated with cell division, which is correlated 

with clock-like mutational signatures signatures SBS1 and SBS5 (71). In another example, 

child GO terms such as “positive regulation of defense response to virus by host” with GO 

term identification number GO:0002230 and “antiviral innate immune response” with GO 

term identification number GO:0140374 can have the same parent term “defense response 

to virus”, with GO term identification number GO:0051607 linked to mutational signatures 

SBS2/13 associated with known etiology of APOBEC enzyme activation halting viral DNA (59). 

The importance of understanding lesser-known or signatures of unknown etiology may reveal 

an association with novel human carcinogens or endogenous pathways. It can shed light on 

DNA repair deficiencies and mutagenic properties of certain biological or chemical mutagens 
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(119). The discovery of the etiology behind mutational signatures may help to understand 

the tumor subtype classification and improve early diagnosis (134). The identification of the 

underlying biological mechanisms behind the unknown etiology of mutational signatures can 

enrich our knowledge of mutational signatures, which may help to understand the exposure 

level, prevention strategies, and targeted therapeutic approaches (135). 

Details about pan-cancer GSEA and GO analysis to uncover biological processes of mutational 

signatures can be found in Chapter 4. 
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2.2 Rationale for the literature survey of AA and FA 

The trajectory of my thesis began with the investigation of the mutagenicity of small and weak 

yet reactive aldehydes, AA and FA, because the genotoxicity of these two aldehydes in the form 

of DNA adducts, DPCs, inter- and intra-strand crosslinks has been strongly documented (1–4), 

but their mutagenic properties and its consequences have been less understood. In this 

published review paper entitled “The mutagenic properties of formaldehyde and acetaldehyde: 

Reflections on half a century of progress”, a critical literature survey was done on the 

mutagenicity, clastogenicity, carcinogenicity, and point mutations of AA and FA by various 

research groups on multiple experimental systems, demonstrating consensus results. The blind 

spot of mutagenic properties was interesting because these weak aldehyde mutagens 

demonstrated potential to shape the somatic mutational landscape by increasing the 

mutational burden and increase the risk of cancer (1,5,6). Thus, this review paper has provided 

a foundation of knowledge that one may come across while designing experiments to generate 

AA- and FA- induced mutational spectra. 
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2.4 Abstract 

Formaldehyde and acetaldehyde are reactive, small compounds that humans are exposed to 

routinely, variously from endogenous and exogenous sources. Both small aldehydes are 

classified as human carcinogens. Investigation of the DNA damaging properties of these two 

compounds began some 50 years ago. In this review, we summarize progress in this field since 

its inception over half a century ago, distilling insights gained by the collective efforts of many 

research groups while highlighting areas for future directions. Over the decades, general 

consensus about aspects of the mutagenicity of formaldehyde and acetaldehyde has been 

reached. But other characteristics of formaldehyde and acetaldehyde remain incompletely 

understood and require additional investigation. These include crucial details about the 

mutational signature(s) induced and possible mechanistic role(s) during carcinogenesis.   
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2.5 Introduction 

 

Aldehydes are a group of organic compounds that have a carbonyl group (C=O) linked to a 

hydrogen atom (R-CHO). These molecules are found in both natural and synthetic substances 

which are important for biological and commercial processes (7). The two simplest aldehydes, 

formaldehyde and acetaldehyde, have been of particular interest because of their prevalence 

and possible health effects (8).  

Formaldehyde (CH2O, abbreviated as FA) is the smallest aldehyde. It is used in many industrial 

applications. FA is an important ingredient for the production of disinfectants and preservatives 

(9). FA is also a major by-product from mainly the catabolism of serine, which feeds into one-

carbon metabolism involving tetrahydrofolate (THF), which forms 5,10-methylene-

tetrahydrofolate (5,10-CH2-THF) and serves as an intermediate carrier for one-carbon units. 

However, 5,10-CH2-THF can undergo spontaneous decomposition to release FA (10). FA also 

results from oxidative demethylation reactions catalyzed by members of three families of 

demethylases (11,12). Additional details of formaldehyde metabolism are discussed in Section 

2.10. The endogenous biochemistry of FA results in concentrations typically determined to be in 

the range of tens of micromolar in blood (see references in Table 2.1). While there are some 

measurements in the low micromolar range, the large majority of studies point to blood 

concentrations of FA >10 μM. The International Agency for Research on Cancer (IARC) classifies 

formaldehyde as a bona fide Group 1 human carcinogen, with sufficient evidence of 

carcinogenicity in both humans and model systems (13). 
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Species [FA] in reported 
units 

[FA] in μM References 

Human 2.61 μg/g 92.1 μM (14) 

Human ~0.4 - 0.6 μg/mL ~13 - 20 μM (15) 

Human 1.34 μg/mL 44.6 μM (16) 

Human ~0.073 - 0.095 mM ~73 - 95 μM (17) 

Human ~0.076 mM ~76 μM (18) 

Human 71.9 μM 71.9 μM (19) 

Human 1.52 μg/mL 50.6 μM (20) 

Mouse ~20 - 25 μM ~20 - 25 μM (21) 

Mouse ~0.078 mM ~78 μM (18) 

Mouse 4 μM 4 μM (22) 

Rat 2.24 μg/g 79.1 μM (14) 

Rat < 0.3 μg/mL < 10 μM (23) 

Rat ≤ 0.20 μg/mL ≤ 6.7 μM (24) 

Rat 2.71 mg/L 90.3 μM (25) 

Rat ~0.06 - 0.07 mM ~60 - 70 μM (26) 

Rhesus monkey 2.42 μg/g 85.4 μM (27) 

Yucatan minipig 1.98 ng/μL 65.9 μM (28) 
Table 2.1: Concentrations of formaldehyde measured in the blood of healthy humans and wild-type 

mammalian species. 

 

The next simplest aldehyde, acetaldehyde (CH3CHO, abbreviated as AA), is less reactive than FA 

since the presence of a methyl group renders the carbonyl carbon atom less electrophilic. AA is 

found in plants and fruits, cosmetics, and tobacco smoke. AA is also generated endogenously via 

the metabolism of ethanol (29). IARC classifies AA in Group 2B as a possible human carcinogen, 

because of limited evidence in humans but sufficient evidence in experimental animals (8). But 

crucially, AA associated with the consumption of alcoholic beverages is categorized into Group 1 

(i.e., as a known human carcinogen) because there is sufficient human epidemiological evidence 

in oesophageal, as well as head and neck cancers (30). 

Both exogenous and endogenous forms of AA and FA can damage DNA by chemically reacting to 

yield pro-mutagenic adducts, accounting for observed mutagenic and potentially carcinogenic 
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effects (31). Both aldehydes can produce variously: point mutations; single- and double-strand 

DNA breaks; bulky adducts; and inter- and intrastrand crosslinks (32) (see Figure 2.1). AA and FA 

have both been linked to DNA damage and mutations that may have an impact on the 

development of diseases, including most notably cancers (33,34). In this review, we survey and 

compile the historical evidence in the literature up to the recent investigations into the 

mutagenicity of AA and FA. 

Figure 2.1: Exogenous and endogenous aldehyde-induced DNA damage. 

 

2.6 Ethanol and acetaldehyde metabolism in humans 

Humans are exposed to low levels of exogenous AA in ambient air and the diet, but the main 

route of exposure is via alcoholic beverages (35). In humans, almost all consumed ethanol is 

metabolized in the liver. In the oxidative pathway, ethanol is metabolized to toxic AA by the 

action of NAD+-dependent alcohol dehydrogenase (ADH). AA is then further metabolized to 

non-toxic acetate by the action of aldehyde dehydrogenase (ALDH) enzymes (see Figure 2.2). 

ADH and ALDH enzymes play an important role in the accumulation and metabolism of AA. 

There are five ADH enzymes that convert ethanol to AA (36). Polymorphisms in the genes 
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coding for these enzymes affect the levels of AA produced (29,37). There are two major forms of 

ALDH, cytoplasmic and mitochondrial, encoded by the ALDH1 and ALDH2 genes, respectively. Of 

the two, mitochondrial ALDH2 plays the major role in AA metabolism to acetic acid (38). 

AA is also produced from ethanol by bacterial-mediated oxidation in the upper aerodigestive 

tract (UADT) and large intestine, resulting in further exposure to AA. The microbes in the oral 

microflora show ADH activity under aerobic conditions. Out of many bacterial genera, Neisseria 

species produced the highest amount of AA while other species like Rothia mucilaginosa, 

Streptococcus mitis and Prevotella histicola also showed the ability to produce AA (39). 

 
Figure 2.2: Ethanol metabolism in humans.  
Alcohol dehydrogenases (ADHs) metabolize ethanol to form toxic AA. ADH is encoded by a family of 
genes, and mutations in these genes lead to different ADH enzyme isoforms. AA is further metabolized to 
form non-toxic acetate by the action of aldehyde dehydrogenases (ALDHs). Mutations in the ALDH genes 
impact an individual’s ability to metabolize alcohol. 
 

2.7 Cancer epidemiology associated with ethanol-driven acetaldehyde 

In 2020, some 731,300 or 4.1% of new cancer diagnoses around the world were attributed to 

ethanol consumption, with many such cases being ethanol-driven AA-associated UADT cancers 

(40,41). About 76.7% of alcohol-related cancer cases were in males, and likely involved AA from 

ethanol. These include larynx, pharynx, lip, oral cavity and oesophagus cancers. The remaining 
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23.3% of alcohol-related cancers were in females, where ethanol-driven AA-associated cancers 

include lip, oral cavity, and breast cancer, with the latter being predominant (see Figure 2.3) 

(29,40,42). 

AA exposure in the UADT occurs when the oral flora contributes to salivary AA production when 

consuming ethanol. This carcinogenicity of local AA is observed in East Asian alcohol drinkers 

who carry a single point mutation in the ALDH2 gene, resulting in two- to three-fold higher AA 

concentrations in saliva (43) and some 30-fold higher accumulation of AA in blood (43,44). 

About 28% to 45% of East Asian populations have the ALDH2*2 (rs671G>A) dominant negative 

allele, while the proportion is much less in Caucasians. When the activity of ALDH2 is reduced, 

the accumulation of AA is increased, so alcohol drinkers with the ALDH2*2 variant allele have a 

higher risk of the oesophageal and UADT cancers (45). Moreover, oropharyngeal and larynx 

mucosa have relatively low intrinsic ALDH activity, limiting the ability to detoxify AA and leading 

to increased local AA exposure with cancer risk (46–50). Indeed, a number of studies have 

reported that alcohol-associated AA exposure has detrimental effects in the oral cavity of 

humans, which results in UADT cancers associated with ALDH2 polymorphism (51–54). 

Moreover, recent meta-analyses showed that the ALDH2*2 variant may be related to cancer 

incidence overall in Asians, but especially for oesophageal, and head and neck, cancers (55,56). 

Similarly, there is consensus that ALDH2*2 correlates with increased risk of stomach cancer 

(57), although there were two studies among Chinese populations that found no statistical 

correlation between ALDH2*2 and stomach cancer (58,59). While the effects of ALDH2*2 on 

UADT cancer risk are well established, correlations between ALDH activity/deficiency and other 

cancer types associated with alcohol consumption are either negative or inconclusive. Most 
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studies investigating liver cancers found no correlation with ALDH2*2. Studies on breast cancer, 

including a very recent one (60), also found no correlation. And analyses on colorectal cancers 

have been rather mixed, with no clear-cut consensus. These results in the literature have been 

summarized previously (45). A more recent study among the Chinese population largely agreed 

with the consensus results across these cancer types (59). 

 
Figure 2.3: Alcohol-associated cancer types found in males and females in 2020.  
The oesophagus and breast cancer cases were most frequent in males and females, respectively. Other 
alcohol-associated cancer types include liver, colon, pharynx, larynx, lip and rectum in both sexes (61). 

2.8 Acetaldehyde-induced DNA damage 

2.8.1 Acetaldehyde-induced DNA adducts 

Mixtures of various adducts are readily generated when AA reacts with DNA. The major DNA 

adducts, N2-ethylidene-2'-deoxyguanosine (N2-ethylidene-dG) and N2-ethyl-2'-deoxyguanosine 

(N2-ethyl-dG) are formed when a molecule of AA reacts with the exocyclic amino group of 

guanine. An important minor DNA adduct is formed when two molecules of AA react with 

guanine to form 1,N2-propano-2'-deoxyguanosine (1,N2-propano-dG) (62). Other minor adducts 
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including N2-(2,6-Dimethyl-1,3-dioxan-4-yl)-deoxyguanosine (N2-Dio-dG), as well as α-S- and α-

R-methyl-γ-hydroxy-1,N2-propano-2‘-deoxyguanosine (α-S-Me-γ-OH-PdG and α-R-Me-γ-OH-

PdG) have been reported (53). These and other AA-induced DNA adducts are detectable in 

many experimental systems (summarized in Table 2.2).  

Experimental systems DNA adducts References 

DNA and dG N2-ethylidene-dG, 1,N2-propano-dG, 
N2-dimethyldioxane-dG 

(62) 

DNA and dG N2-ethylidene-dG, N2-ethyl-dG (63,64) 

DNA N2-ethyl-dG, 1,N2-propano-dG (65–67) 

DNA packaged with histones 1,N2-propano-dG (68,69) 

HL-60 human leukemia cell 
line 

1,N2-propano-dG, N2-ethyl-dG (65) 

Human leukocytes N2-ethylidene-dG (70) 

Human oral mucosa N2-ethylidene-dG (71) 

Human oral mucosa 22 adducts of various abundances (72) 

Human lung and liver 1,N2-propano-dG (73) 

Human peripheral blood cells  N2-ethylidene-dG (74–76) 

Human peripheral blood cells 
from alcoholic donors 

N2-ethylidene-dG, N2-ethyl-dG, α-S-
Me-γ-OH-PdG, α-R-Me-γ-OH-PdG 

(53,77) 

IMR-90 human normal 
fibroblast cell line 

1,N2-propano-dG, 1,N2-etheno-dG (78) 

Mouse esophagus (with 
human ALDH2*2 knock-in) 

N2-ethylidene-dG (79) 

Mouse: multiple organs of 
ALDH2 knockout 

N2-ethylidene-dG (80–84) 

Rat brain and lung 1,N2-propano-dG (85) 

Rat brain, liver, and lung 1,N2-propano-dG, 1,N2-etheno-2'-dG (86) 

Rat respiratory/olfactory 
epithelia 

N2-ethyl-dG (87) 

Rat, various tissues N2-ethylidene-dG (88) 

Rhesus monkey oral mucosa N2-ethylidene-dG, 1,N2-propano-2′-dG (89) 

TK6 human lymphoblast cell 
line 

N2-ethylidene-dG (90) 

Table 2.2: Acetaldehyde-induced DNA adducts found in different experimental systems.  

Major adducts are listed first. Some studies were targeted specifically to detect certain adducts, while 

other studies sought to identify as many adducts as possible. 
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Studies using systems ranging from purified DNA, cell lines, animal models, and human donors 

generally agree in terms of the major adducts produced by reacting AA with DNA, namely N2-

ethylidene-dG, N2-ethyl-dG, and 1,N2-propano-dG. There is considerably more variance with 

respect to detection of minor adducts, e.g., one study using a sensitive mass spectrometry 

approach reported as many as 22 adducts in total (72). Additional investigations are needed to 

resolve the identity of minor adducts more conclusively. It has been suggested that base 

excision repair (BER) could play a role in tolerance to AA, perhaps by repairing these types of 

base damage, which are relatively compact (91). BER is a repair pathway that relies on specific 

glycosylases to recognize particular kinds of base damage, followed by excision of the damaged 

base, and repair synthesis (recently reviewed in (92)). If the adducted base causes a distortion 

of the DNA double helical geometry, then nucleotide excision repair (NER) can recognize the 

damage. The damage would be excised by cleaving the sugar-phosphate backbone 5′ and 3′ of 

the damage site. Repair synthesis then fills in the single-strand gap (recently reviewed in (93)). 

There is evidence in yeasts and human cells that both BER and NER contribute to repair of AA-

induced base damage (91,94,95). 

2.8.2 Acetaldehyde-induced crosslinks 

Another common type of damage induced by AA is crosslinking. DNA-protein and interstrand 

crosslinks have been observed in many experimental systems, while intrastrand crosslinks have 

been found in a few in vitro studies (summarized in Table 2.3). Interstrand crosslinks are mainly 

repaired by the Fanconi anemia pathway, named after the Swiss physician who first described 

the syndrome (Fanconi anemia) when this pathway is mutated (96). Fanconi anemia is a 
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congenital genome instability syndrome resulting in morphological and bone marrow 

abnormalities, as well as cancer predisposition. The Fanconi anemia pathway consists of some 

22 proteins that enable recognition and "unhooking" of  the crosslink, as well as facilitating 

repair utilizing strand invasion (reviewed in (97)). An independent repair pathway requiring 

replication fork convergence that breaks the AA-induced crosslink has also been described (98). 

Repair of DNA-protein crosslinks can involve multiple mechanisms, including cleaving the 

crosslink, or pathways coupled to replication, proteolysis, or nucleolysis. These have been 

reviewed recently (99). Intrastrand crosslinks of nearby bases are subject to NER (100). 

Experimental systems Types of crosslinks References 

Cancer cells deficient for Fanconi 
anemia pathway 

Interstrand crosslinks (101) 

Chinese hamster ovary cells DNA-protein crosslinks (102,103) 

DNA Unspecified DNA crosslinks (104) 

DNA Intrastrand crosslinks (105,106) 

DNA and dG Interstrand crosslinks (62) 

DNA mixed with histones DNA-protein crosslinks (107,108) 

Fission yeast Interstrand and DNA-protein 
crosslinks 

(91) 

Human bronchial epithelial cells and 
fibroblasts 

DNA-protein crosslinks (109) 

Human bronchial epithelial cells and 
fibroblasts 

Interstrand crosslinks, DNA-
protein crosslinks 

(110) 

Human fibroblasts DNA-protein crosslinks (102) 

Human fibroblast cell lines Intrastrand and interstrand 
crosslinks 

(111) 

Human leucocytes Unspecified DNA crosslinks (112) 

Human lymphocytes, gastric and 
colonic mucosa cells 

Unspecified DNA crosslinks (113) 

Human lymphoma cells DNA-protein crosslinks (114) 

Rat nasal mucosa DNA-protein crosslinks (115,116) 
Table 2.3: AA-induced crosslinks in different experimental systems. 
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2.8.3 Acetaldehyde-induced strand breaks 

AA can also cause strand breaks in DNA. The vast majority of studies in a broad range of systems 

have found induction of double-strand breaks (DSBs), while some authors also reported 

evidence for single-strand breaks (SSBs) (summarized in Table 2.4). Molecular mechanisms for 

DNA strand break repair have been reviewed extensively by many authors, e.g., (32). DSBs are 

repaired by either homologous recombination (HR) or non-homologous end joining (NHEJ) 

(117), while SSBs can be repaired via a distinct repair mechanism (118). 

Experimental systems DNA strand breaks References 

A549 human alveolar basal 
adenocarcinoma cell line 

Double-strand breaks (119) 

Cancer cells deficient for Fanconi anemia 
pathway 

Double-strand breaks (101) 

Chinese hamster embryonic diploid cells Double-strand breaks (120) 

DLD1 human colorectal adenocarcinoma 
cell line 

Double-strand breaks (121) 

DNA Double-strand breaks (122) 

Human bronchial epithelial cells and 
fibroblasts 

Single-strand breaks (109) 

Human lung fibroblasts Double strand breaks (123) 

Human lymphocytes Single-strand and double-
strand breaks 

(124) 

Human neurons in culture Double-strand breaks (125) 

Mouse bone marrow Double-strand breaks (126) 

Rat astrocytes Single-strand breaks (127) 

Rat brain cells Double-strand breaks (125) 

Rat skin fibroblasts Double-strand breaks (128) 

U2OS human osteosarcoma cell line Double-strand breaks (129) 

V79 Chinese hamster lung fibroblast cell 
line 

Double-strand breaks (130) 

Table 2.4: AA-induced DNA strand breaks in different experimental systems. 
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2.8.4 Acetaldehyde-induced mutations 

While DNA repair mechanisms can be quite efficient, when they are unable to restore the 

original base pairing(s), AA-induced mutations can result. Further, when DNA damage escapes 

repair (e.g., in single-stranded regions), then error-prone TLS polymerases can bypass the 

damage, often creating mutations in the process (131). Results from the literature are 

summarized in Table 2.5. Multiple systems using site-specific AA-induced lesions generally agree 

that G > T transversions are the most common substitutions (132–135). Consistent with this, 

two recent studies in budding yeast using genome sequencing confirmed that G > T 

transversions are predominant (5,136). Additionally, forward mutagenesis reporters using the 

HPRT and TP53 genes reported mostly G > A transitions (137–139) and/or large deletions (140–

142). A yeast study also found evidence for AA-induced deletions of 5 or more bases (5). Taken 

altogether, the consensus view from the literature is that AA tends to induce point mutations at 

G's (especially G > T transversions) and deletions. This is consistent with adducted G's being 

mutagenic, as confirmed by multiple studies using site-specific adducts on plasmids (98,133–

135,143). 

Experimental systems Mutation types References 

Budding yeast Predominantly G > T (136) 

Budding yeast Predominantly G > T, 
deletions of ≧ 5 bases 

(5) 

E. coli DNA polymerase I Klenow fragment 
copying site-specific N2-ethyl-dG 

G > C (143) 

E. coli replicating plasmid with site-specific 
G-G interstrand crosslink 

G > T (132) 

E. coli replicating plasmid with site-specific 
N2-ethyl-dG 

Single base deletions, G > 
T substitutions 

(133) 

Human DNA polymerase eta replicating 
plasmid treated with AA 

GG > TT tandem 
substitutions 

(144) 
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Human fibroblast cell lines, nucleotide 
excision repair proficient and deficient 

GG > TT tandem 
substitutions 

(111) 

Human embryonic kidney cell line 293 
replicating plasmid with site-specific N2-
ethyl-dG 

Single base deletions, 
point mutations (mostly G 
> T), large deletions 

(134) 

Human fibroblasts, budding yeast Mostly G > A substitutions 
at TP53 locus 

(137,138) 

Human immortalized XPA cells replicating 
plasmid with site-specific 1,N2-propano-
dG 

Mostly G > T substitutions (135) 

Human lymphocytes Large deletions at HPRT 
locus 

(140,141) 

Human lymphocytes Large deletions and 
unspecified point 
mutations at HPRT locus 

(142) 

Human lymphocytes Mostly G > A substitutions 
at HPRT locus 

(139) 

Xenopus egg extract repairing site-specific 
interstrand crosslink 

Predominantly G > T (98) 

Table 2.5: AA-induced mutations in different experimental systems. 

2.9 Acetaldehyde-related carcinogenesis in model species 

Many studies have investigated the carcinogenicity of ethanol and/or AA in rodents 

(summarized in Table 2.6). Most protocols used long-term exposure to ethanol via drinking 

water, revealing increased incidence of multiple cancer types. While chronic ingestion of 

ethanol has multiple effects, a contribution of AA toward mutagenesis is entirely plausible. 

Indeed, a study which administered AA itself via drinking water induced a variety of cancer 

types reminiscent of those observed in the long-term ethanol studies (145). Although not 

related to alcohol consumption, AA by inhalation did induce upper respiratory cancers in 

hamsters and rats as well (146–149). Taken together, there is ample evidence implicating AA as 

being carcinogenic in model rodents. 
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Species (sex) Exposures Cancer sites References 

Hamsters (both) AA by inhalation Nasal mucosa and 
larynx 

(146,147) 

Mice (both) Ethanol in drinking 
water 

Intestine (150) 

Mice (female) Ethanol in drinking 
water 

Mammary (151) 

Mice (male) Ethanol in drinking 
water 

Liver (152) 

Mice deficient for 
mismatch repair 
(both) 

Ethanol in drinking 
water 

Colon (153) 

Mice deficient for 
tumor suppressor 
APC (male) 

Ethanol in drinking 
water 

Intestine (154) 

Rats (female) AA in drinking 
water 

Hematopoietic, 
mammary, uterus 

(145) 

Rats (male) AA in drinking 
water 

Head, hematopoietic, 
pancreas 

(145) 

Rats (both) AA by inhalation Nasal mucosa (148,149) 

Rats (male) Ethanol in drinking 
water 

Adrenal, liver, 
pancreas, pituitary 

(155) 

Rats (female) Ethanol in drinking 
water 

Hematopoietic, oral (156) 

Rats (male) Ethanol in drinking 
water 

Head and neck, oral, 
stomach, testes 

(156) 

Rats bred to prefer 
alcohol (male) 

Ethanol in drinking 
water 

Liver (157) 

Table 2.6: AA-related carcinogenesis in model species 

2.10 Formaldehyde metabolism 

Humans are ubiquitously exposed to FA from exogenous and (especially) endogenous sources. 

Typically, humans are exposed to very low levels of exogenous FA (in the parts per billion range) 

from ambient air and from food consumption. Indoor FA concentrations can be higher than the 

outdoors environment due to off-gassing from household items and/or construction materials. 

Moreover, occupational exposures during work activities that use FA or FA-based agents can be 
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much higher, in the parts per million range. These include multiple manufacturing industries; 

histology, pathology, or biology labs; and funeral home and related services (158). 

FA is also generated endogenously on a continuing basis, resulting in steady state intracellular 

concentrations thought to be in the range of tens to hundreds of micromolar (see Table 2.7). 

But ratiometric fluorescence experiments with cultured cells do yield considerably lower 

estimates of intracellular FA concentration (25 ± 19 μM) (159). A major source of endogenous 

FA is the one-carbon (1-C) cycle after the enzymatic cleavage of serine by its cognate 

hydroxymethyltransferases (160) to generate glycine and FA. FA can also be introduced into 1-C 

metabolism via cleavage of glycine (161) and choline metabolism (162).The FA then condenses 

with tetrahydrofolate (THF), the active form of the co-factor folate (vitamin B9) to yield 5,10-

CH2-THF. This compound is essentially a transient carrier for the 1-C unit from FA, which is 

converted to a reactive methyl group on S-adenosylmethionine (SAM). SAM is a universal 

methyl donor for many biochemical reactions. 5,10- CH2-THF can also undergo spontaneous 

oxidative decomposition, releasing FA as a product (163). Free FA can be scavenged by 

glutathione to form S-hydroxymethylglutathione (HMGSH), which is oxidized into S-

formylglutathione by the action of ADH5 (alcohol dehydrogenase 5, also formerly called ADH3) 

using NAD(P)+ as co-factor (164). S-formylglutathione undergoes hydrolysis by S-

formylglutathione hydrolase (FGH) yielding formate and regenerating reduced glutathione (165) 

(see Figure 2.4). 
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Experimental 
system 

[FA] in reported 
units 

[FA] in μM References 

Human brain 0.047 mM/g [sic] 47 μM (166) 

Human brain 0.286 mM 286 μM (167) 

Human cortex ~0.39 mM ~390 μM (17) 

Human 
hippocampus 

~0.22 mM ~220 μM (17) 

Mouse brain 0.19 - 0.22 mM/g 
[sic] 

190 - 220 μM (166) 

Mouse brain ~0.33 - 0.43 mM ~330 - 430 μM (17) 

Mouse brain ~78 - 85 μmol/kg ~83 - 90 μM (168) 

Mouse brain ~12 - 14 μM ~12 - 14 μM (169) 

Mouse brain ~0.02 mM ~20 μM (170) 

Mouse brain 0.2705 mM 270.5 μM (167) 

Mouse brain ~0.3 mM ~300 μM (171) 

Mouse cerebellum ~0.45 mM ~450 μM (172) 

Mouse 
hippocampus 

~0.35 mM ~350 μM (18) 

Mouse kidney ~1.2 mM ~1200 μM (172) 

Mouse liver ~0.45 mM ~450 μM (172) 

Mouse muscle ~0.25 mM ~250 μM (172) 

Mouse spleen ~0.5 mM ~500 μM (172) 

Rat brain 0.097 μmol/g 103 μM (173) 

Rat hippocampus ~0.27 - 0.52 mM ~270 - 520 μM (174) 

Rat hippocampus ~0.23 - 0.45 mM ~230 - 450 μM (17) 

Rat hippocampus ~0.22 - 0.48 mM ~220 - 480 μM (175) 

Rat hippocampus ~0.3 mM ~300 μM (176) 

Rat liver 0.201 μmol/g 213 μM (173) 

Rat liver ~0.23 - 0.48 mM ~230 - 480 μM (26) 

Rat nose 0.42 μmol/g 445 μM (173) 

Rat testes 0.28 μmol/g 297 μM (173) 
Table 2.7: Formaldehyde concentrations measured in tissues of humans and wild-type mammalian 

species. 

 

ADH5 mitigates against FA toxicity and supports nucleic acid metabolism by providing 1-C units 

for nucleotide biosynthesis. As a result, human cells deficient in serine catabolism have a 

growth defect in the absence of the nucleotide precursors hypoxanthine, thymidine, and 

formate. Growth is further impaired in ADH5-deficient cells, suggesting that the conversion of 
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endogenous formaldehyde into formate provides 1-C units for nucleotide synthesis (10). 

Deletion of ADH5 in mice leads to increased levels of formaldehyde-induced DNA adducts in the 

kidney, liver, and bone marrow, confirming the importance of ADH5 in formaldehyde 

detoxification (177–180). 

Another potential source of FA is via the action of demethylases. In the context of epigenetic 

regulation, demethylase enzymes remove the methyl groups from substrates like histones and 

DNA. These demethylases belong to three protein families. The Jumonji (JmjC) enzymes catalyze 

most histone demethylations (181); AlkB removes alkyl (including methyl) groups from DNA 

(182); and lysine-specific demethylases, which can also demethylate histones (183). While the 

molecular mechanism of each demethylase family is distinct from the others, the common net 

result is release of FA. Hence, oxidative demethylations are another source of FA in mammalian 

cells. 

 

Figure 2.4: Formaldehyde detoxification 

Formaldehyde reacts with glutathione (GSH) to form S-hydroxymethylglutathione, which is converted in 

turn to S-formylglutathione by Alcohol dehydrogenase 5 (ADH5). Finally, non-toxic formate is generated 

via S-formylglutathione hydrolase (FGH) activity. 

 

 

S-hydroxymethyl-
glutathione 
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2.11 Cancer epidemiology associated with formaldehyde 

The epidemiology of FA-induced cancers has been studied extensively. Large-scale studies have 

been particularly useful to elucidate the association between occupational exposure to FA and 

cancer mortality. For example, analyses of a large cohort of 25,619 workers in FA-utilizing 

industries reported increased mortality from nasopharyngeal cancers (184) and myeloid 

leukemias (185). Similarly, an analysis of 6,808 funeral home workers found that embalmers had 

higher FA-associated mortality from myeloid leukemias (186). Another study of 11,039 garment 

workers confirmed this correlation (187). An analysis of 14,014 male workers in FA-utilizing 

industries also showed increased mortality from lung cancers (188). 

Studies on increased cancer risk were also carried out, as mortality data would miss cases that 

did not result in death. A meta-analysis which pooled data from 12 studies reported that FA 

exposure correlated with increased risk of sinonasal cancers (189). Occupational exposure to FA 

was also correlated with increased risk of nasopharyngeal cancers (190). A meta-analysis of 26 

studies investigating occupational FA exposures reported 15 that were consistent with increased 

risk of leukemias, in particular myeloid leukemias (191). 

More recent analyses have also confirmed links between occupational FA exposures and cancers 

(192–195). A mainstream consensus has solidified in support of linking FA exposure to sinonasal 

cancers, nasopharyngeal, and myeloid leukemias, although this majority view has been 

challenged for the latter cancer types by some authors who have been funded by chemical 

industry trade groups. It is possible that the hematopoietic system is especially vulnerable, even 

to endogenous FA, because hematopoietic stem cells (HSCs) must replicate and divide 
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throughout an individual's lifetime. This would make HSCs more likely to acquire mutations than 

postmitotic cells. Another possibility is that HSCs have intrinsically lower DNA repair capacity 

because they exist in a low oxygen niche, so there is less need to defend against oxidative 

damage. This hypothesis could also help explain why HSCs are more sensitive to endogenous FA 

than other tissues. 

2.12 Formaldehyde-induced DNA damage 

2.12.1 Formaldehyde-induced DNA adducts 

When FA reacts with DNA, the most common products are hydroxymethyl monoadducts. Such 

adducts can be detected by workflows using chromatography followed by mass spectrometry. 

The most abundant adduct is N2-hydroxymethyldeoxyguanosine or N2-HOMe-dG, which is 

observed in the majority of studies using in vitro and cellular systems (see Table 2.8 and 

references therein). Next in abundance is N6-HOMe-dA, i.e., N6-hydroxymethyldeoxyadenosine, 

which is found in somewhat fewer studies. Finally, N4-hydroxymethyldeoxycytidine (N4-HOMe-

dC) is a relatively minor adduct that was reported in a few papers. Whereas AA adducts are 

predominantly at N2 of guanine, FA adducts are more diverse. Since FA is produced 

endogenously on a continuing basis, steady-state concentrations of >10 μM are found in blood 

(180). It is therefore not surprising that adducts from endogenous FA can exceed those from 

exposure to exogenous FA (196). BER is thought to be a major pathway for repair of FA-induced 

monoadducts, which are relatively small, but NER may also be involved (197–200). As FA and AA 

are very similar, there is likely considerable similarity in utilization of repair pathways to process 

lesions induced by either small aldehyde in DNA. 
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Experimental systems DNA adducts References 

Chinese hamster ovary cells N6-HOMe-dA (201) 

DNA N6-HOMe-dA, N4-HOMe-dC, 
N2-HOMe-dG 

(202) 

DNA 18 adducts (203) 

DNA, deoxyribonucleosides N6-HOMe-dA, N4-HOMe-dC, 
N2-HOMe-dG 

(201) 

HeLa human cervical cancer cell line N2-HOMe-dG, 
N6-HOMe-dA 

(204) 

Human nasal epithelial cells N6-HOMe-dA, N2-HOMe-dG, 
N4-HOMe-dC 

(205) 

Human leukocytes N6-HOMe-dA (206) 

Macaque bone marrow and nasal 
mucosa cells 

N2-HOMe-dG (207) 

Rat bone marrow, brain, kidney, liver, 
lung, spleen, thymus, white blood cells 

N2-HOMe-dG, N6-HOMe-dA (208) 

Rat bone marrow, brain, kidney, liver, 
lung, lymph nodes, spleen, thymus, 
trachea, white blood cells 

N2-HOMe-dG (209) 

Rat blood cells, bone marrow, 
cerebellum, hippocampus, liver, lung, 
nasal mucosa, olfactory bulb, trachea 

N2-HOMe-dG (210) 

Rat nasal mucosa N2-HOMe-dG, N6-HOMe-dA (196,211) 

Rat nasal mucosa N2-HOMe-dG (212) 
Table 2.8: FA-induced DNA adducts found in different experimental systems. 

Another possible indirect means for FA to cause DNA damage is via the generation of oxidative 

damage (213–216). Indeed, 8-hydroxyguanine or 8-oxoguanine is commonly formed under 

conditions of oxidative damage and known to cause G > T transversions (217), which are 

observed after FA exposure (see Section 2.12.4 below).  

2.12.2 Formaldehyde-induced crosslinks 

FA is well known as a crosslinking agent, leading to DNA damage and subsequent mutagenesis 

(see Table 2.9 and references therein). Similar to detection of monoadducts, crosslinks can be 

identified using chromatography followed by mass spectrometry (33,218). DNA-protein 

crosslinks (DPCs) have received a great deal of attention, being investigated in a very large 
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number of studies across a broad range of experimental systems. DPC formation is typically 

initiated by the reaction of FA with a primary amine group (e.g., in lysine), leading to a Schiff 

base (-N=CH2), which then can react with a nucleophile in DNA (219). Repair of DPCs can be 

carried out by multiple means, including: direct hydrolysis of the crosslink; replication-coupled 

repair; and nucleolytic or proteolytic mechanisms (99). 

DNA-DNA crosslinks are also formed commonly by reaction with FA. Interstrand crosslinks form 

readily upon exposure to FA. A number of crosslinked dinucleotides have been identified by 

mass spectrometry, including dG-CH2-dG, dG-CH2-dA, dA-CH2-hydroxymethyl-2′-dC, dA-CH2-dA, 

dG-CH2-dC, and dA-CH2-dC (218). The Fanconi anemia pathway is the major mechanism for 

repair of interstrand crosslinks, including those induced by FA (97,197), while NER is thought to 

be a major repair pathway for intrastrand crosslinks (220). 

Experimental systems Crosslinks References 

A549 human lung cell line DNA-protein crosslinks (221–225) 

Budding yeast DNA-protein crosslinks (226–228) 

Budding yeast mitochondria DNA-protein crosslinks (229) 

Chinese hamster ovary cells DNA-protein crosslinks (230,231,103,232,233) 

Chinese hamster ovary cells Interstrand crosslinks (103) 

DNA Interstrand crosslinks (234–236,218) 

DNA with histones DNA-protein crosslinks (237–240) 

DT40 chicken lymphoma cell line DNA-protein crosslinks (241) 

E. coli DNA-protein crosslinks (242,243) 

E. coli Interstrand crosslinks (242) 

Fission yeast DNA-protein and 
interstrand crosslinks 

(199) 

HEK293 human embryonic kidney 
cell line 

DNA-protein crosslinks (244) 

HeLa human cervical cancer cell 
line 

DNA-protein crosslinks (236,244) 

Human bronchial epithelial cells DNA-protein crosslinks (245–248) 

Human fibroblasts DNA-protein crosslinks (249,247,240) 

Human kidney cell line DNA-protein crosslinks (240) 
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Human leukocytes DNA-protein crosslinks (250) 

Human lung cell line DNA-protein crosslinks (240) 

Human lymphoblasts DNA-protein crosslinks (251,252) 

Human lymphocytes DNA-protein crosslinks (236,253–258) 

Human lymphosarcoma cells DNA-protein crosslinks (259,260) 

Human nasal epithelial cells DNA-protein crosslinks (221) 

Human normal and DNA repair 
deficient cell lines 

DNA-protein crosslinks (261,232) 

Human peripheral blood 
lymphocytes 

Interstrand crosslinks (236) 

Human white blood cells DNA-protein crosslinks (262) 

Jurkat human T lymphocyte cell 
line 

DNA-protein crosslinks (263) 

Monkey blood cells, bone marrow, 
liver, nasal mucosa 

DNA-protein crosslinks (33) 

Monkey cells infected with simian 
virus 40 

DNA-protein crosslinks (239,264) 

Mouse bone marrow, kidney, liver, 
testes 

DNA-protein crosslinks (213) 

Mouse bone marrow 
mesenchymal stem cells 

DNA-protein crosslinks (265) 

Mouse embryonic fibroblasts DNA-protein crosslinks (266) 

Mouse hepatocytes Interstrand crosslinks (236) 

Mouse leukemia cells DNA-protein crosslinks (267,268) 

Rat aorta endothelial cells DNA-protein crosslinks (269) 

Rat bladder transitional cells DNA-protein crosslinks (270) 

Rat blood cells, bone marrow, 
cerebellum, hippocampus, liver, 
lung, nasal mucosa, olfactory bulb, 
trachea 

DNA-protein crosslinks (210) 

Rat blood cells, bone marrow, 
nasal mucosa 

DNA-protein crosslinks (33) 

Rat nasal mucosa cells DNA-protein crosslinks (271,272,115,273–
276) 

Rat nasal mucosa cells Interstrand crosslinks (196) 

Rat sarcoma cells DNA-protein crosslinks (277) 

Rat tracheal epithelial cells DNA-protein crosslinks (278–280) 

Rhesus monkey respiratory tract 
epithelial cells 

DNA-protein crosslinks (281) 

V79 Chinese hamster lung 
fibroblast cell line 

DNA-protein crosslinks (282–285) 

Table 2.9: FA-induced crosslinks in different experimental systems. 
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Both DNA-protein and interstrand crosslinks are thought to be especially deleterious lesions, as 

unrepaired crosslinks would block important DNA processes, i.e., replication and transcription. 

As such, the pathways dedicated to repairing DNA-protein and interstrand crosslinks are vital for 

maintaining genomic stability and are studied extensively by many research groups around the 

world (recently reviewed in (99,286–288)).  

2.12.3 Formaldehyde-induced strand breaks 

FA readily induces DNA strand breaks in a range of experimental cell systems. SSBs are the most 

commonly investigated (see Table 2.10 and references therein). DSBs are also reported, but in 

much fewer papers than for SSBs. DSBs are repaired by two main pathways, HR and NHEJ. 

Repair by HR can be error-free while NHEJ is generally error-prone (117). SSB repair is mediated 

by a separate pathway, where poly (ADP-ribose) polymerase (PARP) proteins play a key role in 

damage recognition and recruitment of repair factors (118). 

Experimental systems DNA strand breaks References 

A549 human lung cell line Double-strand breaks (289,290,119) 

A549 human lung cell line Single-strand breaks (291) 

Budding yeast Single-strand breaks (292) 

C18 rat tracheal epithelial cell line Single-strand breaks (280) 

Chinese hamster lung fibroblast cell lines Double-strand breaks (293,294) 

Chinese hamster ovary cells Double-strand breaks (233) 

Chinese hamster ovary cells Single-strand breaks (295,296) 

HeLa human cervical cancer cell line Single-strand breaks (236) 

Human bronchial epithelial cells Single-strand breaks (245–248,109,297) 

Human fibroblasts Single-strand breaks (249,246,247,109,298) 

Human fibroblast mitochondria Double-strand breaks (299) 

Human hematopoietic stem cells Single-strand breaks (300) 

Human lymphocytes Single-strand breaks (236,258) 

Mouse hepatocytes Single-strand breaks (301) 

Mouse bone marrow mesenchymal stem 
cells 

Single-strand breaks (265) 
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Mouse leukemia cells Single-strand breaks (267) 

Rat hepatocytes Single-strand breaks (301) 

Rat sarcoma cells Single-strand breaks (277,259) 

Rat tracheal epithelial cells Single-strand breaks (279) 

RPE-1 human retinal pigment epithelial 
cell lines 

Double-strand breaks (302) 

Table 2.10: FA-induced DNA strand breaks in different experimental systems. 

2.12.4 Formaldehyde-induced mutations 

Incorrect repair or error-prone bypass of the above-mentioned forms of damage can result in a 

myriad of DNA sequence changes (see Table 2.11 and references therein). Mutagenesis by FA 

has been studied in many model organisms and cell systems. The most frequently reported 

sequence changes involve relatively large-scale deletions, insertions, and other rearrangements. 

This is consistent with FA's activity as a crosslinking agent. Point mutations have also been 

studied in multiple systems, yielding a consensus of mostly G > T transversions being induced by 

FA, indicating that adducted G's are mutagenic. The one exception to this consensus view was a 

study in Chinese hamster ovary cells, which reported mostly substitutions at A:T base pairs 

(303). Nonetheless, the overall mutagenic properties of FA and AA are quite similar, which is not 

surprising, given the chemical similarity of these simple aldehydes. 

Experimental systems Mutation types References 

Budding yeast Predominantly G > T (5) 

Budding yeast frameshift reporter Mostly insertions, some 
deletions, duplications 

(304) 

C. elegans Unspecified point mutations, 
large deletions 

(305–308) 

Chinese hamster ovary cells Point mutations, predominantly 
at A:T base pairs 

(303) 

E. coli Large deletions, large insertions, 
point mutations 

(309) 

E. coli Predominantly G > T (310,311) 

E. coli Dinucleotide repeat instability (312) 
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Fruit flies Chromosomal rearrangements (313) 

Fruit flies Deletions (314–318) 

Grasshopper neuroblasts Chromosomal rearrangements (319) 

Hamster embryo cells Chromosomal rearrangements (320) 

HeLa human cervical cancer cell 
line 

Chromosomal rearrangements (321) 

Human fibroblasts Chromosomal rearrangements (298,322) 

Human lymphoblastoid cell lines Chromosomal rearrangements (252) 

Human lymphocytes Chromosomal rearrangements (323–327) 

Human myeloid progenitor cells Chromosomal rearrangements (328) 

L5178Y mouse lymphoma cell line Chromosomal rearrangements (329) 

Mouse sperm cells Simple repeat instability (330) 

Neurospora crassa Unspecified point mutations, 
deletions 

(331) 

Rat nasal squamous cell 
carcinomas 

Small number of point mutations 
at TP53, mostly G > T or C > A 

(332) 

Salmonella typhimurium G > T (311) 

TK6 human lymphoblastoid cell line Large deletions (309) 
Table 2.11: FA-induced mutations in different experimental systems. 

 

2.13 Formaldehyde-related carcinogenesis in model species 

The carcinogenicity of FA has been tested on rodents (mostly rats). FA was administered by 

inhalation in the majority of studies, with a smaller number using administration via drinking 

water (see Table 2.12 and references therein). FA by inhalation induced cancers of the nasal 

mucosa, including in both hamsters and rats, entirely consistent with epidemiological results in 

humans. FA in drinking water induced cancers of the gastrointestinal tract, as well as at distal 

sites, i.e., the lymphohematopoietic system and testes (145). But it is interesting to note that 

none of the FA by inhalation studies reported induced cancers at distal sites, so the correlation 

in humans between occupational FA exposure (via inhalation) and myeloid leukemias has not 

been recapitulated in animal models, at least thus far. 
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Species (sex) Exposures Cancer sites References 

Hamsters (male) FA by inhalation Nasal mucosa (333) 

Rats (both) FA by inhalation Nasal mucosa (334–336) 

Rats (both) FA in drinking water Small intestine (337,145) 

Rats (both) FA in drinking water Stomach (145) 

Rats (both) FA in drinking water Lymphohematopoietic 
system 

(145) 

Rats (male) FA by inhalation Nasal mucosa (338–
340,332,341,342) 

Rats (male) FA in drinking water Stomach (343) 

Rats (male) FA in drinking water Testes (145) 
Table 2.12: FA-related carcinogenesis in different model species 

2.14 Mutational signatures of acetaldehyde and formaldehyde 

As we have mentioned, studies in multiple experimental systems have revealed certain common 

features of AA- and FA-induced mutagenesis (see Tables 2.5 and 2.11, and references therein). 

Indeed, it has been noted that the tandem GG > TT dinucleotide substitution pattern suggests 

AA as a plausible mutagen responsible for double base substitution (DBS) signature 2 (344,345) 

from the Catalog of Somatic Mutations in Cancer (COSMIC) (346). 

Multiple studies have reported alcohol-linked signatures similar to SBS (single base substitution) 

signature 16 from COSMIC version 2 (347–351). It has been hypothesized that these signatures 

might be attributable to AA, but only correlations were demonstrated, without experimental 

follow-up to investigate molecular mechanisms. Additionally, SBS16 in COSMIC version 3 is quite 

different from version 2 of this signature, so it is not clear to what extent the conclusions from 

these papers still hold. 

Nonetheless, with the proliferation of high throughput sequencing technologies, large 

mutational data sets from experimental studies are increasingly prevalent. It should therefore 

be possible to infer the patterns of induced mutagenesis more fully by carefully controlled 
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experiments. For example, one study investigating the patterns of mutations induced by many 

chemical agents in induced pluripotent stem cells included data on AA and FA (345). But 

because these small aldehydes are relatively weak mutagens, their induced mutational patterns 

could not be resolved reliably. Similarly, another study in mice knocked out for two key enzymes 

(ADH5 and ALDH2) for aldehyde detoxification (leading to accumulation of endogenous 

aldehydes). These double knockout mice did exhibit bone marrow failure, susceptibility to 

developing leukemia, and shortened lifespan. But this study did not to produce a robust 

mutational signature significantly different from background mutagenesis in this system (22). 

As a workaround for the weak mutagenicity of small aldehydes, a high-sensitivity mutagenesis 

detection system featuring ssDNA enrichment in budding yeast has been utilized. A recent study 

using this system showed that AA induced an excess of gCn > gAn (or nGc > nTc) substitutions, 

consistent with previous literature (136). gCn > gAn mutations were also enriched in cancers 

associated with alcohol or tobacco use, consistent with possible exposure to AA (136). 

We also recently deployed the same system to investigate both AA and FA (5). Both small 

aldehydes induced an excess of C/G > A/T transversions, and overall similar mutational patterns 

(5). Interestingly, the pattern of mutations from FA acting on ssDNA was the closest match to 

date to SBS signature 40. SBS40 is currently of unknown etiology, but it is the third most 

common mutational signature, present in at least 28 cancer types (346). Since FA is produced 

endogenously and present in relatively high intracellular concentrations, we propose that 

endogenous FA is a plausible candidate etiology for SBS40. 
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These results in an ssDNA-enriched system are also consistent with observations obtained in 

studies cited throughout this article using experimental systems with cycling cells that replicate 

their DNA. Replication is a vulnerable window for accruing DNA damage, as long stretches of 

ssDNA can be exposed, making mutagenesis more likely. More complex scenarios are also 

plausible. For example, aldehydes can potentially damage dNTPs, which can be misincorporated 

during replication. This can lead to mutation fixation, or if handled incorrectly during attempted 

repair, can lead to strand breaks during replication. Such DNA configurations would need to be 

rescued by replication fork restart mechanisms that can lead to large scale genomic changes, 

i.e., chromosomal rearrangements, if repair is not carried out correctly. 

2.15 Conclusions 

Investigations into the genotoxicity and mutagenicity of FA and AA have a long history, by now 

spanning over five decades. Work by many labs on a wide range of experimental systems has 

yielded broad consensus results, e.g., on carcinogenicity, mutagenicity, clastogenicity, the 

predominance of G > T substitutions, and so forth. But the mutational signatures of FA and AA 

remain to be further ascertained in more experimental systems. Moreover, the true extent of FA 

and AA's mutagenicity in cancers (and possibly in normal cells) is not well understood. Further 

investigations will be necessary to answer these important questions. 
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Chapter 3: Characterization of formaldehyde- and acetaldehyde-induced 

mutational signatures 

 

3. 1 Copyright and License Policies  
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International (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/deed.en), which 

allows unrestricted use, distribution, and the reproduction of its content in any medium, 

provided the authors and source are credited. No separate permission letter is required. 

Copyright © 2022 Thapa et al. Published by Oxford University Press on the behalf of Genetics 

Society of America. 

 

 

 

 

 

 

 

 

https://creativecommons.org/licenses/by/4.0/deed.en


97 
 

3.2 Rationale for research 

After learning about all the experimental designs on different organisms and human tissues with 

their possible limitations and considering the consistency of results in the last 50 years (1), I 

worked on my first project to characterize the FA- and AA-induced mutational signatures. In this 

published research paper, “Analyses of mutational patterns induced by formaldehyde and reveal 

similarity to a common mutational signature” (2), a well-characterized, highly sensitive budding 

yeast genetic reporter system sharing DNA replication and repair mechanisms as in human cells 

was used to capture thousands of the independent mutations after controlled AA exposure (3). 

Also, experiments done by my previous labmate Reena Fabros, using FA exposure on the same 

yeast model system added additional confidence to carry out my experiments. The temperature 

sensitivity and haploid genetics of the yeast provide flexibility to change the double-stranded 

DNA into single-stranded DNA and produces a high volume of mutations even from weak 

mutagens like AA and FA. Whole genome sequencing identified all the mutations present in the 

yeast genome, and computational analysis was done using multiple bioinformatics tools to 

generate mutational signatures. These FA- and AA-induced mutational signatures were 

compared to COSMIC signatures (4). The differences in the FA- and AA-induced mutational 

patterns in our findings may fill the void highlighted in the review paper, and laid a foundation 

for experimental design and computational framework to derive mutational signatures from 

other weak mutagens. 
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3.4 Abstract 

Formaldehyde (CH2O) and acetaldehyde (C2H4O) are reactive small molecules produced 

endogenously in cells as well as being environmental contaminants.  Both of these small 

aldehydes are classified as human carcinogens, since they are known to damage DNA and 

exposure is linked to cancer incidence.  However, the mutagenic properties of formaldehyde 

and acetaldehyde remain incompletely understood, at least in part because they are relatively 

weak mutagens.  Here, we use a highly sensitive yeast genetic reporter system featuring 

controlled generation of long single-stranded DNA regions to show that both small aldehydes 

induced mutational patterns characterized by predominantly C/G → A/T, C/G → T/A, and T/A → 

C/G substitutions, each in similar proportions.  We observed an excess of C/G → A/T 

transversions when compared to mock-treated controls.  Many of these C/G → A/T 

transversions occurred at TC/GA motifs.  Interestingly, the formaldehyde mutational pattern 

resembles single base substitution (SBS) signature 40 from the Catalog of Somatic Mutations in 

Cancer (COSMIC).  SBS40 is a mutational signature of unknown etiology.  We also noted that 

acetaldehyde treatment caused an excess of deletion events longer than four bases while 

formaldehyde did not.  This latter result could be another distinguishing feature between the 

mutational patterns of these simple aldehydes.  These findings shed new light on the 

characteristics of two important, commonly occurring mutagens.  
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3.5 Introduction 

Genomic DNA is constantly damaged by intracellular processes (5) and exposure to exogenous 

damaging agents (6–8).  There are many different types of DNA damage.  Intracellular DNA 

damaging processes include, for example:  oxidation of nitrogenous bases (9,10); glycosidic 

bond breakage, which releases a nitrogenous base from its deoxyribose sugar (11–15); single- 

and double-stranded breaks of the sugar-phosphate backbone (15–17); base alkylation 

(15,18,19); cytosine deamination to uracil (15,20); and deamination of 5-methylcytosine to 

thymine (21–23).  Examples of exogenous DNA damage include:  ultraviolet (UV) light (7); 

ionizing radiation (8); tobacco (24); aristolochic acid (25); and aflatoxin (26).  Mutations are also 

thought to result from spontaneous ionization or isomerization (i.e., tautomerization) of DNA 

bases, which can alter base pairing characteristics (27–30). 

It is important to note that these processes do not affect all bases equally.  Each of the four 

nitrogenous bases has its own distinct set of chemically reactive moieties (e.g, amines, 

carbonyls, or labile ring atoms) (31).  For any given DNA damaging process or agent, the base(s) 

with moieties that readily react will be damaged more frequently than bases without such 

reactive moieties.  Local sequence context can also be a key determinant of vulnerability to 

damage.  Mutational signatures are recurrent patterns of base changes that reflect these forms 

of specificity:  the signatures arise naturally because each particular mutagenic process or DNA 

damaging agent is more likely to affect certain bases in specific contexts more frequently than 

others (32). 
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Mutational signatures typically are inferred using a non-negative matrix factorization (NMF) 

algorithm (33).  NMF takes a mutational dataset as input.  It initiates by essentially guessing a 

solution set of constituent signatures with estimated contributions from each putative 

signature, and then computes the error when attempting to reconstruct the original dataset 

using that solution set.  NMF then tries a slightly different solution set and recomputes the 

error.  This process loops until finding an optimal solution set that stably minimizes 

reconstruction error.  A globally stable solution set is found when different initial conditions all 

converge to yield that solution set. 

NMF analysis can extract reproducible, recurrent patterns of mutations, which often reflect 

distinct mutagenic processes or DNA damaging agents.  There are many mutational signatures 

with well-established etiologies, including:  single base substitution signature 1 (SBS1) from 

deamination of 5-methylcytosine at CpG motifs; SBS2 and SBS13 from enzymatic deamination 

of cytosine at TC motifs by APOBEC deaminases; SBS3 from deficiencies in homologous 

recombination DNA repair; SBS4 and SBS29 from tobacco smoking and chewing habits, 

respectively; SBS6, SBS15, SBS21, SBS26, and SBS44 from various deficiencies in DNA mismatch 

repair; SBS7 from ultraviolet light exposure; SBS10 from mutation of DNA polymerase epsilon; 

SBS18 from reactive oxygen species; SBS30 and SBS36 from DNA base excision repair 

deficiencies; and so forth (32).  About one-third of currently defined mutational signatures 

remain of unknown etiology (32). 

Previously, the International Agency for Research on Cancer (IARC) named a number of high-

priority carcinogens that required further research to fill significant gaps in knowledge (34).  

Among these high-priority carcinogens are two small aldehyde compounds, formaldehyde 
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(CH2O) and acetaldehyde (C2H4O).  Formaldehyde is classified as a known human carcinogen by 

IARC, based in part on evidence of occupational exposure being associated with nasal and 

nasopharyngeal cancers (35,36).  Formaldehyde is also produced endogenously in cells, as a 

major metabolic by-product from amino acid metabolism, resulting in high concentrations of up 

to ~100 μM in human blood (36).  Acetaldehyde is a reactive compound that humans are 

commonly exposed to as a result of ethanol consumption, as the initial step of ethanol 

detoxification is oxidation to acetaldehyde.  Like formaldehyde, acetaldehyde is also classified as 

a known human carcinogen (37).  Alcohol consumption is associated with higher risk of multiple 

types of cancer, including: head and neck; oesophageal; liver; breast; and colorectal (38).  

Acetaldehyde associated with alcohol consumption is thought to be causative for cancers of the 

oesophagus and the upper aerodigestive tract (including head and neck), i.e., at sites of highest 

direct exposure (38). 

Understanding the mutagenic characteristics of formaldehyde and acetaldehyde remain 

important research questions, which can provide valuable insights into the possible roles of 

these common small aldehydes in cancer mutagenesis and carcinogenesis.  Previous attempts 

to define the mutational patterns induced by formaldehyde and acetaldehyde (e.g., (39,40)) 

have been rather inconclusive, with no demonstrated link to defined mutational signatures in 

cancers.  Here, we report a more detailed understanding of the mutational characteristics of 

both formaldehyde and acetaldehyde and show that the mutational pattern induced by 

formaldehyde is similar to a common cancer mutational signature that is currently of unknown 

etiology, namely single base substitution signature 40. 
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3.6 Materials and Methods 

3.6.1 Reagents and Consumables 

Bacto peptone (product code 211677) and yeast extract (212750) were purchased from Becton, 

Dickinson and Co. (Franklin Lakes, New Jersey).  Canavanine (C9758), adenine sulfate dihydrate 

(AD0028), formaldehyde (F8775), and acetaldehyde (W200344) were purchased from 

MilliporeSigma (St. Louis, Missouri).  Formaldehyde and acetaldehyde solutions were stored in 

gas-tight tubes in the dark under nitrogen atmosphere.  Agar (FB0010), glucose (GB0219), 

hygromycin (BS725), PCR purification spin column kit (BS654), agarose (D0012), and Tris-Borate-

EDTA (TBE) buffer (A0026) were purchased from BioBasic (Markham, Ontario).  G418 sulfate 

(450-130) was purchased from Wisent (St-Bruno, Québec).  Q5 PCR kits were purchased from 

New England Biolabs Canada (Whitby, Ontario).  Gas-tight glass tubes with septa (2048-18150) 

and accessories (2048-11020 and 2048-10020) were purchased from Bellco Glass Inc. (Vineland, 

New Jersey). 

3.6.2 Yeast Genetics and Mutagenesis 

Mutagenesis experiments used the ySR127 yeast strain, a MATα haploid bearing the cdc13-1 

temperature sensitive allele.  In addition, ySR127 has a cassette of three reporter genes (CAN1, 

URA3, and ADE2) near the de novo left telomere of chromosome V.  These three genes had 

been deleted from their native loci.  Details about ySR127 were described previously (3) and the 

strain is available upon request. 

Formaldehyde mutagenesis experiments were initiated by inoculating single colonies separately 

into 5 mL of YPDA rich media (2% Bacto peptone, 1% Bacto yeast extract, 2% glucose, 

supplemented with 0.001% adenine sulfate) in round bottom glass tubes.  Cells were grown at 
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permissive temperature (23°C) for three days.  Then, cultures were diluted ten-fold into fresh 

media in gas-tight glass tubes, shifted to restrictive temperature (37°C), and shaken gently at 

150 RPM for three hours, with syringe needles inserted through the septa to enable gas 

exchange.  After a three-hour temperature shift, aliquots of formaldehyde stock solution diluted 

in media were injected into each tube to obtain the reported final concentrations.  Samples 

were then shaken gently at 150 RPM at 37°C for three more hours, in completely sealed gas-

tight tubes, to prevent escape of formaldehyde.  When formaldehyde treatment was complete, 

cells were collected by syringe, lightly centrifuged, washed in water, and plated (using a 

turntable and cell spreader) onto synthetic complete media to assess survival and onto 

canavanine-containing media with 0.33x adenine to select for mutants (Canr colonies were off-

white while Canr Ade- colonies turn red or pink).  Care was taken to handle cells gently 

throughout, as they were quite fragile.  Further details of this plating procedure were described 

in detail previously (41). 

Acetaldehyde mutagenesis experiments were carried out similarly.  We found that we could 

simplify the acetaldehyde experiments by using tightly sealed 50 mL polypropylene tubes for 

the temperature shift and mutagen treatment, presumably because acetaldehyde is less volatile 

than formaldehyde and does not require as fastidious gas-tight containment.  Similar results 

were obtained for acetaldehyde treatment when using either type of tubes.  Statistical analyses 

and data visualizations were done using base R version 4.1 (42) and tidyverse package version 

1.3 (43). 
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3.6.3 Illumina Whole Genome Sequencing and Data Analyses 

Canr Ade- mutants from formaldehyde and acetaldehyde treatment experiments were collected 

and reporter gene loss of function phenotypes were verified as described previously (3).  Briefly, 

Canr red/pink mutants were streaked on YPDA plates.  A single colony from each streak was 

patched onto YPDA.  Patches were then replica plated onto glycerol, adenine dropout, 

canavanine, and uracil dropout media.  Mutants that grew on glycerol (i.e., were respiration 

competent), and were Canr Ade- Ura+ were considered suitable for sequencing.  Canr Ade- Ura- 

mutants were avoided because those isolates sometimes turn out to be telomere truncations.  

Mutants from 4, 6, 8, and 10 mM formaldehyde exposure were chosen for sequencing as these 

had high induced mutation frequencies.  For acetaldehyde, mutants from 75 mM treatment 

were selected for sequencing, as this concentration was most mutagenic.  No-aldehyde controls 

were isolated similarly, except that they were Canr Ade- mutants from 24-hour temperature 

shifts without added mutagen.  This longer shift was necessary for controls to acquire more 

mutations for analysis.  Shorter temperature shift without added mutagen would have yielded 

fewer variants, and sequencing many more control genomes to compensate was not practicable 

due to budgetary constraints.  24-hour shifts in the presence of mutagen also were not possible, 

resulting in very high lethality.   

Illumina library preparation and WGS were outsourced to Genome Québec (McGill University, 

Montréal) or performed on an Illumina MiSeq in our lab.  Bowtie2 version 2.3.5.1 (44), 

SAMtools 1.9 (45), and bcftools 1.9 (46) were used to map the Illumina reads and call variants.  

The ySR127 reference sequence was obtained soon after strain construction and represents that 

genome in an unmutated state, so the variants acquired from each treatment condition can be 
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easily identified.  This reference sequence was previously released publicly on NCBI (47).  To 

map reads to the ySR127 reference and create a sorted BAM file, we ran the following 

command on each sample:  "bowtie2 --local -x ySR127 -1 sample_R1.fastq.gz -2 

sample_R2.fastq.gz | samtools view -bS | samtools sort -o sample.bam".  To call variants and 

output to a BCF file:  "bcftools mpileup -Ou -f ySR127.fa sample.bam | bcftools call --ploidy 1 -v -

c -Ou -o sample.bcf".  Variants with quality score < 30 and/or with sequencing coverage < 10 

were filtered out:  "bcftools view sample.bcf -e 'INFO/DP<10' | bcftools view -e 'QUAL<30' | 

bcftools view -Ov -o sample.vcf".  VCF file for each sample were then compressed and indexed:  

"bgzip -c sample.vcf > sample.vcf.gz" and "tabix -p vcf sample.vcf.gz".  Sample VCF files were 

merged to create a unified VCF:  "bcftools merge -m none -Ov -o merge.vcf *.vcf.gz", where * is 

a wild card variable for the sample names.  In this way, if the same variant is found in multiple 

samples, they were combined into one unique variant.  The resulting unified VCF files were 

passed to MutationalPatterns version 3.6.3 (48) for further analysis and visualization.  Other 

numerical and statistical analyses, and data visualizations were done using base R version 4.1 

(42) and tidyverse package version 1.3 (43). 

For trinucleotide frequency correction, the Biostrings package version 2.38.0 (49) was used to 

extract trinucleotide counts for the ySR127 yeast and mm10 mouse reference genomes.  

Following the convention for reporting mutational signatures, counts for each trinucleotide 

motif centered on C or T were summed with the counts of their respective reverse 

complements.  The proportion of each trinucleotide was then calculated.  To infer the expected 

pattern in mouse, the frequency of each of the 96 channels of a yeast mutational pattern was 

multiplied by the ratio of corresponding trinucleotide proportions in mouse vs. in yeast.  For 
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example, if a given trinucleotide motif is half as abundant in mouse as in yeast, the 

corresponding expected frequency of mutations in mouse would be scaled by a factor of 0.5 

relative to the observed frequency in yeast data. 

3.7 Results 

3.7.1 Formaldehyde- and acetaldehyde-induced mutagenesis 

We began by assessing mutagenesis and toxicity induced by addition of formaldehyde or 

acetaldehyde.  These experiments were done using a haploid yeast strain (ySR127) that forms 

long regions of sub-telomeric single-stranded DNA (ssDNA) when shifted to 37°C due to the 

cdc13-1 temperature sensitive point mutation (50).  At 37°C the cdc13-1 protein dissociates 

from telomeres, triggering enzymatic resection of unprotected chromosome ends, which in turn 

activates the DNA damage checkpoint to arrest cells in G2 (50).  The reporter genes CAN1, ADE2, 

and URA3 had been deleted from their native loci and reintroduced to the left sub-telomeric 

region of chromosome V (3).  This mutagenesis system is very well suited to studying weak 

mutagens, as ssDNA is more prone to mutation than double-stranded DNA and repair using the 

complementary strand is not possible.  This latter point is an important consideration, since 

DNA lesions induced by formaldehyde in duplex DNA are potential substrates for nucleotide 

excision repair (51).  The ssDNA system was used previously to study the mutagenic properties 

of bisulfite and human APOBEC3G cytidine deaminase (3); abasic sites (52); reactive oxygen 

species (53); human APOBEC3A and APOBEC3B cytidine deaminases (47); and alkylating agents 

(54). 
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We treated temperature-shifted cells with increasing concentrations of formaldehyde or 

acetaldehyde.  Care was taken to seal the formaldehyde-treated samples in gas-tight tubes; 

otherwise, the formaldehyde would simply volatilize into the gaseous phase and escape into the 

atmosphere.  Increasing concentrations of formaldehyde resulted in lower viability (see Figure 

3.1A).  While lower concentrations are relatively well tolerated, 8 mM formaldehyde reduced 

viability below 50%.  Formaldehyde-induced inactivation of CAN1 was detected from as little as 

2 mM treatment (median gene inactivation frequency of 3.3 × 10-4, see Figure 3.1B).  

Mutagenesis plateaued from 4 to 8 mM formaldehyde, with median mutation frequencies of 

~1.5 × 10-3.  Mutagenesis peaked at 10 mM formaldehyde exposure (median mutation 

frequency = 2.7 × 10-3), but with a steep decrease in viability.  Mock treated cells (i.e., 0 mM 

formaldehyde) had median mutation frequency of only 1.2 × 10-4.  These results show that 

when the experiments are set up properly to contain the mutagen, formaldehyde is clearly 

mutagenic to our ssDNA model system. 

Cells were considerably more tolerant of higher concentrations of acetaldehyde.  We tested 

concentrations from 25 to 100 mM.  Cells treated with lower concentrations (25 and 50 mM) 

retained high viability, but higher concentrations induced significant lethality (see Figure 3.1C).  

Unlike formaldehyde, the mutagenesis induced by acetaldehyde did not show a plateau.  

Instead, here was a gradual increase in CAN1 inactivation frequency when treated with 25 and 

50 mM acetaldehyde (see Figure 3.1D).  Mutation frequency peaked at over 5 × 10-4 when cells 

were treated with 75 mM acetaldehyde.  Interestingly, treatment with 100 mM acetaldehyde 

did not result in detectable mutagenesis while viability was reduced to below 25%.  This 
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suggests that the cells which sustained high levels of DNA damage by 100 mM acetaldehyde 

likely suffered considerable cytotoxic damage as well and did not survive. 

Figure 3.1 Viability and CAN1 inactivation of yeast treated with AA and FA at different concentration 
a) Viability and b) CAN1 inactivation frequency of yeast treated with 0, 2, 4-, 6-, 8-, or 10-mM formaldehyde. c) 
Viability and d) CAN1 inactivation frequency of yeast treated with 0, 25-, 50-, 75-, or 100-mM acetaldehyde. Data 
are from 6 biological replicates for each aldehyde. * denotes P < 0.05, ** denotes P < 0.01, *** denotes P < 0.001, 
**** denotes P < 0.0001, and ns denotes no significant difference by paired t-test. The paired t-test was used 
because same biological replicate was used for untreated and treated samples. 

 

3.7.2 Formaldehyde and acetaldehyde both induce an excess of C/G > A/T 

transversions 

We collected mutagenized isolates for Illumina whole genome sequencing to determine what 

kinds of genetic variants were induced by either formaldehyde (119 genomes) or acetaldehyde 

(17 genomes) treatment. As one would expect, there were mutational hotspots that were 

mutated recurrently in different samples.  Constructing a mutational profile by tallying the 
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number of occurrences (and recurrences) at each site would likely not be a good representation 

of intrinsic mutational preference, per se.  Recurrence could be due to a trinucleotide being 

susceptible to mutation, but it might also be due to selection effects.  Instead, we aggregated 

data across all samples in each data set and counted mutated motifs:  If a treatment does 

preferentially mutate a trinucleotide motif, multiple instances of that motif at different genomic 

loci would be mutated.  On the other hand, if mutation at a particular instance of a trinucleotide 

is observed recurrently but there are few other instances of that trinucleotide being mutated at 

other loci, then selection is quite possible.  We adopted our analytical approach to minimize 

possible distorting effects of selection. 

The genomes mutagenized by either small aldehyde were compared to control genomes that 

were not treated by either.  Analysis of the 69 control genomes revealed a mutational pattern 

where C/G > T/A and T/A > C/G transitions outnumbered the four types of transversions (namely 

C/G > A/T, C/G > G/C, T/A > A/T, and T/A > G/C, see Figure 3.2A), similar to what we had 

observed previously (55).  By comparison, formaldehyde and acetaldehyde treatment both 

caused a relative increase of C/G > A/T transversions (see Figure 3.2B and 3.2C).  While these 

substitutions accounted for 11% of the mutational spectrum in untreated controls, this fraction 

rose to about 17% in the aldehyde-mutagenized genomes.  This increase is a common 

characteristic of mutagenesis caused by small aldehydes in regions of single-stranded DNA. 

Since ssDNA should be enriched near the chromosome ends, most variants should map in such 

regions.  To check this, we constructed genome-wide rainfall plots for controls, formaldehyde-, 

and acetaldehyde-treated isolates (see Figure 3.3D, 3.3E, and 3.3F, respectively.  These graphs 
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show the number of base pairs between adjacent mutations.  Consistent with expectation, 

variants tended to cluster near chromosome ends.  

 

 
Figure 3.2: Base substitution types for (a) controls, (b) formaldehyde, and (c) acetaldehyde.  
Treatment with either aldehyde caused a higher proportion of C/G > A/T transversions. Six biological replicates was 
used. Chi-Square test showed that the mutation spectrum differs significantly between groups (χ2 = 351.8, p-value 
< 2.2e-16). Both aldehydes AA and FA alter the C>A substitution spectrum higher compared to the control. 
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Figure 3.3: Rainfall plots 
Rainfall plots showing distance between adjacent mutations, show that most cluster near chromosome ends 
where ssDNA is enriched, for (d) controls, (e) formaldehyde, and (f) acetaldehyde. Total numbers of sequenced 
genomes, total numbers of variant calls, and number of unique variants are reported (if the same variant occurs in 
multiple samples, it is counted as 1 unique). 
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3.7.3 Acetaldehyde induces deletions of five or more bases, but formaldehyde 

does not 

We also analyzed short insertions and deletions (indels) to determine if treatment with either 

small aldehyde can induce these genetic changes.  The profile of short indels in untreated 

controls consists mainly of insertions of five or more bases, with smaller proportions of shorter 

insertions as well as deletions of five or more bases (see Figure 3.4A). The profile of short indels 

in formaldehyde-mutated genomes is essentially the same as in untreated control genomes, i.e., 

we did not find evidence that formaldehyde induces a higher proportion of any type of indels 

(see Figure 3.4B).  In contrast, there was a notable difference in the acetaldehyde-induced 

profile of indels:  an excess of deletions of five or more bases was observed (24% in 

acetaldehyde vs. 12% in controls, see Figure 3.4C).  This is a distinguishing property of 

acetaldehyde-induced DNA damage in the ssDNA system.  Plotting these data while grouping by 

number of repeat units adjacent to each indel confirmed the excess of these deletions from 

acetaldehyde treatment (compare Figures 3.5D, 3.5E, and 3.5F).  The most frequent events 

were deletion of a single unit.  Deletions were less frequent as the number of repeat units 

increased, likely because longer tandem sets of repeats were simply more rare. 
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Figure 3.4: Small indels from (a) no-aldehyde controls, (b) formaldehyde, and (c) acetaldehyde.  
The different categories comprise: single base deletions or insertions at C/G or T/A base pairs; 2, 3, 4, or 5+ base 
pair deletions or insertions; and 2, 3, 4, or 5+ base pair deletions with microhomology at break points. 
Acetaldehyde treatment induces an increased proportion of 5+ base pair deletions (without microhomology).  
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Figure 3.5: The same small indel data, plotted showing number of repeat units from (d) no-aldehyde controls, 
(e) formaldehyde, and (f) acetaldehyde. 
For the single-nucleotide indels, the number of repeat units is the length of a homopolymer run. For indels of 
dinucleotide, trinucleotide, or greater length, the number of repeat units indicates how many copies of the inserted or 
deleted unit are immediately adjacent to the site of the indel. Total numbers of sequenced genomes, total numbers of 
indel calls, and number of unique indels are reported (if the same indel occurs in multiple samples, it is counted as 1 
unique). 
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3.7.4 Formaldehyde and acetaldehyde produce distinct mutational patterns 
 
To investigate the mutational properties of the small aldehydes in more detail, we plotted their 

mutational profiles in the 96-channel format of the COSMIC mutational signatures.  By this 

convention, all substitutions are reported as originating from a pyrimidine base, i.e., same as 

the mutation spectra reported above.  In addition, the 96-channel profiling features 

trinucleotide motifs consisting of the mutated base, flanked by an adjacent base 5ʹ and 3ʹ.  

Cosine similarity is a metric for comparing mutational patterns, yielding a maximum value of 

exactly 1 for two identical patterns (33).  The mutational pattern of formaldehyde is similar to 

untreated controls (cosine similarity = 0.93), but the excess of C/G > A/T transversions is 

nonetheless evident (see Figure 3.6A).  The mutational pattern of acetaldehyde is more 

dissimilar vs. the profile of untreated controls (cosine similarity = 0.868), but again with a 

noticeable excess of C/G > A/T substitutions (see Figure 3.6B).  When comparing the 

formaldehyde and acetaldehyde profiles directly to one another, the cosine similarity value is 

0.882, showing some similarities but also clear differences in the C/G > T/A channels especially 

(see Figure 3.6C). 
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Figure 3.6: Comparisons of mutational patterns between (a) controls and formaldehyde; (b) controls and 
acetaldehyde; and (c) formaldehyde and acetaldehyde. 
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A recent study described mutational patterns obtained in mice that were genetically deleted for 

genes important in aldehyde detoxification, ADH5 and ALDH2, thus leading to buildup of 

endogenous aldehydes (40).  To compare our mutational patterns derived from mutagenized 

yeast genomes to these profiles from mice, we first adjusted for differences in trinucleotide 

abundances between the two species to obtained corrected mutational patterns (see Figure 

3.7A and 3.7B).  Applying this adjustment is necessary to obtain the corrected mutational 

pattern for a more accurate comparison between species.  A main difference between the yeast 

and mouse genomes is the lower abundance of CpG motifs in the latter.  Nonetheless, the 

corrected mutational patterns retained high similarity to the original (uncorrected) patterns in 

yeast (cosine similarity values > 0.95). 
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Figure 3.7: Comparisons of mutational patterns between formaldehyde and acetaldehyde treated yeast 
with and without correction of trinucleotides with Aldh2 Adh5-deficient mouse cells 
Comparisons of mutational patterns between (a) formaldehyde with and without correction for trinucleotide 
frequencies in yeast; (b) acetaldehyde with and without correction for trinucleotide frequencies in yeast; and (c) 
Aldh2 Adh5-deficient mouse cells and trinucleotide frequency corrected yeast treated with formaldehyde 

 
When we compared the various mutational patterns, we noticed that cosine similarity values 

are relatively low when comparing between the corrected yeast patterns we derived and the 

mouse patterns from Dingler et al. (40) (see Table 3.1).  These values are somewhat higher 

when comparing the formaldehyde pattern in yeast to the mouse patterns.  A closer 

examination of these profiles from mouse suggests that there are likely to be mutations from 

other sources mixed in the mouse patterns, e.g. from SBS1 (deamination of 5-methylcytosine at 

CpG motifs, see Figure 3.7C).  We also noted some differences among the various mouse 

patterns themselves:  while the ones from Adh5-/- and Aldh2-/- Adh5-/- had cosine similarity = 
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0.887, the Aldh2-/- profile was noticeably more dissimilar (cosine similarity < 0.8 vs. the other 

two profiles, see Table 3.2).  This is consistent with the likelihood that there are other mutation 

sources mixed in with the mouse mutational patterns, which may be confounding interpretation 

of a hypothesized pattern induced by excess endogenous aldehydes. 

Table 3.1: Cosine similarity values  

Cosine similarity values between mutational profiles of (FA) formaldehyde- and (AA) 

acetaldehyde-mutagenized yeast (with correction for trinucleotide frequencies in mouse) and of 

mice deficient for aldehyde detoxification genes from (40). 

 Mouse Aldh2-/- Mouse Adh5-/- 
Mouse Aldh2-/- 

Adh5-/- 

Yeast FA, corrected 0.658 0.735 0.767 

Yeast AA, corrected 0.617 0.633 0.673 

 
Table 3.2: Cosine similarity values among mice deficient for aldehyde detoxification genes from 
(40). 
 

 Mouse WT Mouse Aldh2-/- Mouse Adh5-/- 
Mouse Aldh2-/- 

Adh5-/- 

Mouse WT 1 0.832 0.845 0.838 

Mouse Aldh2-/-  1 0.780 0.774 

Mouse Adh5-/-   1 0.887 

Mouse Aldh2-/- 

Adh5-/- 
   1 
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3.7.5 Formaldehyde mutational pattern resembles COSMIC SBS signature 40 
 
We then investigated whether these mutational patterns might shed light on the etiology of any 

known COSMIC mutational signatures.  We started with the mouse profiles published by Dingler 

et al. (40) and confirmed that none of the mouse profiles showed a particularly close 

resemblance to any known COSMIC signature (see Figure 3.8A). All of those cosine similarity 

values were < 0.8, suggesting that if there are bona fide COSMIC signatures within the mouse 

mutational patterns, they are possibly obscured by being in a mixture of multiple signatures. 

Comparison of the corrected acetaldehyde pattern from yeast vs. known COSMIC signatures 

also yielded, at best, cosine similarity of 0.79 to SBS40, a signature of unknown etiology (see 

Figure 3.8A).  Since we had better direct control of the induced mutagenesis experiments using 

the yeast system with exogenously applied mutagen, it does not seem as likely that other 

mutagenic processes are obscuring the acetaldehyde-induced pattern.  We conclude that the 

acetaldehyde pattern we obtained is not a plausible match for any known COSMIC signature at 

this point. 

 Finally, we compared the formaldehyde pattern to the COSMIC signatures, finding that 

the closest match is to SBS40, with cosine similarity = 0.9 (see Figures 3.8A and 3.9A).  The 

second closest match was to SBS5 (cosine similarity = 0.864, see Figures 3.8A and 3.9B).  We 

previously studied an SBS5-like mutational pattern in yeast and showed that similar patterns are 

widely conserved in many species.  The no-aldehyde control mutational pattern was indeed 

SBS5-like (cosine similarity = 0.907, see Figure 3.8A).  Moreover, the SBS5-like pattern is due to 

error-prone translesion DNA synthesis in the absence of added mutagens and increases with 

increasing sugar metabolism (55).  An SBS40-like mutational pattern would require a separate 
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explanation, which would be the addition of exogenous formaldehyde to our experimental 

system.  As such, we propose that a plausible etiology for SBS40 in cancers is the mutagenicity 

of formaldehyde. 

 

Figure 3.8: Cosine similarity heatmap 
 a) Cosine similarity heatmap with hierarchical clustering comparing COSMIC SBS signatures vs. mouse mutational 
patterns from Dingler et al.; and vs. trinucleotide abundance-corrected mutational patterns in yeast from 
acetaldehyde, formaldehyde, and no-aldehyde control.  
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Figure 3.9: Comparison of corrected formaldehyde mutational pattern in yeast vs SBS5 and SBS40 
a) Comparison of corrected formaldehyde mutational pattern in yeast vs. SBS signature 40. b) Comparison of 
corrected formaldehyde mutational pattern in yeast vs. SBS signature 5. 
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3.8 Discussion 
 
In this paper, we report the use of a sensitive ssDNA-based mutagenesis reporter system to 

characterize the mutagenic properties of two small aldehydes, formaldehyde and acetaldehyde.  

This system is especially well suited for investigating chemical agents with relatively weak 

mutagenicity.  A challenge of using conventional mutagenesis systems to study weak mutagens 

is that induced mutations can be rare and it can be difficult to discern a reliable mutational 

pattern using relatively few mutations (39,40).  In addition to being a more sensitive reporter 

system, it is also considerably more cost-efficient to sequence compact yeast genomes (each 

~12 megabases) than mammalian genomes which are much larger (~3 gigabases).  By applying a 

correction to account for different abundances of trinucleotide motifs, we can use data from the 

sequencing of mutagenized yeast to infer the expected mutational pattern in another species.  

Another key advantage is the single-stranded configuration of the DNA precludes repair that 

requires a complementary strand.  By sidestepping intervention from DNA repair processes, the 

ssDNA system can provide, in effect, a purer readout of the effects of mutagenesis per se.  

Leveraging these advantages of the ssDNA mutagenesis reporter system, we were able to infer 

the mutational patterns of both formaldehyde and acetaldehyde.  When conventional systems 

for studying mutagenesis do not yield clear-cut results, an ssDNA-enriched assay system can be 

a useful complementary approach. 

It is also important to acknowledge the limitations of this system.  First, the initial identification 

of isolates of interest requires selection for reporter gene inactivation.  This selection will 

necessarily reveal recurrent mutational hotspot mutations when isolates are sequenced (56).  

To avoid bias to a mutational pattern due to selection, it is possible to filter out variant calls that 
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map to the reporter genes, although this could mean discarding a significant fraction of variants.  

Alternatively, it is possible to essentially count mutated motifs:  if a mutagen does preferentially 

mutate a given trinucleotide, then multiple instances of that trinucleotide would be mutated at 

different genomic loci, as opposed to a recurrent hotspot due to selection.  Another limitation is 

the haploidy of the system.  While this facilitates identification of isolates enriched for ssDNA 

exposure, there is a trade-off that haploids are not as buffered against potentially deleterious 

variants as diploids. 

The two small aldehydes share some similar mutagenicity characteristics, but also have their 

differences.  Both induce dose-dependent increases in mutagenesis at lower concentrations.  

But whereas formaldehyde-induced mutagenesis essentially plateaus from 4 mM up to 8 mM, 

acetaldehyde-induced mutagenesis peaks at 75 mM and then drops sharply at the even higher 

concentration of 100 mM.  Both aldehydes induce significant cytotoxicity at the higher end of 

their respective ranges of tested concentrations, but yeast are able to tolerate considerably 

higher doses of acetaldehyde overall.  Yeast are presumably evolved to cope with significantly 

higher concentrations of acetaldehyde, since it is an abundant intermediate in ethanol 

production from fermentation (57).  Both aldehydes cause an excess of C/G > A/T transversions, 

which is consistent with previous reports showing preferential adduct formation and 

mutagenesis at guanines (58–64).  Interestingly, acetaldehyde induces an excess of deletion 

variants of five or more bases in our system, but formaldehyde does not, consistent with 

previous reports (58,65).  These various mutagenic characteristics of formaldehyde and 

acetaldehyde reflect their chemical similarities and differences.  A limitation of this study is that 

relatively few acetaldehyde-mutagenized genomes were sequenced, due to budgetary 
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constraints.  Despite this, the considerations just discussed lend credence to overall validity of 

the findings. 

The 96-channel mutational patterns of formaldehyde and acetaldehyde revealed further 

differences between the two compounds.  Whereas the acetaldehyde pattern did not 

particularly resemble any known COSMIC signature, new mutational signatures will be revealed 

as more cancer samples are sequenced and analyzed.  Since alcohol consumption is associated 

with multiple cancer types and it is thought that the acetaldehyde from alcohol detoxification 

would surely damage DNA (38), associated mutational signature(s) may yet be discovered in the 

future. The formaldehyde pattern we obtained was similar to SBS signature 40.  SBS40 is 

currently of unknown etiology, but it is known to be present in at least 28 cancer types (32), 

making SBS40 the third most common mutational signature in cancers.  The high prevalence of 

SBS40 hints at an endogenous origin for the underlying DNA damage that is present in different 

cell types throughout the body.  Since formaldehyde is produced endogenously and exists at 

steady state concentrations in humans in the range of tens of micromolar (36), it would fit this 

profile.  When all of the available information is taken into consideration, mutagenesis from 

endogenously generated formaldehyde emerges as a plausible candidate for the etiology of 

SBS40. 

Comparison with mutational patterns from mice deleted for aldehyde detoxification genes 

suggest that those profiles are likely mixtures of mutations from different mutagenic processes, 

and not just from DNA damage due to accumulation of excess endogenous aldehydes.  For 

example, the contribution from SBS1 (C/G > T/A at CpG motifs) was quite noticeable.  

Mutagenesis from other sources likely interferes with making an accurate inference of the 
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aldehyde-associated mutagenesis.  This is perhaps another significant challenge when using 

systems for mutational detection that are not (and maybe can not) be properly controlled to 

factor out mutagenesis from other sources.  Deployment of more specialized and sensitive 

mutagenesis detection systems where the experimenters have more direct control over the 

mutation induction can continue to play an important role in shining new light on mutagenesis. 
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Chapter 4: Pan-cancer GSEA and GO enrichment analyses 
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The content of this paper (Figure 3: The number of mutations contributed by each of the 

mutational signature to the PCAWG tumors) is being reproduced in entirety or in part in 

this chapter. This paper was published under the terms of the open access Creative 

Commons Attribution 4.0 International (CC BY 4.0) license 

(https://creativecommons.org/licenses/by/4.0/deed.en), which allows unrestricted use, 

distribution and reproduction of its content in any medium, provided the authors and 

source are credited. No separate permission letter is required. 
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under the COSMIC license terms and conditions. The clause 2.1.1 of the COSMIC 

Academic License, “Publication Enablement”, would allow a non-exclusive, royalty-free 

right to disclose data from COSMIC for non-commercial academic use, provided with an 

acknowledgement and specific release version number. There are no changes in the 

figures of SBS4 and SBS29 except minor resizing to accommodate them in the page 

layout so no separate written permission is required. 
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Here is the link of COSMIC’s terms and conditions 

https://www.cosmickb.org/terms/ 
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4.2 From Yeast to Human Tumor Genomes: Mutational signatures link 

In my first doctoral project, a well-characterized haploid yeast genetic reporter system was 

used to understand the mutagenic properties of weak aldehydes AA and FA and characterize 

their associated mutational signatures. The FA-induced mutational signature resembles SBS40. 

In contrast, AA induced deletion of more than five base pairs, which FA did not (1). 

Those yeast findings raised many questions for the remainder of my doctoral studies. The yeast 

mutagenesis experiment yielded two distinct mutational signatures: FA reproduces a 

mutational signature like SBS40, and AA produces long deletions, emphasizing the subtle 

chemical differences in these two aldehydes, translating into qualitatively different mutational 

patterns. Moreover, yeast shares a similar DNA replication and repair system as in human cells 

(2,3), so my results were established as a foundation to continue my research in mutational 

signatures. If the yeast genome can be used to generate a FA-induced mutational signature that 

resembles SBS40 (4), perhaps analyzing human tumor genomes rich in these mutational 

signatures may reveal more of the possible biological events associated with endogenous or 

exogenous mutagens. 

The catalogue of mutational signatures keeps on expanding, but SBS40, the third most common 

COSMIC mutational signature that is found in at least one-third of cancers, still does not have a 

known etiology (4). Moreover, when I checked the latest release of mutational signatures in the 

COSMIC database, there were many other mutational signatures of unknown etiology, such as 

SBS5, SBS8, SBS12, SBS16, SBS17a, SBS17b, SBS19, and more (5). Thus, stepping beyond the 

eukaryotic haploid yeast genome to human cancer genomes makes it possible to investigate 

further the possible etiologies of unknown signatures and add more information to the 

signatures of known etiology. 
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All our questions cannot be answered by using only the human mutational landscape, so RNA-

seq transcriptome data was also used together to investigate the relationship between them 

and their associated biological processes. Moreover, a large volume of mutational catalogue 

and transcriptome data was required to reconstruct the mutational signatures and correlate 

them with the transcriptomics expression data; therefore, 52 curated cancer datasets from the 

cBioPortal database (6) were used, where each cancer dataset has at least 100 samples. The 

GSEA and GO enrichment analysis methodology (7,8) was applied to find the biological themes 

associated with each of the mutational signature. GSEA identifies core genes in a gene set that 

link them with presence of mutational signatures. GO enrichment analysis identifies biological 

processes from those enriched gene sets associated with mutational signatures. 
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4.4 Abstract 

 
The somatic mutations that are found in each cancer genome are caused by multiple 

mutational processes, each of which forms a distinct pattern on the DNA as a “mutational 

signature”. Despite deciphering many of these mutational signatures from different model 

systems, there is still a big research gap for many mutational signatures with unknown or 

partially understood etiology. An R package MutationalPatterns, was used to apply non-

negative matrix factorization (NMF) of the mutation counts to reconstruct different mutational 

signatures for different cancer types to quantify the contribution of each signature. After 

reconstructing all the mutational signatures, we used Gene Set Enrichment Analysis (GSEA) and 

Gene Ontology (GO) enrichment analysis to analyze the mutation and gene expression data of 

52 curated cancer datasets from the cancer genomics cBioPortal database to identify biological 

processes correlated with mutational signatures. The results of many signatures are consistent 

with the known proposed etiology of the COSMIC signatures. For those signatures of unknown 

etiology, SBS17a/17b is associated with reactive oxygen species, SBS8 is linked to nucleotide 

excision repair, SBS37 is linked to immune function, and SBS40 is linked to xenobiotic 

metabolism. Furthermore, common GO terms across male-only, female-only, and mixed sample 

datasets were found in most signatures. The age and mutation count showed different 

correlations for different mutational signatures. The GO semantic similarity showed a range of 

values for different signatures. These findings show how mutational signatures vary not only by 

different related biological processes but also across different sexes and age groups.  

 

Keywords: Mutational signatures, GSEA, sex differences in cancer, age differences in cancer, 

GO semantic similarity 
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4.5 Introduction 

4.5.1 DNA damage 

DNA damage is the alteration in the chemical structure of DNA by different endogenous and 

exogenous factors (9). Endogenous sources include reactive oxygen species (ROS) produced 

during cellular processes, which cause oxidative DNA damage, replication errors that occur 

during DNA replication when incorrect bases are included in the opposite DNA strand, and 

alkylating agents can add either an ethyl or methyl group, leading to DNA base chemical 

modifications (10). Transposable elements can result in insertional mutagenesis (11), 

replication stress can cause fork collapse (12), and spontaneous hydrolytic processes like 

deamination and depurination continuously degrade DNA (13). Exogenous sources include: 

ultraviolet (UV) radiation which forms pyrimidine dimers, changing the structure of DNA and 

blocking transcription and translation; aldehydes found in smoke and tobacco; mycotoxins like 

aflatoxin B1 (14); drugs like cisplatin and temozolomide (15); pollutants in the air, heavy metals 

like arsenic and cadmium (16); and many other chemical agents that can create lesions in the 

DNA, leading to DNA base mutations (17). Different types of DNA damage occur from these 

endogenous and exogenous factors, such as DNA strand breaks that occur either in single or 

double DNA strands. Single-strand breaks (SSBs) are breaks where one strand is cut, whereas 

double-strand breaks (DSBs) have a cut in both strands (18). Chemicals such as formaldehyde, 

acetaldehyde and malondialdehyde react with DNA bases to form DNA adducts, N2-

hydroxymethyldeoxyguanosine or N2-HOMe-dG, which is observed in the majority of studies 

using in vitro and cellular systems (19). DNA crosslinking occurs within the same DNA strand as 

intrastrand crosslinking and between opposite strands as interstrand crosslinks that prevent the 

separation of DNA strands during biological processes (20). 
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4.5.2 DNA repair 

Cells have evolved different DNA repair mechanisms to repair the DNA damage and ensure the 

integrity of the genome. Common DNA repair mechanisms include base excision repair (BER) 

(21), nucleotide excision repair (NER) (22), mismatch repair (MMR) (23), single-strand break 

repair (SSBR) (24), and double-strand break repair (DSBR) (25). BER involves the action of DNA 

glycosylases that recognize the damaged DNA and initiates repair using the other strand as 

template (26). NER repairs the lesions created by bulky DNA adducts and cross-links by 

removing the long fragments containing damaged DNA and synthesizing a new DNA strand 

using the undamaged DNA as a template (27). MMR repairs the DNA base mismatches and the 

mutations that escaped from the proofreading activity of DNA polymerases during DNA 

replication. MMR recognizes the mismatches, degrades the error-containing strands, and 

synthesizes the correct strands (28). SSBs occur from endogenous ROS and errors in the activity 

of the DNA topoisomerase enzyme, halting transcription and disrupting DNA replication, and 

SSBR is accomplished by its own distinct pathway (29). DSBR can be repaired by two possible 

pathways: Homologous Recombination (HR) and Non-homologous End Joining (NHEJ). HR 

needs a homologous DNA template to perform repair, but NHEJ does not (30). Crosslink repair 

is an important cellular process that removes DNA crosslinks. Interstrand crosslink repair is 

complex and requires the coordination of multiple pathways such as HR, Fanconi anemia (FA), 

and  translesion synthesis (TLS) (31) unlike Intrastrand crosslink repair that uses NER (20). 
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4.5.3 When Repair Fails: The Origin of Mutations and Mutational Signatures 
 
DNA repair mechanisms could be quite (but not 100%) efficient against endogenous and 

exogenous DNA damage. When repair mechanisms are either saturated from a large amount of 

DNA damage or compromised by inherent deficiencies in repair pathways, lesions can persist. 

Occurrence of such unrepaired or incorrectly repaired DNA leads to mutations such as base 

substitutions (9), insertions and deletions (indels) (32), genome rearrangements (33), and copy 

number changes (34) potentially affecting oncogenes and tumor suppressor genes. 

The footprints of all these different types of mutational processes form a specific pattern 

known as mutational signatures. Mutational Signatures were discovered in cancer genomes by 

analyzing somatic mutations using a non-negative matrix factorization algorithm (NMF) (35). 

COSMIC (Catalogue of Somatic Mutations in Cancer) is a database of different mutational 

signatures with associated etiology (36). Single base substitution (SBS) is the most numerous 

types of mutational signatures found in the COSMIC database. The profile of each signature has 

six substitution types: C>A, C>G, C>T, T>A, T>C, and T>G, and all these substitutions are referred 

to by the pyrimidine of the mutated Watson-Crick base pair. 96 possible mutation types were 

produced by examining the immediate bases at 5ʹ and 3ʹ positions for each type of substitution 

(6 types of substitution × 4 types of 5ʹ base × 4 types of 3ʹ base). All the mutational signatures 

were reported based on the 96 possible trinucleotide contexts (4,37). Together, these 

mutational signatures give information on exposures to diverse carcinogenic/mutagenic agents 

and the results of damaged cellular pathways to understand the foundation of the mutational 

process for cancer (38). From Table 4.1, each of the mutational signature has been associated 

with different forms of DNA damage and cellular context where repair mechanisms have failed. 

Despite the etiology of these COSMIC signatures ranges from chemical mutagens of tobacco  
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found in SBS4 and SBS29 to specific mutators such as APOBEC activity in SBS2 and SBS13 to 

POLE (Polymerase Epsilon) mutations in SBS10a and SBS10b to mismatch repair deficiencies in 

SBS6, SBS14, SBS15, SBS20, SBS21, and SBS26, nonetheless many of these signatures are less 

well studied or have unknown etiology (5,36,39–41). In order to investigate and understand 

systematically all the biological pathways associated with mutational signatures, we used gene 

set enrichment analysis (GSEA) and gene ontology (GO) enrichment analysis to identify the 

correlation between mutational signatures and expression data, providing a powerful tool to 

reveal the biological events associated with individual mutational signatures characterizing the 

complex mutational landscapes. 
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COSMIC Signatures Proposed Etiology 
SBS1 Deamination of 5-methylcytosine (42) 

SBS2, SBS13 APOBEC activity (43) 

SBS3 Defective HR DNA repair; BRCA1/2 mutation (44) 

SBS4 Tobacco smoking (45) 

SBS5 Unknown (35) 

SBS6, SBS14, SBS15, SBS20, SBS21, 
SBS26, SBS44 

Defective DNA mismatch repair (46–48) 

SBS7a, SBS7b, SBS7c, SBS7d Ultraviolet light exposure (45,49,50) 

SBS8 Unknown (35) 

SBS9 In part, polymerase η activity (37) 

SBS10a, SBS10b POLE mutation (4,51) 

SBS11 Temozolomide treatment (37,52) 

SBS12 Unknown (37) 

SBS16 Unknown (37,53) 

SBS17a, SBS17b Unknown (54,55) 

SBS18 ROS (37,52) 

SBS19 Unknown (37) 

SBS22 Aristolochic acid exposure (56,57) 

SBS23 Unknown (58) 

SBS24 Aflatoxin exposure (58,59) 

SBS25 Chemotherapy (58) 

SBS28 Unknown (46,58) 

SBS29 Tobacco Chewing (58,60) 

SBS30, SBS36 Defective base excision repair (47,58,61,62) 

SBS31, SBS35 Platinum treatment (63) 

SBS32 Azathioprine treatment (64) 

SBS33 Unknown (4) 

SBS34 Unknown (4) 

SBS37 Unknown (4) 

SBS38 Indirect effect of ultraviolet light (4) 

SBS40 Unknown (4) 

SBS41 Unknown (4) 

SBS42 Haloalkane exposure (65) 
Table 4.1: COSMIC signatures with their proposed etiology (4,5) 

4.5.4 Gene Set Enrichment Analysis (GSEA) 

Gene Set Enrichment Analysis (GSEA) is a computational approach to determine if a predefined 

set of genes shows statistically significant and concordant differences between two biological 

states, such as different phenotypes, disease conditions, or experimental conditions. GSEA is 

distinct from more conventional gene expression analysis techniques, which concentrate on 

specific differentially expressed genes (7). Rather, GSEA considers gene sets found, e.g., in the  
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molecular signature database (MSigDB) (66,67) or other classification systems, as a whole,  

which can reveal subtle variations in gene expression patterns and provides a more 

comprehensive understanding of the underlying biological mechanisms (7,68). Researchers can 

find gene sets that are either significantly enriched or depleted in samples with a given 

mutational signature by applying GSEA to gene expression data in the context of single base 

substitution (SBS) mutational signatures found in COSMIC (5,36). This may highlight the 

associated molecular mechanisms that underlie the mutational processes for that particular 

mutational signature. In contrast to conventional chemotherapy, the development of better 

targeted therapies can be guided by the identification of mutational patterns and altered gene 

expression patterns in different cancer types (69). 

4.5.5 Gene Ontology (GO) Enrichment Analysis 

Following GSEA, Gene Ontology (GO) enrichment analysis is used for further understanding how 

the broader biological significance of enriched gene sets. This method identifies GO terms that 

are statistically overrepresented in a given gene list relative to a reference list and overall 

provide a structured hierarchy of standardized GO terms for categories such as biological 

processes, cellular components, and molecular functions including curated and predicted gene 

annotations. Biological processes GO annotations are the most commonly used resource for GO 

enrichment analysis (68).  

Researchers can associate COSMIC mutational signatures with gene sets. The next step involves 

performing a GO enrichment analysis to understand the biological themes among the genes 

correlated with specific mutational processes (70). This entails finding the mutated genes that 

match specific mutational signatures, annotating these genes with GO terms, and performing 

enrichment analysis to find GO terms that are significantly over-represented in these genes  
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compared to a reference gene list. This facilitates identifying putative biological processes, 

cellular components, or molecular functions that are specifically connected to the mutation 

mechanisms (68,71).  

Overall, through the pan-cancer application of GSEA and GO enrichment analysis, our study 

intends to find a framework for understanding the biological process that correlates with these 

mutational signatures. This provides insights into how different mutational processes shape 

cancer phenotype across multiple cancer genomes.  

4.5.6 Methods 

The curated data for this study was sourced from the cBioPortal database, which is an open-

access resource for cancer genomics datasets (72,73). We used 52 cancer datasets of 19 cancer 

types (Table 4.2) with mutation and RNA Sequencing (RNA-Seq) data. Mutation data provide 

genetic changes found in all different tumor samples (74). The RNA-Seq holds the gene 

expression profile of tumor samples quantifying the amount of mRNA present in thousands of 

genes (75). The human reference genome GRCh37/hg19 (Genome Reference Consortium 

Human Build 37/Human Genome version 19) or GRCh38/hg38 was used to align sequencing 

reads of both mutation and RNA-Seq data (76). The mutation and RNA-seq data were derived 

from the same samples within the 52 individual cancer datasets; however, the samples differed 

between datasets. The integration of mutation and RNA-Seq data correlate the gene expression 

changes with mutational signatures and uncover biological mechanisms for individual 

mutational signatures involved in cancer progression (77). The methodology is illustrated 

graphically in the Figure 4.1. 
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Figure 4.1: Approach for generating Parent GO terms using GSEA and GO enrichment analysis 
The mutation and expression (RNA-Seq) data were derived from the same samples of cancer datasets. The reconstruction 
of mutational signatures was done from mutation data. The Pearson correlation was calculated between the reconstructed 
signature and RNA-Seq data to find genes strongly correlated with the signature, and the GSEA was used to find the 
enriched gene sets and GO analysis to find the parent GO terms. 
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4.6.1 Data Source 
 

Abbreviation Cancer Types 

BLCA Bladder Urothelial Carcinoma 

BRCA Breast Cancer 

CESC Cervical Squamous Cell Carcinoma 

COAD Colorectal Adenocarcinoma 

ESCA Esophageal Adenocarcinoma 

GBM Glioblastoma Multiform 

HNSC Head and Neck Squamous cell Carcinoma 

KICH Kidney Chromophobe 

KIRC Kidney Renal Clear Cell Carcinoma 

LICH Liver Hepatocellular Carcinoma 

LUAD Lung Adenocarcinoma 

LUSC Lung Squamous Cell Carcinoma 

OAD Ovarian Adenocarcinoma 

PAAD Pancreatic Adenocarcinoma 

PRAD Prostate Adenocarcinoma 

SKCM Skin Cutaneous Melanoma 

STAD Stomach Adenocarcinoma 

THCA Thyroid Carcinoma 

UEA Uterine Endometrioid Carcinoma 
Table 4.2: List of cancer types 

 
4.6.2 Computational Tools 
 
The maftools (78) and MutationalPatterns (79) are R/Bioconductor packages which are widely 

used in the cancer genomics field to examine the mutational genomic sequencing data and 

interpret the mutational signatures found in the data for different types of cancer. All the 

mutation data are in text-delimited MAF (Mutation Annotation Format). MAF is a structured, 

tab-separated mainly used to store and display somatic mutations found in tumor samples. 

Each row of the MAF file corresponds to a distinct mutational event and each column provides 

detailed annotation (80). It is easily readable by maftools and MutationalPatterns and can 

directly parse and analyze these MAF fliles for mutational signature analysis. Each cancer type 

has a certain set of mutational signatures, so each COSMIC mutational signature was  
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reconstructed, along with the relative contribution of each reconstructed signature for each 

sample of the 52 cancer datasets. 

The RNA-Seq data found in the cBioportal are in one or more of the following normalized 

formats such as FPKM (Fragments per Kilobase of transcript per million mapped reads), RPKM 

(Reads per Kilobase of transcript per million mapped reads), TPM (Transcripts per million), and 

RSEM (RNA-Seq by Expectation Maximization), and were used for quantifying gene expression 

(81). FPKM is used for paired-end RNA-Seq data and normalizes read counts by both gene 

length in kilobases (kb) and total number of mapped fragments (in millions) (82). RPKM is used 

for single-end RNA-Seq data and is like FPKM but uses reads instead of fragments (83). TPM 

normalizes the read counts across gene length and total transcript abundance (84). RSEM 

estimates genes and isoform expression levels and generate normalized expression values such 

as TPM or FPKM (81,85). All these RNA-Seq data are in text-delimited format where each 

column of RNA-Seq data has headers such as Hugo Symbol (gene symbol), Entrez ID (gene 

numerical identifier) for each gene and samples name and each row includes the expression 

values for each gene present in that sample.  

For Gene Set Enrichment Analysis (GSEA), we repurposed an R script written by Dr. Alexandre 

Blais, and associated libraries were used (7). The GO analysis and visualization were done using 

an R script and loading associated libraries and the Age and Mutation correlation was evaluated 

using general linear regression (58,86–88). 

4.6.3 Reconstruction of SBS signatures 
 
Different cancer types have different set of mutational signatures (36). In cancer genomics, the 

NMF (Non-Negative Matrix Factorization) was used to identify distinct mutational signatures 

associated with many biological events and quantify their contribution in all tumor samples as  
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part of its factorization of the input matrix of mutation spectra (89). The results are biologically  

interpretable because NMF based approaches are not just an algorithmic process but also  

consider the previous evidence of biological plausibility for each set of signatures present in 

each cancer types, literature on DNA damage and repair, biological evidence from 

experimentally determined mutational signatures (4). 

We started by using the maftools package to load the mutation data in MAF format from the 

individual cancer dataset. With the help of NMF present in MutationalPatterns package, 

trinucleotide mutation count matrix was created, where rows represent mutations in specific  

trinucleotide contexts, and columns represent samples of each cancer dataset, subsequently  

decomposing the mutation count matrix into mutational signatures and their relative 

contribution with reference to human genome (BSgenome.Hsapiens.UCSC.hg19) or 

(BSgenome.Hsapiens.UCSC.hg38) based on their NCBI Build (35). The trinucleotide matrix was 

then exported and cleaned to guarantee the proper labeling and formatting of mutation types 

and tumor samples.  

After preparing the mutation matrix, we selected the known set of COSMIC signatures for every 

cancer type (4), and general or default signature refitting was done to refit the mutation data 

against these COSMIC signatures in each cancer type (90). The refitting step quantifies the 

contribution of each signature per sample which is normalized to calculate the relative 

contribution. This normalized contribution will guide to find the dominant mutational processes 

associated with each signature in tumor samples (79). Subsequently the quality of the signature 

refitting was done through cosine similarity which measures how closely the reconstructed 

mutation profiles match the original observed mutation profiles. The filtration of these 

similarity values for each sample can be done at thresholds (>0.9 or >0.8) to identify highly  
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reliable signature attributions for each cancer type dataset. These refined datasets was used for 

identifying plausible biological mechanisms associated with each signature (4,79,91). 

Altogether, mutational data from different cancer datasets were used to reconstruct COSMIC 

signatures with their relative contribution for each cancer sample. The previous report also 

showed the reconstruction of mutational signatures in these cancer samples from different 

cancer types in the Pan-Cancer Analysis of Whole Genomes (PCAWG) (4). 

4.6.4 GSEA Analysis 
 
The biological pathways linked to each of the mutational signature were investigated using 

GSEA by corelating each signature to the gene expression RNA-Seq data present in different 

cancer cohorts (7). The RNA-Seq data matrix was cleaned by retaining “Hugo Symbol” and 

removing “Entrez Gene ID” column and was transposed so that the samples were grouped in 

rows and genes in each column aligning the structure with the mutational signature matrix. The 

cleaned, transposed RNA-Seq matrix was then filtered to retain only those samples with 

matched signature matrix.  

A Pearson’s correlation (92) was computed in the presence of a given reconstructed mutational 

signature contribution and RNA-Seq gene expression values for the filtered same sample set. 

Genes were then ranked based on their correlation values to the individual signature, with 

positively correlated genes at the top of the list and negatively correlated genes at the bottom. 

Now this ranked list serves as a input for the GSEA (93). The biological process (BP) gene 

ontology gene sets were used to determine the gene sets strongly correlated in the presence of 

a given signature (7,94,95). To avoid small-sample biasness and for robust statistical 

robustness, gene sets were filtered to retain only those gene sets that have 10-500 genes  

present in our dataset. 
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GSEA analysis was done implementing the GSEA function from the clusterprofiler package (96) 

with the input gene list, gene set database, benjamaini-hochber method for the p-value 

adjustment to control the false discovery rate “pAdjustMethod = BH”, which is the estimated  

proportion of false positives identified as significantly enriched gene sets among all gene sets 

and BH adjusts for multiple testing by helping to control enriched pathways likely due to 

random chance (68), and minimum and maximum gene set size “minGSSize = 10”, and 

“maxGSSize = 500” to prevent testing very small gene sets which may produce unstable 

enrichment score due to random variation and excludes big gene sets that may dominate the 

results by masking specific biological signals improving the biological interpretability of the 

enrichment analysis (97) and 10,000 simple pemutations “nPermSimple = 10,000” to ensure 

better statistical analysis (98). 

The enrichment analysis was done using the Fast GSEA (fgsea) algorithm for efficient 

computation (99). The resulting output has gene set ID and size, normalized enrichment scores 

(NES), p-values, and adjusted p-values, q -values, leading edge subset and core enrichment. 

Each of these correlated gene sets has its specific enrichment score with the normalized 

enrichment score (NES). The NES is the enrichment score normalized across gene sets, which 

accounts for the size of the set to compare different sizes of gene sets. I ordered the correlated 

gene sets in descending order based on NES values (100). It assesses with an NES cut-off value 

of 2 whether a gene set is overrepresented at the top or bottom of a ranked list of genes. A 

positive value of NES at the top of the list indicates that the genes in the set tend to be  

upregulated, whereas a negative value at the bottom of the list indicates downregulation in 

correlation with the signature (7,101). Leading edge is the percentage of genes in a gene set  
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that contributes most to the enrichment score and core enrichment is the list of gene names 

that are the part of leading edge (102). 

4.6.5 GO Enrichment Analysis 
 
After GSEA, to understand the deeper insights into the biological associations of genes driving 

mutational signatures-associated expression changes in cancer datasets, we performed GO 

enrichment analysis mainly focusing on the core enrichment genes of the upregulated gene sets 

identified through GSEA (103). These genes were extracted from the core enrichment column 

of the GSEA results, where each gene symbols were delimited by forward slashes (/). The string 

of gene symbols was transformed into a gene list using “strsplit” function for further analysis 

(104). 

We used “enrichGO” function from the clusterprofiler package, which helps in the 

overrepresentation of GO terms. The biological process (BP) ontology category was used to 

investigate the biological pathways associated with individual mutational signature (87). A 

separate GO enrichment analysis was done on the core enrichment genes of each upregulated 

GSEA gene set output. The background universe against which the GO enrichment was tested 

(105) has all the genes present in the expression RNA-Seq data of that dataset, extracted by 

assigning the column name Symbol for gene symbols of the expression RNA-Seq matrix to a 

“gene_info” data frame. The human gene annotation database “org.Hs.eg.db” with gene 

identifiers provided with HGNC gene symbol format “keyType = SYMBOL” (106) was used for 

the GO enrichment analysis. Those GO terms that have Benjamini-Hochberg adjusted p-value 

(FDR) < 0.05 and q-value of <0.01 were considered statistically significant ensuring better GO 

enrichment output (87,107). All the upregulated gene sets from the GSEA output were 

subjected in a loop. The GO enrichment output for each upregulated gene set was stored as an  
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“S4 object” (108) which is an structured way of storing complex data that has multiple layers  

such as genes, stats, parameters and annotations and subsequently converted into data frames. 

All the GO enrichment results were concatenated into a single result table using “rbind” 

function (109), providing a long list of GO biological Process (BP) terms enriched across all core 

enrichment genes present in each upregulated gene sets.  

Furthermore, the biological process GO terms were refined using semantic similarity-based 

reduction of the GO term list using the “GOSemSim” and “rrvgo” packages (110,111). This step 

helps in removing the redundancy by clustering similar GO terms and identifying the parent GO 

term for wider biological interpretation. The GO enrichment output was loaded and then 

extracted the list of all GO term IDs from the enrichment table and the function 

“calculateSimMatrix” from the “rrvgo” package was used to compute the semantic similarity 

scores between all pairs of GO terms (111). This function uses GO ontology structure using 

“GO.db” package (112,113), human gene ontology database “org.Hs.eg.db” (114) and Resnik-

based relative information method “method = Rel” (115) to quantify the similar GO terms 

within the biological process ontology “ont = BP” (111). A scoring vector was prepared by  

assigning each GO term based on negative log10 of the p-value which will provide more weight 

to more statistically significant GO terms (116). Both semantic similarity matrix and scoring 

vector were passed through the reduceSimMatrix( ) function to group the similar GO terms and 

provide the same parent GO term for similar child GO terms highlighting the main biological 

themes associated with the individual signature (86,87,111). A binary matrix was created where 

“1” means that the GO term is present in the dataset and “0” means that the GO term is 

absent. A heatmap was created to find the top 20 common biological GO terms for each of the 

mutational signature across all types of cancer datasets (117). 
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4.6.6 Sex-based mutational process 
 
The sex differences in mutation processes could be the cause of differences in mutation density 

and tumor evolution features (118). The GSEA and GO analysis were done in all cancer datasets 

having both male and female samples, and separating male-only samples from the female-only 

samples. This analysis will help to investigate the gender-based mutational process differences 

for signatures of different cancer types. The common parent GO terms across all these sets of 

cancer data, and the unique parent GO terms for male-only and female-only, were evaluated. 

4.6.7 GO semantic similarity 
 
It is a computational approach to quantify the functional similarity between genes, gene 

products, or biological processes based on their associated GO terms (119). This method takes 

advantage of GO's hierarchical structure, which links terms through parent-child relationships 

that represent biological distinctiveness (120,121). GO semantic similarity can be used in cancer 

genomics to compare the biological processes associated with mutational signatures in 

different datasets (e.g., PCAWG vs. TCGA) for the same cancer type (122). This aids in 

determining whether the biological processes associated with a signature are consistent across 

studies or are influenced by biases unique to a certain dataset. 

We used the semantic similarity analysis of parent GO terms using the “GOSemSim” package. 

This analysis focused on parent-level biological process (BP) GO terms which were previously  

derived from redundancy reduction “rrvgo” package (110,111).  The parent GO terms show 

high level biological categories summarizing enriched biological pathways associated with 

mutational signatures. The annotation resources such as “GO.db”, “org.Hs.eg.db”, and  

initialized semantic data with “godata”, specifying the ontology “ont = BP” for biological process  
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terms were loaded to precompute the ontology structure and the information required for  

pairwise similarity calculations (123). For each individual signature present in two cancer 

datasets, we listed the parent GO terms associated with each signature.  

The similarity between enriched parent GO terms of two cancer datasets were evaluated using 

function such as “mgoSim” from GOSemSim (110). This function uses the Wang’s method 

considering the structure of GO graph and measures the semantic similarity between two sets 

of enriched parents GO terms based on shared ancestry and hierarchy (8). We computed 

pairwise similarity scores between each signature present in two datasets of same cancer 

types. At the end, we consider all the pairwise semantic similarity scores for each signature and  

build a bar plot to see the range of median values of semantic scores for each signature.  

4.6.8 Correlation of Age and Mutational Signatures 
 
The relationship between mutations attributed to mutational signatures found in multiple 

cancer types and the age of diagnosis was explored using correlation analysis based on the 

reconstructed signatures. Mutational signatures were reconstructed applying NMF to 

trinucleotide mutation matrix derived from mutation data (79). The proportion and log10 

transformation of the total mutational count per gigabase was calculated respectively for each 

sample to determine the presence of mutational signatures in different cancer types (124).  

Each reconstructed mutational signature was tested to evaluate the relationship between 

signature and age at diagnosis of the patient. The general linear regression model was used to 

find the linear dependencies between the mutations found in each of the mutational signature 

across all the samples for each cancer type and the age of diagnosis of these samples (58). The  

independent variable was patient’s age at diagnosis and the dependent variable was either  

proportional contribution or the log10-transformed mutation count per gigabase of a given  
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signature. This technique will help to find the association of specific mutational processes of 

signatures correlating with age. The p-values and 95% confidence interval bands around the 

regression line illustrate the trends and guide to identify the age-related mutational signatures, 

further confirming and extending the known associations (clock-like signatures SBS1 and SBS5) 

(58), and guide to investigate the age-dependent mutational processes for other signatures 

important for tumor development.  

 

4.7 Results 

We used GSEA and GO enrichment analysis to reveal the biological associations of many 

signatures which were consistent with previous studies and can validate our computational 

approach of identifying biological pathways for different mutational signatures present across 

multiple cancer datasets. We started with SBS2 and SBS13, which are of known etiology and 

well understood. 
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4.7.1 SBS2/SBS13 

 

Figure 4.2: GSEA and GO analysis identified top 20 parent GO terms associated with SBS2/13 
In the x-axis, these are all different cancer datasets and in y-axis, the top 20 parent GO terms for SBS2 and 
SBS13. The colored GO terms are commonly found across (a), (b), and (c) or between any two. The light gray GO 
terms are unique for (a), (b) and (c) respectively. 

 

Both SBS2 and SBS13 are attributed to the APOBEC (apolipoprotein B mRNA editing enzyme, catalytic 

polypeptide-like) family of cytidine deaminases based on similarities in the sequence context of 

cytosine mutations caused by APOBEC enzymes in experimental systems. SBS2 is characterized by a  
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high number of C>T mutations, whereas SBS13 is associated with C>G mutations. The activation of  

APOBEC cytidine deaminases in cancer may be due to viral infection, retrotransposon jumping, or 

tissue inflammation (5,36,125). 

In Figure 4.2, all three datasets (a, mixed), (b, male samples only), and (c, female samples only) 

have common GO terms “response to virus”, “regulation of viral life cycle”, “defense response to 

virus”, “viral process”, and “double-strand break repair” as important characteristics of SBS2 and 

SBS13.  Interestingly, APOBEC3A and APOBEC3B can hypermutate nuclear DNA, which will lead to 

double-strand breaks (43,126). To repair them, double strand break repair has presumably been 

upregulated. These results are all consistent with the proposed etiology. The enrichment of other 

GO terms less common across mixed datasets, male-only samples, and female-only samples such as 

“retrotransposon silencing”, “cellular response to lipoprotein stimulus”, “demethylation”, “pericyte 

cell differentiation”, “multi multicellular organism process”, and “positive regulation of nitric oxide 

synthase biosynthetic process” suggest a combination of inflammatory, metabolic, and epigenetic 

factors are more loosely correlated with APOBEC mutagenesis (127–131).  

Besides the common GO terms associated with viral infection, defense response and double-strand 

break repair, other GO terms such as “cell adhesion molecule production” and developmental 

induction” were also common between male-only and female-only samples suggesting conserved 

biological roles of APOBEC-associated mutational signatures across sexes. Cell adhesion molecules 

(CAM) production helps in maintaining immune surveillance and tissue architecture, but when 

dysregulated, it often leads to cancer progression (132). Developmental induction reflects the 

signaling processes that guide cell fate and tissue patterning, which may be reactivated during 

tumorigenesis (133). The core biological processes affected by APOBEC mutagenesis are 

fundamentally conserved, although the presence of some GO terms in either male-only or female- 
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only samples may point to subtle sex-specific differences at the gene expression level. 

4.7.2 Other signatures of known etiology/characteristics  

Application of our analytical approach provides further validation. We found SBS1 and SBS5 

(134) to be associated with cell division where top GO terms “chromosome segregation”, 

“mitotic nuclear division”, “spindle organization”, kinetochore organization”, “sister chromatid 

segregation”, and “positive regulation of cell cycle process”, common across mixed cancer 

datasets, male-only samples, and female-only samples are consistent with the previous findings 

of other researchers for SBS1 and SBS5, both as clock-like signatures where mutations 

accumulate with aging, although the etiology of SBS5 is still unknown (58) (see Supp. results 1,  

page no. 214, 241, 261). Our analysis also showed the association of SBS3 with top GO terms 

“double-strand break repair”, “double-strand break repair via homologous recombination” (HR) 

(135) found across mixed cancer datasets, male-only and female-only matching with previous 

findings of identifying SBS3 as a predictor of defective homologous recombination repair 

associated with BRCA1 and BRCA2 mutations (see Supp. results 1,  page no. 216, 243, 263). We 

found that SBS4 and SBS29 (136) were associated with top GO term “nucleotide excision repair 

(NER)” common across mixed cancer datasets, male and female-only samples, which is 

consistent with the upregulation of NER to repair the DNA damage  

caused by bulky DNA adducts released from tobacco smoking in SBS4 (137) and tobacco 

chewing in SBS29 (138) (see Supp. results 1, page no. 217, 244, 264). 

Furthermore, our analysis found that signatures such as SBS6, SBS14, SBS15, SBS20, SBS21, 

SBS26, and SBS44 (139) were associated with top GO terms “mismatch repair” (MMR) common  

across mixed cancer datasets, male-only and female-only samples consistent with previous  

findings (see Supp. results 1, page no. 218, 245, and 265). Signature 9 have been associated  
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with immune function and our analysis showing correlation with top GO term “somatic 

diversification of immunoglobins” matches with previous findings (37) (see Supp. Results 1, 

page no. 212). Another signature SBS10a and 10b have been also identified with top GO term 

“mismatch repair” common across mixed cancer datasets, male-only and female-only samples 

(see Supp. Results 1, page no. 222, 248, 268). The proposed etiology for both SBS10a and 

SBS10b signatures is associated with polymerase epsilon (POLE) exonuclease domain mutations 

(4). Both signatures SBS10a and SBS10b are indicative of defective proofreading by POLE, which 

leads to replication errors that accumulate if not corrected by MMR. Tumors with POLE 

mutation often show a high mutation rate due to the combined effect of defective POLE and 

possibly compromised MMR (46). SBS11 is associated with temozolomide treatment and 

mismatch repair which is consistent with our findings (140) (see Supp. Results 1, page no. 223, 

249, 269). 

Signatures SBS7a, SBS7b, SBS7c and SBS7d (141) commonly found in skin cancer showed top 

GO terms such as “cellular response to UV”, “UV-damage excision repair”, and “response to UV-

A” common across mixed cancer datasets, male-only, and female-only samples matches with 

previous findings of its etiology associated with UV-related DNA damage (see Supp. Results 1, 

page no. 219, 246, 266). SBS38, found only in ultraviolet exposed skin cancer (4) have top GO 

terms such as “response to UV”, and “skin development” from our analysis further validates our 

methodology (see Supp results 1, page no. 238). 

For SBS18, top GO terms such as “response to reactive oxygen species, “response to oxidative 

stress”, “super-oxide metabolic process”, and “nitric-oxide metabolic process”, and for SBS30 

resulting from NTHL1 (Nth Like DNA Glycosylase 1) mutations (142), the top GO term “base- 
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excision repair” common across mixed datasets, male-only samples and female-only samples 

(see Supp. Results 1, page no. 227, 232, 253, 257, 273, 277) were consistent with previous 

results. Other signatures SBS22 (Aristolochic acid exposure) (45), SBS24 (Aflatoxin exposure) 

(59), SBS31/35 (Platinum drugs treatment) (63), demonstrate links to NER (see Supp. Results 1, 

page no. 229, 230, 234, 254, 255, 258, 274, 275, 278) matching previous findings which further 

validate our systematic computational approach of generating biological pathways for different 

mutational signatures present across multiple cancer datasets. 

4.7.3 SBS17a/17b 

 
The proposed etiology of SBS17a is still unknown, and few previous studies related to SBS17b 

have been linked to damage caused by ROS (reactive oxygen species) and fluorouracil (5FU) 

chemotherapy. Although both SBS17a and SBS17b are similar, SBS17a is dominated by T>G 

mutations, and SBS17b is dominated by T>C mutations at the NTT trinucleotide context (5,55). 

According to our analysis, we found that out of the top 20 GO terms in Figure 4.3, the top  

common GO terms for SBS17a/17b across (a, mixed datasets), (b, male-only samples) and (c, 

female-only samples) —such as “response to reactive oxygen species”, “response to oxidative 

stress”, “superoxide metabolic process”, and “nitric oxide metabolic process”—suggest that  

these mutational signatures are likely driven by ROS, oxidative DNA damage and inflammation 

(54,55). These processes are fundamental to all cells and not sex-specific, explaining their 

consistent enrichment across different sample groups. Together, this observation may broaden 

the biological relevance of SBS17a and SBS17b associated with ROS and oxidative DNA damage 

which has implications not only for cancer biology but also the heterogenic nature of tumors 

which may co-opt or dysregulate systematic homeostatic processes.  
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Figure 4.3: GSEA and GO analysis identified top 20 parent GO terms associated with SBS17a/17b 
In the x-axis, these are all different cancer datasets and in y-axis, the top 20 parent GO terms for SBS17a and SBS17b. The 
colored GO terms are commonly found across (a), (b), and (c) or between any two. The light gray GO terms are unique for (a), 
(b) and (c) respectively. 
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4.7.4 SBS40 
 

The proposed etiology for SBS40 is still unknown (36). In Figure 4.4, out of the top 20 parent 

GO terms, “xenobiotic metabolic process”, “xenobiotic catabolic process”, and “cellular 

response to xenobiotic stimulus” are common across (a, mixed datasets), (b, male-only 

samples) and (c, female-only samples). Xenobiotics are chemical substances that are foreign to 

the biological system, including drugs, pollutants, and other environmental toxins. Persistent 

exposure to compounds like formaldehyde and the resulting DNA damage could potentially 

lead to mutations characterized by SBS40 (1). This might include both direct DNA adduct 

formation and indirect effects such as oxidative stress (143). The other enriched GO terms 

common across many male, female, and mixed cancer datasets include “chromosome 

segregation”, and nuclear division”, similar to SBS1 and SBS5. The presence of these GO terms 

highlight conserved, general biological processes such as detoxification pathways and cell 

division, consistent with the common occurrence of SBS40 across many cancer types.  
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Figure 4.4: GSEA and GO analysis identified top 20 parent GO terms associated with SBS40 
In the x-axis, these are all different cancer datasets and in y-axis, the top 20 parent GO terms for SBS40. The colored GO 
terms are commonly found across (a), (b), and (c) or between any two. The light gray GO terms are unique for (a), (b) and 
(c) respectively.  
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4.7.5 SBS37 
 

Figure 4.5: GSEA and GO analysis identified top 20 parent GO terms associated with SBS37 
In the x-axis, these are all different cancer datasets and in y-axis, the top 20 parent GO terms for SBS37. The colored GO terms 
are commonly found across (a), (b), and (c) or between any two. The light gray GO terms are unique for (a), (b) and (c) 
respectively.  

 

SBS37 is a COSMIC mutational signature with unknown etiology, but it has been observed in 

various cancer types at moderate levels (4,5). While its precise biological cause remains 

unclear, SBS37 is linked to immune-related or inflammatory processes, as per our analysis (see 

Figure 4.5). The GO terms regulation of “immune effector process”, “leukocyte migration”, and 

“myeloid cell differentiation” (144,145) are consistently enriched across (a, mixed datasets, (b, 

male-only samples) and (c, female-only samples), suggesting that SBS37 may arise in immune-

infiltrated tumor microenvironments (146) or tissues undergoing immune modulation, making 

it broadly relevant regardless of sex. The immune cell dynamics particularly involving myeloid 

lineage cells such as neutrophils and macrophages (147) play an important role in 

inflammation, immune surveillance and creating tumor microenvironment (148). Leukocyte 

migration (149) and immune effector function are important for adaptive and innate immune 

responses (150) and may indicate the accumulation of SBS37 mutation during chronic 
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 inflammation or immune infiltration. The fact that these associations with SBS37 persist 

independent of sex may represent the fundamental immunological link. Unlike most signatures, 

there are few common GO terms between males and females for SBS37. 

4.7.6 SBS8 

The etiology of SBS8 is still unknown (5,37). Based on our analysis, we found a plausible 

common top GO term “nucleotide-excision repair” (see Figure 4.6) found across (a, mixed 

datasets, (b, male-only samples) and (c, female-only samples). It may be linked to bulky DNA 

adducts or oxidative damage that require NER mechanisms for repair (27,37). Another 

possibility if NER function (but not expression) is impaired, then lesions may persist and 

become substrates for error-prone replication accumulating mutational patterns like SBS8. The  

consistent enrichment of NER expression in both sexes highlights a core DNA repair correlation  

with mutation accumulation in SBS8-positive samples. Similarly to SBS37, there are few  

common GO terms between males and females for SBS8. The low frequency of SBS8 in both 

male and female samples may be linked to specific cellular conditions or DNA damage 

associations which may partially impair the NER pathway reflecting localized or transient repair 

failures together with other mutational processes. The fact that the SBS8 is seen in few samples 

independent of sex, may indicate that the mutagenic driver exposure or process is not 

widespread, rather pointing to tissue-specific or sporadic events (151). 
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Figure 4.6: GSEA and GO analysis identified top 20 parent GO terms associated with SBS8 
In the x-axis, these are all different cancer datasets and in y-axis, the top 20 parent GO terms for SBS8. The colored GO terms 

are commonly found across (a), (b), and (c) or between any two. The light gray GO terms are unique for (a), (b) and (c) 

respectively. 

 

4.7.7 Other signatures of unknown etiology  
 

Other signature such as SBS12, SBS19, SBS33 (37) of unknown etiology have top GO terms such 

as “B-cell proliferation”, “immune system development”, “somatic diversification of immune 

receptors” from our analysis, which suggest plausible association with immune cells in various 

biological processes important for understanding the potential role of these signatures (see 

Supp. results 1, page no. 224, 228, 233, 250, 270). Signatures such as SBS16 (unknown etiology) 

but with few evidence of NER (37), and SBS41 (4) of unknown etiology demonstrating top GO 

terms association with NER from our analysis (see Supp. Results 1, page no. 225, 240, 251, 271) 

may suggest the attack of endogenous or exogenous mutagenic agents damaging the DNA at a 

nucleotide level. SBS28 also of unknown etiology showing top GO term mismatch repair (see 

Supp. results 1, page no. 231, 256, 276) matches with previous few studies where SBS28 were 

found in POLE-deficient samples showing strong replication strand bias (152). 
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4.7.8 GO semantic similarity 

Figure 4.7: GO semantic similarity of different signatures across different cancer datasets 
In the x-axis, there are different signatures, and in the y-axis, the GO semantic similarity for each signature and is ordered 
based on median values. 
 

The GO semantic similarity (153) is a quantitative measure where higher value indicates higher 

functional similarity among the biological processes associated with each signature. In this 

figure 4.7, we have calculated the GO semantic similarity of each signature respectively present 

across multiple cancer datasets. The identified enriched biological process GO terms for each 

signature were used as input and for each set of GO terms per specific signature, pairwise 

semantic similarity was calculated using GOSemSim package across cancer datasets. The 

pairwise semantic similarity uses the best match average method between two sets of GO 

terms correlated to the same signature (i.e., analyzing two cancer datasets), and reduces the 

similarity matrix to a single value (110). The plot here shows correlation between signature and  

gene expression across different cancer datasets.  

Pairwise GO semantic similarity median values range from 0.55 to 0.75. As we noted, the top  
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few GO terms are enriched in common among most datasets for each SBS, but the less 

frequently enriched GO terms are more variable. The semantic similarity quantifies this 

variability. Signatures like SBS1, SBS2, SBS5, SBS10a/b, SBS13, and SBS17a/b are among the 

most consistent by this analysis. Other signatures show somewhat higher variability among 

datasets. Possible sources of this variability are addressed below in the Discussion section. 
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4.7.9 Correlation between age of diagnosis and mutations attributed to 
signatures 
 

 
Figure 4.8: Signature-specific correlation between proportion of mutation count and age at diagnosis  
The x-axis shows the age at cancer diagnosis (years), and the y-axis shows the proportion of mutation count attributed to 
mutational signatures respectively. Each point represents the proportion of somatic mutations for each cancer sample at a 
given age of diagnosis. The blue line is the fitted regression line. 95% confidence intervals are shown in light gray shading. 
The p-value indicates the statistical significance of the correlation. The letter at the bottom of each graph refer to each 
individual SBS signature. 
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Figure 4.9: Signature-specific correlation between somatic mutations with log10 transformation and age at 
diagnosis  
The x-axis shows the age at cancer diagnosis (years), and the y-axis shows the somatic mutations per gigabase (with log10 
transformation) attributed to mutational signatures respectively. Each point represents the proportion of somatic mutations for 
each cancer sample at a given age of diagnosis. The blue line is the fitted regression line. 95% confidence intervals are 
shown in light gray shading. The p-value indicates the statistical significance of the correlation. The letter at the bottom of the 
each graph refer to the individual signature. 
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It has been shown previously that SBS1 and SBS5 mutation counts correlate with patient age at 

diagnosis (58). Taking advantage of larger sample numbers for more statistical power, we 

carried out similar analyses on the pan-cancer cBioPortal datasets. 

For SBS2, the regression trend shows a negative slope, and the p-value of 1.61e-04 (Figure 4.8, 

panel b), and 1.39e-04 (Figure 4.9, panel b) is highly significant for proportion of mutation 

count and log transformation of mutation count respectively. The proportion of SBS2 mutations 

tends to decrease with increasing age at diagnosis. The negative correlation suggests that the 

APOBEC activity (the biological source of SBS2) may be at a high level in younger individuals, or 

younger patients may have greater APOBEC-driven mutagenesis in their tumors. For SBS13, the 

regression trend also shows a negative slope. The p-value of 1.32e-02 (Figure 4.8, panel q) and 

3.80e-03 (Figure 4.9, panel q) for proportion of mutation count and log transformation of 

mutation count is still significant but somewhat less than SBS2. Like SBS2, the SBS13 mutational 

burden also decreases with age of diagnosis. SBS13, despite being an APOBEC-associated 

signature, may be at a later stage of APOBEC-driven mutagenesis, when APOBEC-induced 

lesions are handled by error-prone repair (154,155).  

For SBS5, the regression trend shows a positive correlation between SBS5 and age of diagnosis, 

with a statistically significant p-value of 5.96e-03 for proportion of mutation count (Figure 4.8, 

panel e) and 4.66e-06 for log transformation of mutation count (Figure 4.9, panel e). This 

confirms the well-established classification of SBS5 as a “clock-like” mutational signature, 

meaning that as people age, their SBS5 mutational burden rises (58). SBS5 has a flat mutational 

pattern and is frequently observed alongside SBS1, another clock-like mutational signature, and 

is ubiquitous across cell types (134). For SBS1, the linear regression shows a 
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strong positive correlation for both proportion and log transformation having p-values of 1.68e-

09 (Figure 4.8, panel a) and 1.79e-09 (Figure 4.9, panel a) respectively of mutation count 

reflecting SBS1 as a stable clock-like signature (134). For SBS40, the regression trend shows a 

slight positive slope, and the p-value of 5.38e-02 for proportion of mutation count (Figure 4.8, 

panel am) and 4.63e-02 for log transformation of mutation count (Figure 4.9, panel am) is 

borderline statistically significant. There is a weak positive correlation between SBS40 

mutational burden and age of diagnosis, which rule out SBS40 as another bona fide clock-like 

mutational signature. It is often present at low or moderate levels in multiple cancer types. 

SBS40, despite showing some superficial similarities in shape and distribution with SBS5, did not 

exhibit a strong association with age, setting it apart from SBS5 (4).SBS3, associated with 

double-strand break via homologous recombination (HR) defect (135) shows positive regression 

trend of p-value 2.20e-03 for proportion of mutation count (Figure 4.8, panel c) which may 

reflect the increased HR-deficient cases (BRCA1/BRCA2 mutations) in older patients (156) but 

no significant positive regression trend for log transformation of mutation count with p-value of 

0.134 demonstrate no time-dependent accumulation of mutation (Figure 4.9, panel c) 

suggesting no correlation of age and SBS3. Signatures such as SBS6, SBS14, SBS15, SBS20, 

SBS21, SBS26 and SBS44 linked with mismatch repair deficiency (MMR) (139) is a heterogenous 

mix of slight positive regression trend or no correlation with age either from proportion or log 

transformation of mutation count method (Figure 4.8 and 4.9, panel f, r, s, y, z, ac, ao) because 

MMR deficiency favors the mutations in microsatellite regions resulting from the specific loss of 

MMR function due to genetic and epigenetic activation in MMR genes such as MLH1, MSH2 and 

mutations do not steadily accumulate over time (157). SBS17a, SBS17b, SBS37 signatures of 

unknown etiology and ROS associated SBS18 (158), including tobacco carcinogen associated  



174 
 

 

 

signatures such as SBS4 and SBS29 may accumulate DNA damage but not steadily over age, so 

linear regression has either slight positive trend or no significant correlation with age. The slight 

positive correlation for SBS17a/17b, SBS18, and SBS37, and may be reflecting changes to 

oxidative damage to tissue environment and immune activity (159,160) and for SBS4 and SBS29 

of environmental origin may be from individual variability in tobacco smoking history and 

tumor heterogeneity which are all context dependent (161) (Figure 4.8 and 4.9, panel d, u, v, 

w, ae, aj). SBS9 (associated with immunoglobulin gene hypermutation), SBS12, SBS16, SBS19 

(35), and SBS41 of unknown etiology (4), and SBS31 and SBS35 associated with platinum drug 

(63) have either flat or slightly positive trend which may reflect the tumor-type specific 

processes or immune function and repair systems for SBS9/12/16/19/41 (162) and specific 

therapeutic exposures for SBS31/35 rather than time dependent accumulation of mutation (4) 

(Figure 8 and 9, panel l, p, t, x, ag, ai, an).  

SBS11 is associated with temozolomide chemotherapy (140), SBS22 with aristolochic acid 

exposure (56), SBS24 (aflatoxin exposure) (59), SBS33 and SBS39 of unknown etiology (4) have 

either flat or negative correlation with age which may reflect the exposure of chemotherapy 

agents such as temozolomide in younger glioma patients, and the use of aristolochic and 

aflatoxin may be exposed early in life especially in endemic regions (163,164) and for SBS33/39 

may be possibly tumor-type specific processes (Figure 4.8 and 4.9, panel o, aa, ab, ah, al). 

Signatures such as SBS10a/b (associated with POLE mutations (165)), SBS28 of unknown 

etiology but found in most samples with SBS10a/b (166), SBS30 associated with NTHL1 

mutations (142), and all subsets of SBS7 (SBS7a, SBS7b, SBS7c and SBS7d), and SBS38 

associated with UV-damage (141) show little correlation with age (Figure 4.8 and 4.9, panel g, 

h, I, j, m, n, ad, af, aj).  
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4.8 Discussion 

In this article, the approach that we apply identified key findings that narrow down plausible 

etiologies of different mutational signatures. We report the top 20 parent Gene Ontology (GO) 

terms associated with different signatures where SBS2, SBS8, SBS13, SBS17a, SBS17b, SBS37 

and SBS40 are in the main text of paper and for other signatures such as SBS1, SBS3, SBS4, 

SBS5, SBS6, SBS7a, SBS7b, SBS7c, SBS7d, SBS9, SBS10a, SBS10b, SBS12, SBS14, SBS15, SBS16, 

SBS18, SBS19, SBS20, SBS21, SBS22, SBS24, SBS26, SBS28, SBS29, SBS30, SBS31, SBS33, SBS35, 

SBS37, SBS38, SBS39, SBS41, SBS44 are in the supplementary section identified in mixed cancer 

datasets, male samples only, and female samples only. We also identify overall common 

associated GO terms and the GO terms unique to males and females. In addition, the GO 

semantic similarity of all signatures was calculated. Furthermore, we also reported the 

correlation of signatures with the age of diagnosis. 

The mutation profiles with transcriptome information from the same cancer samples were used 

to infer biological processes related to mutational signatures. To find strongly enriched GO 

biological process terms, we reconstructed signatures (79) and used GSEA and GO analysis by 

correlating each signature with gene expression (167). We additionally mapped enriched terms 

to their parent GO categories to eliminate repetition and improve interpretability. By using this  

approach, we were able to identify biological processes that are closely linked to specific 

mutational signatures. It is crucial to remember that mutational signature attribution 

uncertainty when signatures have similar shapes (168) may affect the results, even if this 

method offers insightful information about the possible functional impact of mutational events. 
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4.8.1 Comparison of signature-associated GO terms with previous studies 
 
We identified that both SBS2 and SBS13 in 15 cancer types such as thyroid, kidney renal cell 

carcinoma, kidney chromophobe, pancreas, cervical, head and neck, uterine, bladder, lung 

adenocarcinoma, lung squamous cell carcinoma, stomach, prostate, breast, ovary, skin, and 

esophageal. Our analysis forwarded that multiple enriched GO terms associated with viral 

response pathways found across all types of cancers that has SBS2 and SBS13 reflecting the 

well-established role as APOBEC-induced mutational signatures (169). Our results for SBS2/13 

match with previous findings and confirm that our computational approach using GSEA and GO 

analysis works for identifying biological process GO terms for mutational signatures.  

Our analysis showed that clock-like signatures such as SBS1 and SBS5 has common GO terms 

associated with cell division in all 19 cancer types used for our analysis (58), SBS3 found in 

cancer types such as breast, lung adenocarcinoma, uterine, stomach, esophageal, head and 

neck, ovarian, and prostate has common GO terms associated with defective double-strand 

break repair via homologous recombination (HR) mainly due to mutation on BRCA1/2 genes but 

are not common in all cancer types (135), SBS4 and SBS29 are found across cancer types such 

as lung, kidney, bladder, and liver in our analysis associated with NER particularly in the context 

of tobacco-induced exogenous DNA damage (136), SBS9 found in breast and liver cancers was 

associated with somatic diversification of immunoglobulins. Signatures SBS6, SBS14, SBS15, 

SBS20, SBS21, SBS26, SBS44 found in colorectal, liver, pancreas, ovary, stomach, and uterine 

cancer from our analysis has defective MMR (170) and SBS10a, SBS10b found in colorectal and 

uterine arising from POLE exonuclease activity (171) has common GO term also linked to MMR. 

The subsets of SBS7 found in skin and head and neck cancer, and SBS38 only in skin cancer from 

our analysis have been found to be associated with UV damage (172), SBS18 found in pancreas, 

breast, prostate, cervical, esophageal, stomach, liver, ovary, head and neck, colorectal, and lung  
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adenocarcinoma in our analysis has enriched GO terms associated with ROS damage, SBS30 

found in glioblastoma, pancreas, breast, and liver is associated with base excision repair (142). 

Other signatures such as SBS16 (37) found in liver and head and neck cancers, SBS22 (152) 

found in kidney renal cell carcinoma and liver cancer, SBS24 (173) in liver cancer, SBS31 found 

in liver cancer, SBS35 in ovary and liver cancer (174) found to be associated with different 

chemicals which may release DNA adducts so these signatures may be linked to NER. All these 

results are consistent with previous findings and confirm the validity of our approach. 

Our analysis showed that SBS17a/17b of unknown etiology found in kidney, esophageal, breast, 

lung adenocarcinoma, skin, esophageal, colorectal, stomach, pancreas, head and neck, and liver 

has been linked to GO terms associated with ROS damage similar to previous few studies (55). 

Similarly, the etiology of SBS8 (found in prostate, breast, ovary, lung squamous, pancreas and 

bladder), and SBS41 (found in breast, stomach, prostate, ovary and stomach), and SBS37 (found 

in breast, prostate, and colorectal) is also unknown, and our analysis found that the SBS8 and  

SBS41 may be from bulky DNA adduct damage (175) at a nucleotide level, so the common 

enriched GO term is NER (176) and for SBS37, the enriched GO terms reflects the plausible 

etiology associated with immune cells (177). The etiology of SBS40 remains unknown, but our 

analysis in colorectal, ovary, liver, pancreas, head and neck, breast, glioblastoma, lung, 

prostate, cervical, liver, colorectal, thyroid, skin, bladder, kidney and breast cancer suggests a 

plausible link to common enriched GO terms associated with xenobiotic exposure supporting 

prior findings that exposure to formaldehyde may induce SBS40-like mutation patterns (1).     
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4.8.2 GO semantic similarity (and variability) 
 
The GO semantic similarity analysis supports the validity of our computational framework.   

Certain signatures such as SBS1, SBS5, SBS2, SBS13, SBS10a, SBS10b have higher consistency in 

their biological associations across different cancer datasets suggesting their robust link to 

defined biological processes such as aging, DNA repair and immune functions (92). The 

alignment of our results with established etiology suggests that the workflow we used from the 

GSEA to GO analysis and semantic similarity can capture meaningful biological associations.  

Signatures such as SBS3, SBS7a, SBS7b, SBS7c, SBS7d, SBS11, SBS16, SBS17a, SBS17b, SBS18, 

SBS19, SBS20, SBS21, SBS22, SBS24, SBS31, SBS33, SBS35, SBS37, SBS38, SBS39, SBS40, and 

SBS44 showed moderate consistency suggesting their degree of tissue-specific biological 

processes whilst maintaining core biological processes such as DNA damage response and  

repair (4). In contrast, signatures SBS4, SBS6, SBS8, SBS9, SBS12, SBS14, SBS15, SBS26, SBS28, 

SBS29, SBS30, and SBS41, with lower semantic similarity may be reflected by biological context-

dependent influenced by environmental exposure, tissue-specific differences and repair 

deficiencies (178). Despite this variability, our approach does identify the top GO term(s) for 

each SBS, which highlights the key biological processes consistently correlated with specific 

mutational signatures, and presumably their etiologies. 

4.8.3 Age-associated trends in mutational signatures 
 
In agreement with the previous findings by Alexandrov et al. (2015) about increased somatic 

mutations with age across most cancer types for clock-like signature SBS5 was supported by 

statistically significant p-values and 95% confidence interval of our findings for the SBS5. 

Although the etiology is still unknown, SBS5 may result from constant, endogenous mutational 

processes. In contrast, SBS40 displayed a weak positive trend with age, so it is unlikely to be a  
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true clock-like signature consistent with previous results (179). The etiology of SBS40 is still 

unknown (4), although the mutagenesis from endogenously generated formaldehyde may be a 

plausible source for SBS40 (1).  

We also observed a significant negative correlation between mutational burden and age of 

diagnosis for both SBS2 and SBS13. Our results were consistent with previous results where the 

observed somatic mutations would decrease with age for non-clock-like signatures SBS2 and 

SBS13 across most cancer types and showing negative correlation (58). According to studies, 

tumors with viral infections, such as HPV in cervical and head-and-neck cancers, have increased 

APOBEC activity and are frequently identified at an earlier age (180,181). The statistical  

significance of SBS13 is still lower than SBS2, suggesting that SBS13 may be more stochastic or 

context-dependent, such as occurring in bursts or specific cancer types (125). SBS2 and SBS13 

are frequently seen together, which suggests that the APOBEC activity is present or has 

occurred in the past.  

Consistent with the findings from Alexandrov et al. (2015), our results also demonstrated that 

the SBS1 as a stable clock-like signature has a strong positive correlation with age. SBS3 (42) 

displayed a slight positive regression trend or a flat trend indicating no stable age correlation. 

Mismatch repair signatures such as SBS6, SBS14, SBS15, SBS20, SBS21, SBS26, SBS44 (170) and 

other signatures SBS17a, SBS17b of unknown etiology and SBS18 associated with ROS damage 

(182), including tobacco carcinogen DNA damage signatures SBS4 and SBS29, SBS9, SBS12, 

SBS16, SBS19, SBS31, SBS35, and SBS41 also displayed minimal or no correlation with age 

excluding its potential to be a clock-like signature (183). Meanwhile, SBS10a, SBS10b, SBS28, 

SBS8, SBS30 and the subsets of SBS7, SBS38, SBS11, SBS22, SBS24, SBS33, SBS39 showed either 

flat or negative correlation may be likely due to early mutagenic events or environmental  
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exposure or chemotherapy treatment rather than steady accumulation of mutation over age 

(184,185). 

4.9 Future directions 
 
All our findings can be further validated through wet-lab experiments and dry-lab analysis. In 

wet-lab experiments, different model organisms or human cell lines can be used for future 

research stimulating different mutagenic agents and conditions together with sequencing to 

track the mutations patterns. The understanding of mutational signatures and their associated 

mutational process can be further aided using CRISPR-modified cell lines (186). In the dry-lab 

analysis, integrating multi-omics data such as molecular and immune profiling (187) and 

metabolomics (188) could highlight the broader biological context of these signatures. The 

clinical features, tumor stage, patient exposures and treatment exposures data may further 

refine the etiological models of population-based assessment (189). These approaches can 

improve the biological interpretation of mutational signatures and strengthen their potential 

utility as the indicator of both endogenous and exogenous mutational processes.  

Supplementary section 
 
In the supplementary section, the results for all the signatures and their top 20 GO terms is 
available in supplementary results 1.  
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Chapter 5: Conclusion and Future directions 

5.1 Conclusion 

My doctoral thesis begins with a literature survey on two small yet reactive aldehydes, AA and 

FA, which are generated endogenously and exogenously via various sources, including tobacco 

smoking, alcohol consumption, and industrial emissions (1–4). According to IARC, both of these 

aldehydes are classified as human carcinogens and are recognized as genotoxic compounds, but 

the mutagenic properties were not well documented (5,6). In our first published review paper, 

“The mutagenic properties of formaldehyde and acetaldehyde: Reflections on half a century of 

progress”, I summarized all the studies in the last 50 years related to a broad spectrum of AA- 

and FA-induced DNA damage, such as DNA adducts, interstrand and intrastrand crosslinks, 

DPCs, single- and double-strand breaks, and predominance of G->T mutations. The collective 

efforts by many research groups on diverse model organisms and analytical methods yielded a 

broad consensus on the genotoxicity and mutagenicity of both AA and FA (7). But the genomic 

sequencing of AA- and FA-treated cells to find mutational signatures in normal and malignant 

cells was still inconclusive (8,9). Further investigations are required, integrating additional 

experimental platforms and multi-omics analysis to understand DNA damage and repair 

mechanisms in the mutational landscape, including carcinogenic potential, to uncover the role 

of these weak AA and FA aldehydes. Thus, this review paper (7) sets out a clear experimental 

challenging question to characterize AA- and FA-induced mutational signatures.  

To answer this question, I used Saccharomyces cerevisiae to produce a large number of 

mutations in a single-stranded DNA (10). Using temperature-sensitive yeast reporter strain 
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ySR127, mutational patterns were identified from both AA and FA (11). These mutational 

patterns have predominantly C/G -> A/T, C/G -> T/A, and T/A -> C/G single base substitutions, 

where mostly C/G -> A/T mutations occurred at TC/GA motifs. Furthermore, we also observed 

that C/G -> A/T mutations were high in AA- and FA-induced mutational patterns compared to 

mock-treated controls. We found two distinct mutational patterns from AA- and FA-induced 

yeast genomics. The FA-induced mutational signature resembles SBS40, a COSMIC signature of 

unknown etiology and the third most common signature found in one-third of cancer types 

(12,13) whereas the AA-induced mutational signature did not resemble closely any COSMIC 

signature. But the AA treatment caused deletion events longer than 5 bases, while FA treatment 

did not. These striking features of both AA- and FA-induced mutational signatures have been 

published in the paper “Analyses of mutational patterns induced by formaldehyde and reveal 

similarity to a common mutational signature” (14). The use of yeast genetics to derive AA- and 

FA-induced mutational signatures with high confidence raised important questions. If the 

characterization of AA- and FA-induced mutational signatures is possible in the eukaryotic yeast 

genome, then why not in the human cancer genome enriched with all these mutational 

signatures? Also, many of these mutational signatures found in the COSMIC database do not 

have known etiology (12,13,15,16), which highlights the gaps that cannot be answered by 

mutational catalogs only.  

Using RNA-seq transcriptomics data along with mutational genomics data to characterize the 

less-understood mutational signatures and signatures of unknown etiology with their associated 

biological themes was the next logical step to be followed. The computational framework that I 

used for reconstruction of mutational signatures to GSEA and GO enrichment analysis (17,18), 
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(19,20) was validated from the results that I produced for signatures of known etiology. All my 

results for mutational signatures of known etiology having common GO terms in mixed datasets 

(male and female), male-only, and female-only datasets showed consensus with previous results 

(13,16,21,22).  

In total, out of 41 mutational signatures, 29 signatures of known etiology were consistent with 

the results from my analysis, and the remaining 12 signatures of unknown etiology were also 

analyzed to discover correlated biological processes, which narrows down possible etiologies. 

This computational framework establishes an integrative pipeline to bridge the gaps between 

mutational signatures and biological pathways. In Table 5.1, most of the mutational signatures 

that demonstrated a link to DNA repair pathways because the mutational patterns are shaped 

by the initial DNA damage and then by the different DNA repair pathways, making these DNA 

repair GO terms rise on top (23). When repair pathways such as homologous recombination, 

mismatch, and base-excision repair are defective, and fail to repair DNA damage, they generate 

distinctive mutational patterns found in SBS3 (22), SBS6 (24,25), and SBS30 (26–28), 

respectively. Other mutational signatures have specific etiologies. It is widely understood that 

the mutational signatures indicate the root cause of mutational processes by exogenous and 

endogenous mutagenic agents, responsible for the DNA damage and original DNA lesion, so all 

subsets of SBS7 (SBS7a/7b/7c/7d) mutational patterns reflect the DNA damage caused by UV 

rays (27,29,30). The similarity in the mutational patterns for different cancer types may lead to 

use of similar treatments. Poly(ADP-ribose) polymerase inhibitors, drugs against BRCA1/BRCA2 

mutants responsible for SBS3 mutational patterns, may be used in all cancer types having the 

SBS3 mutational signature (31). Mutational signatures such as SBS1/5, SBS2/13, SBS10a/10b, 
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and SBS17a/17b from different cancer datasets have high semantic similarity (32), and 

clustering together with their respective subtypes may further validate our computational 

pipeline to measure the mutational signatures associations with biological pathways. In 

addition, the correlation between age and mutational signatures demonstrated the potential of 

my computational framework to compare between previously reported time-dependent 

mutational processes in SBS1 and SBS5 versus other mutational patterns induced endogenously 

or exogenously by mutagenic agents (27). 

The 12 signatures of unknown etiology that I worked on (SBS5, SBS8, SBS16, SBS41, SBS28, 

SBS12, SBS19, SBS33, SBS37, SBS17a/17b, SBS40) yielded results related to existing literature on 

these signatures. Previous studies showed early replication time bias for SBS5 across multiple 

tissues due to continuous low-level DNA damage and DNA repair errors during S-phase (33), 

suggesting a possible link to the upregulation of GO terms related to cell division from my 

analysis. Another study done in soft tissue sarcomas demonstrated that SBS5, found in 

homologous recombination repair deficiency sarcoma cells lacking RAD1 formation (a key player 

for homologous recombination repair) after DNA damage were linked to biological events 

involved in G2/M checkpoints and cell-cycle linked targets of MYC and E2F transcription factors 

(34). The cell cycle biological pathways for SBS5 are just a part of a broader picture. Previous 

studies done in breast, urothelial, and lymphoma cell lines showed that the low-fidelity REV1-

dependent TLS has been associated with SBS5 (35), and in budding yeast, sugar metabolism and 

error-prone TLS reflect the SBS5-linked mutagenesis (36). TLS DNA polymerase kappa is 

operative in non-dividing neurons (37), and TLS DNA polymerase zeta is mutagenic in quiescent 

yeast cells (38). The basal low-level DNA damage is found in all cell types, either in normal or 
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tumor cells, and in dividing or non-dividing cells, including post-mitotic cells like neurons and 

oocytes, reflecting the ubiquitous and clock-like nature of SBS5, like SBS1 (27,39). The subsets of 

SBS17 (17a/17b) are associated with ROS based on my analysis. Previous findings supporting my 

analysis demonstrated that the ϒ-ray irradiation caused ROS formation leading to SBS17a/17b-

like mutational patterns in the mouse embryonic fibroblast cells when the mutational patterns 

were compared between unirradiated and irradiated cells (40). In a few other studies, 5-

fluorouracil was linked to ROS production (41,42), and when treating intestinal organoids 

followed by whole genome sequencing, the induced mutational patterns were SBS17-like (43). 

The linking of SBS40 with xenobiotics exposure from my analysis has been backed by previous 

findings. One of previous the findings is in Chapter 2, where FA-treated yeast cells generated 

mutational patterns close to SBS40 (14). The tris(chloropropyl) phosphate-treated B6C3F1/N 

mice develop liver cancer, and whole-exome sequencing of those tumors has SBS40-like 

mutational signatures (44). In another studies done in proteogenic cohorts of multiple cancer 

types, having a high SBS40 mutational burden showed a link to detoxifying enzymes creating 

chances of correlation between SBS40 and xenobiotics exposure (45–48).  

SBS8, SBS16, and SBS41 were linked to NER, while SBS28 was linked to MMR from my analysis. 

Previous studies showed that SBS8 mutational pattern was enriched in late heterochromatin 

regions where late replication errors persist in NER-deficient tumor genomes (49). In another 

study, NER-deficient mice generated a mutational signature resembling SBS8, and in breast 

tumor genomes, those predicted to be NER-deficient tumors have SBS8 mutational pattern, 

supporting my current analysis of the  SBS8 biological link (50). SBS16 has been linked to 

transcription-coupled DNA damage (51), where RNA polymerase II recruits NER on the active 
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transcribed strand to repair bulky DNA adducts (52,53). Moreover, previous studies suggested a 

link of SBS16 with inefficient NER involved in African American esophageal cancers, providing 

support to my results on SBS16 (54). Recent studies suggested SBS41-like mutational patterns 

derived from the endogenous colibactin genotoxic compound found in E. coli after the 

inactivation of NER (55,56). This result has been backed by the similar DNA damage at the 

nucleotide level in colorectal cancers (57), supporting my interpretation of SBS41. SBS28-linked 

mutational pattern has replication strand bias in POLE-deficient samples of colorectal, uterine, 

lung, and stomach cancers, impairing the proofreading function of polymerase linked with the 

mismatch repair mechanism (56). In another study in S. cerevisiae, POLE mutations resulting in 

SBS28-like mutational pattern has been associated with mismatch repair, lending support to my 

findings of MMR for SBS28 (58).  

Signatures SBS12, SBS19, SBS33, and SBS37 have been linked with immune function from my 

analysis. Both SBS12 and SBS19 demonstrated high transcriptional-strand bias with mutations 

on the transcribed strand (56). SBS12 appears to contribute less than 20% of mutations to liver 

cancer and displays higher T-cell infiltration in response to programmed death 1 (PD-1) blockade 

in a few studies (59), whereas SBS19, linked with carcinogenic cobalt, modestly increases the 

mutational load, changing the tumor immune and inflammation microenvironment in mouse 

models, further strengthening my findings related to SBS12 and SBS19 (60). SBS33 is one of the 

sporadic signatures found in few samples (61) and has the thymine-specific strand bias (21), 

where AID off-targeting may deaminate on the non-template strand of transcribed DNA, where 

C->U events are fixed as C->T mutations on the untranscribed strand in the germinal center B 

cells (62), providing preliminary support to my analysis. SBS37 has been associated with AID 
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activity in long-read and circulating tumor DNA in multiple myeloma and diffuse large B-cell 

lymphoma cases where a high percentage of mutation was found in immunoglobulin loci (63). 

In another study, the mutation in the BCL6 super enhancer locus in human B cells, an off-target 

of somatic hypermutation, has patterns close to SBS37, which may reinforce its division in the 

immune-linked signature consistent with my results (64).  

Thus, the trajectory of my thesis from the literature review on the mutagenic properties of AA 

and FA (7) to yeast mutagenesis for generating AA- and FA-induced mutational signatures (14) to 

GSEA and GO analysis of cancer datasets using mutation and RNA-seq data demonstrates that 

all those experimental designs for yeast mutagenesis to the computational framework used for 

analyzing yeast genomics and human genomics, including human transcriptomics of cancer 

datasets, may have been able to interpret the biological processes associated with each 

mutational signature (17,32). Together, all my findings on mutational signatures and their 

associated etiology may be crucial for understanding the connection between mutational 

patterns and specific environmental exposures, inherited defects, or biological processes 

enabling better cancer prevention, diagnosis, and targeted treatments (65). 
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Signatures Plausible Etiology 

SBS3, SBS4, SBS6, SBS8, SBS10a/10b, 

SBS11, SBS14, SBS15, SBS16, SBS20, SBS21, 

SBS22, SBS24, SBS26, SBS28, SBS29, SBS30, 

SBS31, SBS35, SBS39, SBS41, SBS44 

DNA repair 

SBS1/5 Cell division 

SBS2/13, SBS9, SBS12, SBS19, SBS33, SBS37 Immune function 

SBS7a/7b/7c/7d, SBS38 UV light response 

SBS17a/17b, SBS18 ROS response 

SBS40 Xenobiotics exposure 

Table 5.1: Mutational Signatures with plausible etiology 

The blue-colored signatures are of unknown etiology and the remaining signatures are of known etiology. 

Maximum signatures have DNA repair as their plausible etiology and other have specific etiology. 

 

5.2 Overall Summary 

 

The course of my research started with understanding the carcinogenicity and mutagenicity of 

two aldehydes, FA and AA over half decades (7). But the results of FA and AA induced 

mutational signatures were still inconclusive (8,9), so we introduced a haploid yeast genetics 

system based on single stranded mutagenesis to generate the FA and AA-induced mutational 

signatures. Interestingly, FA-induced mutational signature resembles COSMIC signature SBS40 of 

unknown etiology, whereas AA treatment shows an excess of deletion events longer than 5 bp 

characterizing both aldehydes (14). Building on these findings, I extended my study from yeast 

to humans because mutations in tumor cells are much more complex and diverse. The 

integrated approach of two computational GSEA and GO analysis was used to analyze human 
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mutation, and RNA-seq expression data to unfold the biological processes associated with each 

of the signature. Altogether, this workflow provided a bridge between mutational patterns 

associated with environmental exposure of aldehydes such as FA and AA in yeast to 

interpretable biological pathways found in humans. 

5.3 Future directions 

Going forward, to limit the biological gap between humans and yeast, we may use liquid-biopsy 

samples at three different stages, before and after treatment, and at the relapse stage to see 

how the sets of mutational signatures in different tumor cells emerge before the treatment, 

fade, or switch into different mutational signatures under the influence of chemotherapy (66). 

In addition, coupling it with single-cell and spatial genomics sequencing may track the distinct 

mutational patterns resulting from DNA damage and repair mechanisms in the tumor 

microenvironment (67,68). The haploid yeast may be replaced with human near-haploid HAP1 

cells (69) and patient-derived organoids, and murine xenografts to generate thousands of 

mutations to strengthen the intensity of various mutagenic agents derived mutational spectra 

close to COSMIC signatures and test the drug vulnerabilities. The integration of epigenetics 

landscape with mutational landscape further expands the knowledge of mutation patterns, 

because epigenetic modifications such as DNA methylation, histone modifications, and 

chromosome accessibility influences DNA repair pathways shaping different mutation type and 

their frequencies (70). This may refine the etiological inferences; for example, clock-like 

signatures of SBS1/5 mutations rise quicker in the late-replicating heterochromatin regions (71), 

while SBS2/13 mutations accumulate in early-replicating euchromatin regions (72), further 

confirming the differences in the genomic distribution and DNA repair pathways. The spatial 
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footprints of each signature with known etiology may be used to trace the biological causes of 

other signatures with unknown etiologies. The addition of clinical details can add more 

confidence to these mutational signatures and their inferred etiologies. Overall, an atlas of DNA 

damage and repair, including genomic distribution and clinical details, may be helpful to 

understand the cancer genome diversity (73). 
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Chapter 6: Supplementary results 

Supplementary section  

In the supplementary section, the results for Chapter 4 of all the signatures and their top 20 GO 

terms are available in supplementary results 1.  
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