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Abstract

Cancer is a genetic disease caused by the accumulation of multiple mutations in
essential genescontrolling normal proliferation. Genomic analysis of cancer samples
reveakd that somatic mutations form distinct patterns on the DNA called mutational
signatures, which were produced by different mutational processes that have been
operative throughout t he development of a cancer cell. Out of 77 deciphered mutational
signatures from cancer genomes, 29 of them have unknown aetiologies. The current
strategy to elucidate these unknown signatures is through mutational signature
characterization of various mutagens from model systems. One such mutagen with an
ambiguous mutational signature is formaldehyde. This work describes the first specific
characterization of the mutational patterns induced by formaldehyde. Using yeast
genomics data, formaldehyde mutagenes was shown to form Ck A transversions over
TCn trinucleotide motifs. Moreover, it induces an excess of single nucleotide indels with
a preference for adenine insertions and cytosine deletions. Due taa limited sample size,
the contribution of formaldehyde mutagenesis in relevaat cancers cannot be accurately
depicted, however, the formaldehydespecific pattern of CK A transversions can be
observed from thesecancergenomes. These results ultimately present a likely mechanism

for formaldehyde mutagenesis on he nucleotide bases.
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1. Introduction

1.1 Mutagenesis and Mutational Signatures

Genomic DNA is the source for perpetuation of all known living organisms,
including some viruses Although preserving genetic information is integral in the
maintenance of life, the DNA is exposed to constant assaultsby various exogenousand
endogenous agenf4, 2]. DNA damaging agents can be physical, chemical, or enzymatic,
such as ultraviolet radiation [3" 5], ionizing radiation [1, 6], tobacco mutagen$2, 5, 7], the
APOBEC family of proteins [5, 8 10], and DNA replicati on errorg[2, 5]. Cells can adivate
various repair pathways[2, 11] as a response to DNA lesions, such as base substitutions,
bulky add ucts, insertions and deletions, and chromosomal rearrangemen{d 2, 13]

Although cells have robust DNA damage response mechanisniS], oftentimes,
erratic exposuresand changing microenvironment can alter cellular repair functions [14
17] leading to increased base lesionswWhen multiple DNA damage persist's, programmed
cell death or apoptosis is activated to remove cells with extensive genomic instability[2,
16]. In some cases, however, genethat are essential for maintaining normal biological
processes retain damages thabecomepermanent DNA modifications, which could then
result in the uncontrolled proliferation of cells[17, 18]

Although unrepaired lesions area major risk for genomic integrity, those that lead
to permanent modifications are also important factors for genetic variation and evolution

of specie§l9] However, in humans, these permanent chemical modifications called




mutations contribute to aging[20, 21] development of certain diseaseR2, 23] and
carcinogenesif2l, 24] Interestingly, these mutations form unique patterns on the DNA,

which can be distinctly attributed to a particular mutational process[5, 25 27] As
nucleotide bases are highly reactive entities, each base is uniquely susceptible tahemical
reactions with other moleculeg2, 28] This is the basic principle of the formation of a

mutational signature, in which DNA mutations observed in a genome conform toa pattern

that is characteristic of the mutagenic agent or processresponsible for inducing those

mutations[5, 29, 30]

1.2 Mutational Signatures in Cancer Genomes

While driver mutations are considered important markers for tumorigenesis and
carcinogenesis, read studies have shown that passenger mutations are also relevant in
assessingcancer initiation[5,24] These  bystander , mutations are
biological processes that have occurred throughout the development of a cancer cell.
Therefore, passeger mutations bear significant historical information of a canc er
genomgs].

Mutational signatur es or patterns of mutations, were first discovered in cancer
genomes by analyzingtheir somatic mutations using an algorithm called the non-negative

matrix factorization (abbreviated as NMF) [25, 29] Because many mutational processes

had been operative in a single cancercell, its genome has become a complex landscape of
overlapping mutations[5, 30]. Consequatly, a sequenced cancer genome wilbisplay a

composite of multiple mutational signatures, which renders observation of individual



patterns particularly unfeasiblg5, 25, 29] The NMF algorithm was used to extract unigue

patterns of mutations from all types of cancers, which led to the remarkable discovery of

various mutagenic processes and agents that contributed to carcinogenesjg5, 26, 29]
Although several processes have been known to producesome of these mutational
signatures, there remains a large portion of signatures with unidentified causef26, 31}
The Catalogue of Somatic Mutations In Cancer or COSMIC is a collection of
mutational signatures that were deciphered from somatic mutations in cancer samples
using data from the Pan-Cancer Analysis of Whole Genomes (PCAWG) group, The
Cancer Genome Atlas (TCGA) group, and two other whole genome and whole exome
sequencing databasg26, 31] There are over 70 signatures reported in COSMIC,
subdivided into three types ~ 49 Single Base Substitution (SBS) with 18 possible
sequencingartifacts, 11 Double Base Substitution (DBS), and 17 Small Insertion and
Deletion (ID) signatures[26, 31} Of these 77 mutational signatures, 29 of them have
unknown aetiologies, which implores for testing on model systems to characterizethe

signatures of diverse environmental and biological mutagenic agentq25].

1.3 A Known Crosslinking Agent called Formaldehyde

Although known for its genotoxic properties[32 36, f or ma | d enhtatichal K s

signature remains ambiguou$?27, 36] Formaldehyde (FA) is a colourless, flammable

chemical with a pungent odour[35]. It is a highly reactive aldehyde (chemical formula =
CH»0) widely used in industry, mainly for the production of resins with urea, phenol,

melamine and polyaceta[35, 36] These can then be used as adhesivs for several wood



products, such as plywood, particleboard, and fiberboard; pulp-and-paper; plastics and
coatings and textile finishing. It is also used as an intermediate in the manufacture of
industrial chemicals; and in aqueous form known as formalin, it is used as a disinfectant
and preservative in mortuaries and medical laboratoried35]. It is estimated that over 20
million tons of formald ehyde is produced globally each yeaf36].

Apart from commercial production, f ormaldehyde also exists as a naturally
occurring substance in most living systems and the environment[37, 38] Formaldehyde
has been established as a normalby-product of various metabolic activities, such as
methanol  oxidation[39],  folate-derivative  breakdown[37, 40]  methylamine
deamination[41 43], histone demethylation[37, 44] and amino acid metabolism[45 47].
Endogenous formaldehydewas estimated to be 0.05 " 0.10 mM in the blood of healthy
individuals, but intracellular levels can reach up to 0.2 0 ° 0.50 mM[48]. Accidental or
intentional intake of environmental sources can further increase physiological
formaldehyde levels

Humans are further exposed to formaldehyde through consumption of fruits and
some foods like coffee, codfish, meat, poultry, and maple syru35, 38] Commonly used
commercial products also contain or release formaldehyde such as fertilizers, fumigants,
paints, cosmetics, cleaning agents and toiletries.It is also a by-product of combustion
reactionsand found in smokes and fumes of vehiclesburning wood, coal, tobacco, kerosene
and natural gas. Whi | e ., formal dehyde is a nati[85 al cor
anthropogenic sources and activities contribute to increased lewls in both indoor and

outdoor air. Although humans are generally exposed to less formaldehyde outdoors (about



less than 0.001 mg/méin rural regions and 0.02 mg/m 3in urban areas), they are typically
exposed to 0.02° 0.06 mg/m2indoors, which can vary dependingonthed we | | sourcg = s
materials, the age of these materials,human activities (such as cooking or composting),
ventilation, temperature and humidity [35, 49] In general, formaldehyde exposure is higher

in residential homes or workplaceg35, 50] especially if they were newly built or recently

renovated35, 49, 51}

14 Formal dehyde s | mpact on Public Health
InCanada, t he av er rasgdentigbexposure to foemaldehydeis. gener al |y
below the levels recommended by Health Canada (100 ppb or 123 pg/m3 for short-term
exposures; and 40ppb or 50 pg/m 3 for long-term exposures]49]. On the other hand,
occupational exposures areat least 3 ppm or higher (or 8.7 mg/m?3)[36, 51] which are
reported short-term exposures for embalmers, pathologists and paper workersBased on
epidemiological studies, high, acute formaldehyde exposures (such as occupational
exposures) could result in the development of certain cancerd36] while reports of
carcinogenesis from low, chronic exposures (such asesidential exposures) ae essentially
zerd49] Both human and animal studies have shown several evideices regarding
formal dehyde s, awdahiscledrhe gneematianal tAgency of Research on

Cancer (IARC) to classify formaldehyde as a high priority carcinogen (or group |

carcinogen]35, 36]

IARC concluded that formaldehyde exposure can cause the development of

sinonasal cancer, nasopharyngeé cancer, and leukemig36]. The first evidence of




carcinogenicity for formaldehyde was observed in ats when high levels of formaldehyde
inhalation induced the formation of squamous cell carcinomags2]. Genotoxic effects were

also observed in multiple in vitro systems, in which formaldehyde was show to form DNA

strand breaks, chromosomal aberrations, micronuclei, and crosslinks between DNA and

protein (reviewed extensively by IARC[35, 36). Sinceformaldehyde exists at a relatively
high concentration in human blood (approximately 0.10 mM), this alludes to the role of
endogenous formaldehyde as a possible carcinogen. Ira€t, studies on micg53], human
cell§54] and chicken cell§55] demonstrated that physiological concentrations of
formaldehyde can cause significant damages tdheir blood cells when protective enzymes
responsible for formaldehyde detoxification and damage repair wereremoved In addition ,
the known formaldehyde genotoxic effects such asthose described here ,were observedin
mice blood cellswhen, again, these protective enzymeswere absen{56].

Although the consequences of formaldehyde exposurare well-recognized there is

little understanding regarding its mutagenesis at the nucleotide level. There have been

many inferences on f or maltowardsyDilA&musagemesigld,82)i sm of
57, 58] For instance, it has been hypothesized that formaldehyde most likely reacts with

amino groups of biological components, such as amino acids or amino purines. Studies on

different model systems[32, 35, 59, 60] demonstrated that a chemical analog of
formaldehyde may be responsible for its mutagenic effect However, this compendium of

results suggess that formaldehyde acts as a weak mutagen and its mutagenesis vary from

model to model. To address this issue,our strateqy is to study formaldehyde mutagenesis




on a highly sensitive model system and analyze these mutations through mutational

signature analysis

1.5 Budding Yeast as a Model System to Study Mutations

Saccharomyces cerevisiags a well-established model eukaryote since numerous of
its key cellular, metabolic and signaling pathways have been identified and extensively
characterized61, 62] Furthermore, these biological processes are conservedithin several
eukaryotic species including human$63, 64} which renders this model organism very
attractive for toxicological studies to understand susceptibility in humans[65, 66]

To study the mutations of a weak mutagen like formaldehyde, our yeast model has
beendesignedto efficiently detect mutations. Because some genomic processes require the
DNA to be in single stranded form transiently (e.g. replication, transcription and
recombination), the nucleotide bases are more readily reactive to various moleculesiuring
this period as their ., protecti on. from their
strand is temporarily dismantled [2, 28] Since single strand DNA (ssDNA) is much more

susceptible to lesimg[67], our yeast strain was genetically engineered to readily form long

stretches of ssDNA, which increases mutation induction by two or three orders of

magnitude[68, 69] This highly sensitive model system is ideal for mutational signature

analysis becauseaccurate signature characterization demands for a significant amount of

mutation data [25, 29]

To optimize for the highest number of mutations on our yeast strain, ySR127, it

was exposed to various concentrations offormaldehyde for three hours: 2 © 10 mM. This



high, acute treatment should allow for multiple mutation induction on the yeast genomes,

which will then be subjected to whole genome sequencingand analyzed for mutational

patterns. Since these concentrationsare not physiological levels, | also tested for the effects
of endogenous formaldehyde by knocking out essential dehydrogenaseshrough
homologous recombinatonand measuri ng t he celthersaftermut ati on

In Saccharomyces cerevisiagformald ehyde was thought to be detoxified through
a glutathione-dependent systen70] via two key formaldehyde dehydrogenases’ SFA1
and YJLO68C. Null mutants of these dehydrogenases were viable but are highly sensitive
to formaldehyde[71 73] SFA1l codes for a protein that belongs to class Ill alcohol
dehydrogenases, which are bifunctional enzymes containing an alcohol dehydrogenase and
a glutathione-dependent formaldehyde dehydrogenase. Chemicals such as formaldehyde,
ethanol and methyl methanesulfonate induces the expression of Sfalfy4]. It was shown
that overexpression of this protein causes an increased resistance to formaldeldeg[71, 74]
On the other hand, YJLO68C codes for an esterase that contans a S-formylglutathione
(FGSH) hydrolase activity [73].

In the glutathione-dependent pathway of formaldehyde oxidation in yeast (see
Figure 1.1), it is believed to begin with the spontaneous reaction of formaldehyde and
glutathione to form S -hydroxymethyl-glutathione (HMGSH). HMGSH becomes a
substrate for Sfalp that is then oxidized to FGSH, which is hydrolyzed by Yjl068cp to
form glutathione and formate. Formate can be further oxidized by a formate
dehydrogenase to form carbon dioxide, which is released by the cellWhile t here might be

other key players involved in formaldehyde detoxification in budding yeast[65, 75] Sfalp



and Y jl068cp werethe only enzymes directly implicated in formaldehyde metabolism thus

far, and therefore, were of main interest in this study.

Figure 1.1. The Glutathione-dependent Formaldehyde Oxidation Pathway in

Saccharomyces cerevisiag/0]
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1.6 Rationale and Research Objectives
Because nutational signaturesc an be used .as prognostic i n

of therapeutic sensitivity or as targets of diseasec o n t[5], théy are valuable benchmarks
for improving cancer detection and prevention, as well as overall public health. Given the
ubiquitous nature of formaldehyde, providing a stronger evidence for its mutational
capacity is of great importance to further curb environmental exposures.

Although a recent study was able to characterize the mutational signatures of

various environmental mutagens some of their results were inconclusive including the



formaldehyde mutational signature]27] This was possibly due to the weak mutagenic
nature of formaldehyde, which their model system was unable to precisely detect. Our
highly sensitive yeast strain, on the other hand, allows us to detect and induce multiple
mutation s at a frequency of at least 1 x 10 mutations per cell[68].

My hypothesis is that the formaldehyde mutational signature can be effectively

characterized using our yeast model, and this signature can be used to determine

formal dehyde s cont r i bu fTdaddnessithis, tlee spedfiereseadcce v el o pr
objectives are as follows:
1. Generate yeast mutants through exogenous exposure of formaldehyde while
examining the c¢hemi ¢Sedtion8.)mut agenic effects
2. Characterize the mutational signature of formal dehyde using yeast genomics dta
(Section 3.2; and
3. Determine the prevalence of formaldehyde in cancers using its putative mutational
signature (Section 3.3.
In detail, O bjective 1 explores the effects of high-acute and low-chronic exposures of
formaldehyde Objective 2 examines the mutational patterns of single nucleotide variants
and insertion/deletion variants from yeast genomes. And finally, Objective 3 will assess
the relevance of the yeastderived mutational signature by comparing its similarity to
known cancer signatures, as well as analyze Head and Neck cancer data as specific
formaldehyderelated cancers are encapsulated within this group, namely nose and throat

cancers.
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2. Methodology

2.1 Highly Sensitive Yeast Model System, ySR12768]

Our Saccharomyces cerevisiaevas genetically engineered so that three genes
CAN1, ADE2, URA3 ° were translocated from their native loci to the left arm of the
subtelomeric region of Chromosome V(see Figure 2.1) These genesserveas the reporter
system for detecting multiple mutation induction in our haploid yeast cell . Furthermore,
the temperature-sensitive mutation at CDC13 (cdcl131), which codes for the protective
telomeric ends of chromosomes plays an integral role in mutation accumulation. Upon
shifting to a restrictive temperature (i.e. 37°Q), the cdcl3-1 mutation will cause the
protective complex to dissociate and uncap the telomeres, which then resultsin an 5 G
30 st r an groduang &long singlestrand DN A (ssDNA) overhang This extensive
strand resection (of at least 30 kb) encompasses the entire reporter system.

While maintaining the temperature at 37°C, cells are exposed to formaldehyde for
three hours. The temperature is then shifted back to a more permissive temperature, 23°C,
to allow the restoration of the double strand DNA configuration. Since damages were
experienced by the ssDNA, the error-prone TLS polymerases will bypass the
formaldehydeiinduced lesions oftentimes by introducing an incorrect base. If these
erroneous bases are left unrepairedr repaired incorrectly, they become mutations. The
induction of multiple mutations through the loss of function of reporter genes can be

detected by plating on selective media.
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Figure 2.1. Schematic Diagram of our Highly Sensitive Yeast Model, yYSR127

(Adapted from Chan et al., 2012)
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2.2 Exogenous Formaldehyde Treament (High, Acute Exposure)

A single colony isolate of Saccharomyces cerevisiag/lSR127 was cultured in 5 ml
of YPDA media for thr ee days at 23°C(see Figure 2.2, steps 1a 1b). On the first day of
the experiment, the cell concentration of the three-day culture (or pre-growth) was
measured using the hemocytometer. Approximately 500 cells were plated on synthetic
complete (SC) media to assess viability and 1 x 10’ cells were plated on canavanine
supplemented (CAN) media to examine mutation frequency (see Figure 2.2, steps 2a’
2b). This provides a baseline measurement of viability and mutation frequency of non-
treated cells. Next, 3.50 ml of YPDA media was aliquoted into six fresh tubes with 0.50
ml of the pre-growth culture. These tubes werelabd | ed . 0 ., 2 . 4
denote the final concentrations of formaldehyde to be added later in millimolar (mM).
They are then sealed tight with a septum and equilibrated at atmospheric condition with
either room air (79% nitrogen, 21% oxygen) or nitrogen for one hour at 23°C . At the end
of the hour, the temperature was shifted to 37°C and incubation continued for three hours
with continuous gas flow (see Figure 2.2, steps 3 4). After three hours, 1 ml of
formaldehyde was added into the gastight tubes and the atmospheric condition was
equilibrated for 10 more minutes under 37°C. Finally, the gas feed was disconnected, and
formaldehyde exposure continued for three more hoursat 37°C (seeFigure 2.2, step 5).

After three hours of exogenous exmsure of formaldehyde, the cell concentration of
one millilitre samples were measured using the hemocytometer to plate 500 cells on SC

and 5 x 10° to 1.5 x 106 cells on CAN media (see Figure 2.2, step 6) Plating volumes and

13



cell numbers were optimized for each treatment (see Table 2.1) in order to minimize
clumps when counting colany forming units using the ImageJ plugin Colony Counter[76].

After plating the appropriate number of cells, they were incubated at 23°C for
about five to seven days, and are then transferred to 4°C for about five to seven more
days to allow for a stronger resolution of the red phenotype of mutants growing on CAN
media while minimizing the growth of the colonies any further (explained on Section 2.3
and Figure 2.3). Colony growth on the CAN media signifies a mutation on the CAN1
reporter gene, and the red phenotype denotes a seaad mutation found on the ADE2
reporter gene. These red colonies are then randomly selected and screened for further
genomic analysis.

Two parameters are calculated in order to examine the effect of formaldehyde
mutagenesis at each concentration: viability and mutation frequency. Viability (growth
on SC) was analyzed by dividing the plating efficiency of treated cells by the plating
efficiency of pre-growth (or non-treated cells). Plating efficiency was calculated by dividing
the actual number of colonies on the SC media by the expected number of colonies (i.e.
the number of cells plated). Mutation frequency for a treatment was calculated by dividing

the plating efficiency on CAN to the plating efficiency on SC.
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Table 2.1. Optimized number of cells plated for each treatment

Formaldehyde Number of cells plated | Number of cells plated
concentration on SC media on CAN media

0 mM 500 cells 1.0 x 10° cells

2 mM 500 cells 5.0 x 10°cells

4 mM 500 cells 5.0 x 10°cells

6 mM 500 cells 5.0 x 10°cells

8 mM 500 cells 5.0 x 10°cells

10 mM 500 cells 1.5 x 10° cells
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Figure 2.2. Experimental Procedure for the High, Acute Treatment of

Exogenous Formaldehyde

Experiment preparation:

—)

Inoculate a single colony of freshly Incubate for 3 days at 23°C
° streaked yeast ySR127 into 5 m| of (Pre-growth culture)

YPDA media

On the day of the experiment (formaldehyde exposure):

, e ~| Synthetic
' A\ 7/ Complete (SC)

‘ ~ N Canavanine-

\ | supplemented (CAN)
ey S ——o
Pre-growth culture
& e Estimate the cell e Plate 500 cells on SC
concentration using Plate 1 x 107 cells on CAN
the hemocytometer Incubate for 3 days at 23°C

—
=

° Add 0.50 ml of the pre- Expose to room air or o Add formaldehyde as per
growth into six fresh nitrogen for 1h at 23°C, labelled concentration (in mM)
tubes containing 3.5 ml then temperature shift Maintain at 37°C
of YPDA media to 37°C for 3h Equilibrate for 10 min with gas

Expose for 3h more without gas

-\ Canavanine-
| supplemented (CAN)

¢ N kil‘» Synthetic 2
N /) Complete(SC) \:.

° Plate each treatment on SC and CAN according to Table 2.1
Incubate for 5 — 7 days at 23°C
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2.3 Mutant Screening and Selection

The randomly selected red colonies from CAN plates are streaked onto YPDA
media (yeast extract, peptone, D-glucose, and 0.55% adenine sulfate) to isolate single
colonies. These single colonies are then patched out on a fresh YPDA plate and replica

plated onto various selection media” synthetic complete (SC) media to test for viability;

glycerol (YPG) media to assess mitochondrial activity; canavaninesupplemented (CAN)

media to detect CAN1 gene inactivation; adeninedropout (ADE) media to detect ADE2

gere inactivation; and uracil-dropout (URA) media to detect URA3 gene inactivation.

Cells displaying the phenotype described in Table 2.2 are selected as ideal candidates for

DNA sequencing and further genomic analyses.

Table 2.2. Selection criteria for DN A sequencing candidates

Genotype Description Indication on selection media

Can' Canavanlp ereIS|st_a nt or Growth on CAN media
CANL1 inactivation

Ade ADE2 inactivation No growth on ADE media
Ura* Functional URA3 Growth on URA media
Rho* Normal metabolism Growth on YPG media
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Figure 2.3. Standard Procedure for Mutant Screening and Selection
After five to seven days of incubation at 23°C...

Transfer CAN plates to 4°C / e N N
for 5 — 7 days to allow ’ )
stronger resolution of the red
colonies

e Pick the red colonies and streak
them onto fresh YPDA media to
isolate for single colonies
Incubate at 23°C for 3 - 5 days

Patch out the single colonies
onto another fresh YPDA media
Incubate at 23°C for 2 — 3 days

o Replica plate onto various selection media
Incubate at 23°C for 2 — 3 days

sC ' :

—— = ) ' —— ' =
(" vPG ) [ CAN )

A

Select mutants with the correct phenotype: Can” Ade™ Ura™ Rhot
(In this example, mutants 4 and 5 are good candidates for sequencing)
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2.4 The Auxin -Inducible Degron (AID or Degron) System on ySR127

To study the effects of endogenous formaldehyde in our yeast, ourstrategy was to
construct single and double knockouts of essential formaldehyde dehydrogenases. While
the construction of single knockouts was successful, | was unable to produce viable double
knockout strains and therefore, the AID system was utilized as an alternative to the
, doubl eutk.n oxTheAukim-Inducible Degron (AID) , or simply Degron, System
is a biological mechanism used tocontrol gene expressiofi77]. The basic principle is the
utilization of the SCF -TIR1 (Skpl °~ Cull ° Fbox Transport Inhibitor Responsel)
complex to promote a ubiquitylation response under th e presence of an auxn inducer that
leads to protein degradation. Since yeast has its own form of SCF, aTIR1 gene needed to
be introduced as well as a degron tag on the protein of interest[78]. Because it was found
to be the most efficient in protein depletion, the TIR1 gene ofOryza sativa (rice)[77] was
introduced into ySR127 using the methods described by Papagiannakis et al. (2017[79].
The degron tag was then introduced after successful strains with the OsTIR1 gene have
been generated. Three different auxininducible degrons have beendeveloped = AID
(plasmid pSM409); mini-AlID or mAID (plasmid pSM412); and 3x mini -AlID or 3mAID
(plasmid pMK154)[78]. All three degron tags were tested in the endogenous formaldehyde
experiments (see Section 2.6). The introduction of degron tags in OsSTIR1 strains ( i.e.

yeast strain yKC522) are described in the next section, Section 2.5
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2.5 Construction of Genetically Modified Yeasts

The construction of knockout and degron-tagged yeasts were adpted from the
Delitto Perfetto system by Storici and Resnick (2006)[80] and Auxin -Inducible Degron
(AID) protocol by Nishimura and Kanemaki (2014)[78] respectively, modified for the
ySR127 strain. Primers for the single-knockout and degron congructs were designed using
the SnapGenesoftwarel81] and oligos were synthesized by ThermoFisher Scientifi{82].
Primers contain at least60 basepai rs upstream (50 primer) or
the gene of interest, as well as the primer-tag of the antibiotic marker (see Primer Design
on Figures 2.4 and 2.5)

Genetic construction begins with the amplification of th e antibiotic or selection
marker plasmids using the synthesizedprimers via PCR (as shown in Figures 2.4and 2.5,
step 1). The PCR products, which is now referred to as a gene replacement cassette
were purified and concentrated using the BioBasic EZ-10 Spin Column PCR Products
Purification Kit (Catalogue number BS363/BS36 BS664). The cassettewasused to delete
the geneof-interest or introduce the degron tag adjacent to the gene-of-interest (see
Figures 2.4/2.5, step 2). Both transformations of yeast strains ySR127 and yKC522 * to
produce knockout and degron strains respectively " involved using lithium acetate and

Tris-EDTA buffer solutions.
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Figure 2.4. Genetic Modification of ySR127 using the Delitto Perfetto

System[80] to Create Single-Gene Knockouts of SFA1 and YJL068C

Primer Design:

SFAI 57 primer YJLO68C 5 primer

CGTTAAGTTTACTTCTACAAAATCTCCAAGTAAAGAAGGAATATAAGTAATATAAGTACA | CGTACGCTGCAGGTCGAC | I | I

GCAATTCAAATGAAGATGTTTTAGAGGTTCATTTCTTCCTTATATTCATTATATTCATGT GCATGCGACGTCCAGCTG
| A Y J
60 bp upstream of SFAL Antibiotic marker
primer
SFA1 37 primer YJLO68C 3~ primer

CGTACGCTGCAGGTCGAC
GCATGCGACGTCCAGCTG

GAGTACTTAATTAAACTAAGTAAGCATGACTCAAATTTTCTGGAATACTTTGAAAATCAA
CTCATGAATTAATTTGATTCATTCGTACTGAGTT TAAAAGACCTTATGAAACTTTTAGTT

Antibiotic marker 60 bp downstream of SFA1
primer

Transformation of ySR127:

PCR amplification of selection marker (antibiotic) using constructed primers to create a gene
replacement cassette (PCR product).

.\
S ©©©% — —
|

Primers Antibiotic / l:e(a::ents ‘\\ 3

plasmids \/

Prepare the yeast ySR127 culture for transformation using a Lithium Acetate — Tris — EDTA
(LiAc-TE) solution.

Centrifuge to
collect cells /\
v Purified PCR products
ﬂ v Carrier DNA
A v LIAC-TE solution in 50%
‘ PEG 4000

Yeast ySR127 Washed with Re-suspended in Aliquot cells into Eppendorf tubes

overnight culture stgnle water then LiAc-TE solution + Transformation components
LiAc-TE solution

e Introduce cassettes into cells via heat shock treatment then plate on YPDA media before replica
plating onto selection media. Verify constructs via PCR.

Collect cells Plate N Replica Plate S Verification
— - — { ) - | - of constructs
Re-suspend s ir via PCR
in water YPDA Selection media
Incubate at 23°C then Incubate at 23°C Incubate at 23°C
heat shock at 42°C for 2-3 days for 2-3 days
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Figure 2.5. Construction of Auxin -Inducible Degron (AID) strains (Adapted
from Nishimura and Kanemaki, 2014)

Primer Design:

18 bases from

19 bases from
the degron-

50 bases near the C-terminal

the degron-
end of SFAI marker plasmid marker plasmid 50 bases outside of SFAI
I (]
5 primer 3’ primer
Parentgl SEAL —
strain ~o
| =~ ~ o
D d ' —
egron—tagge_ | SFA1 !] degron | | selection marker [!
strain
5 primer 3" primer

Transformation of yKC522:

0 PCR amplification of degron-marker tags using the constructed primers (PCR products)

PCR N ﬁ
Primers Degron-marker
plasmids — reagents \\

Prepare the yeast yKC522 culture for transformation using a Lithium Acetate — Tris — EDTA
(LiAc-TE) solution.

Centrifuge to

collect cells /\
v Purified PCR products
A ¥ Carrier DNA
¥ LIAC-TE solution in 50%
- PEG 4000

Yeast yKC522 Woashed with

' Re-suspended in Aliquot cells into Eppendorf tubes
overnight culture st_enle water then LiAc-TE solution + Transformation components
LiAc-TE solution

Introduce degron tags into cells via heat shock treatment then plate on YPDA media before
replica plating onto selection media. Verify constructs via PCR

/\/ /7 ———__ Replica Plate ‘} ‘ Verificati
[N y; N ‘ S erification
- 4'_)_ C heat \ - | ‘ of constructs
~ 5h°c A Collect cells ~— —

1 via PCR
ﬁ /\/ then plate YPDA Selection media

Incubate at 23°C Incubate at 23°C Incubate at 23°C
then Add 100% for 2-3 days for 2-3 days
DMSO
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2.6 Endogenous Formaldehyde Treatment (Low, Chronic Exposure)

For the single-knockout strains: A single colony isolate of s f a Eiagle

knockoutory j | O &i8gte knockout was cultured in 5 ml of YPDA media for three days
at 23°C (see Figure 2.6, step 1) On the third day, 500 cells were plated on synthetic
complete (SC) media and 1 x 10’ cells on canavaninesupplemented media (CAN) (see
Figure 2.6, steps2a 2b). These served as dnegsuémemtgNext,no tr e
0.50 ml of the three-day culture was aliquoted into fresh tubes containing 4.5 ml of YPDA
media and incubated for one hour at 23°C (see Figure 2.6, steps 3 4), before the
temperature was shifted to 37°C (see Figure 2.6, step 5 for knockouts) Incubation then
resumed for three more days(approximately 72 hours in total) with continuous gas flow.
One-millilitre samples were taken every 24 hours * days 1, 2 and 3" and plated onto SC
and CAN media to assess viability and mutation frequency, respectively (see Figure 2.6,
steps 6° 7). A nat ive ySR127 strain served as a control for this experiment.

For the degron strains: A single colony isolate of a sfal-degron or sfal-

degron/ vyj | 0@e8SFAL wastagged with a degron and YJLO68C was deleted)

was cultured in 5 ml of YPDA media for three days at 23°C (see Figure 2.6, step 1) On

the third day, samples were pl at emtasaramersbove f
(Figure 2.6, steps 2a” 2b). Next, 0.50 ml of the three -day culture was aliquoted into two

fresh tubes containing 4.5 ml of YPDA media and incubated for one hour at 23°C (Figure

2.6, steps 3" 4). At the end of the hour, one tube received a dose of auxin, indole-3-acetic

acid or IAA, to a final concentration of 500 uM. Since the auxin was dissolved in ethanol,

the other tube (negative control) received a dose of ethanol (final concentration of 500
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+M) in anticipation of t h&heehperatrewas shifted onf ound
37°C and incubation resumed for three more days (approximately 72 hours in total) (see
Figure 2.6, step 5 for degrons) One-millilitre samples were taken every 24 hours and
plated onto SC and CAN. A native ySR127 strain also served as a control for this

experiment (Figure 2.6, steps 6 7).

Figure 2.6. Experimental Procedure for the Low, Chronic Treatment of

Endogenous Formaldehyde using Genetically Modified Y easts

/ Synthetic
/ Complete (5C)
- 7 —

— .
Canavanine-

o supplemented (CAN)
Pre-growth culture [ §

(Grown for 3 days at 23°C) —

e Estimate the cell e Plate 500 cells on SC

concentration using Plate 1 x 107 cells on CAN
the hemocytometer Incubate for 3 days at 23°C

(@

— ) | (..

X N replicates —‘_)))
o Add 0.50 ml of the pre- o Incubate for 1h at o For knockouts: shift
growth into fresh tubes 23°C temperature to 37°C
containing 4.5 ml of For degrons: add auxin to (+)
YPDA media tubes and ethanol to (=) tubes

then shift temp. to 37°C

SC CAN l

' _ Take 1 ml samples at 24h
Plate on SC and CAN for every time point (day 1), 48h (day 2), and
Incubate plates for 5 — 7 days at 23°C 72h (day 3)
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2.7 Statistical Analyses for the Exogenous and Endogenous Formaldehyde

Experiments

Viability and mutation frequency data (i.e. Can "and Can" Ade frequencies) for
exogenous formaldehyde exposures were plottedsing interquartile range. A ssuming the
data follow a parametric distri btestwasusedwoi t h un
assess difference in mutagenicity under aerobic (room air) and anaerobic (nitrogen)
metabolism for each concentration (0 to 10 MM FA). I n addi ti on, Tukey s
comparisons test was used to examinesignificant differences between oncentrations for
each oxygenation condition (see Figures 3.1.1, 3.1.2, and 3.1.3)The alpha value was set
to 0.05 for all tests.

In the endogenous formaldehyde exposuresnutation frequencies betweenwild -
type,yj | 0 @&8ls @i a Wale alsocomparedusingWe | c htess(see Figure 3.1.4).
Mutation frequencies of pre-growth cultures and day-to-day auxin treatments of degron
knockout strains were assessed using the Tuke:

3.1.6 and 3.1.7).The alpha value was set to 0.05 for all tests.
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2.8 Single Base Substitution Signature Analysis of Formaldehyde-treated
Yeast Genomesusing the MutationalPatterns Software
Successful candidates screened from the exogenous formaldehy@speriments (see
Section 2.2) were usedfor the mutational signature analysis of formaldehyde First, DNA
was extracted using zymolyase, potassium acetate and zropanol. Sequencing was
performed by Genome Quebec using the Illlumina HiSegX technology generating pairee
end reads of 150 bases. Genome datavas mapped using ySR127 as a reference genome
(GenBank Assembly Accession: GCA_001051215.1) through Bowtie2version 2.3.4.1)83]
and SAMtools (version 1.9)[84]. Variants were called and filtered using BCFtools (version
1.9)[85] generating a final mutation file (called a VCF or variant call format file).  Filtering
for unique variants ensures that all mutations analy zed can be uniquely attributed to
formaldehyde mutagenesisUnique variant calls were selectedusing the following criteria:
a. Quality Score * variant calls with Phred quality scores of 30 and above, which
signifies a base call accuracy of at least 99.9%
b. Depth Score" calls reported from 10 or more reads i.e. coveragewith OLO reads
c. Redundancy ' calls that were reported more than once across all sampleswere
discarded
The collection of VCF files was merged into one and then analyzed using an R
package called MutationalPatterns[86] to extract mutational signatures. Untreated yeast
genomes were also included in the analysigor comparison.

MutationalPatterns utilizes an algorithm called non-negative matrix factorization

or NMF to deconvolute patterns of mutations within a set of data . The NMF algorithm
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requires a _seed, number anrdtobeginit$ alcutatom. Az at i on
. seed, nanymdan@om number that serves as a starting point for the algorithm to

initialize its calculation. The fact or i z art number defiaes kKhe ,number of

signatures required to approximate the profiles of the final mutational signatures. In other

words, it is the expected number of signatures within a given data set. Since this number

i s unknown, ., a € o mmo nis tw ayydiffeveint values; ¢ohpute gome n
guality measure of the results, and choose the best value according to this quality crite r i a -
[87] This is called an NMF rank survey. There are several different quality
measurenents that can be used to choose ar value, but the most common approach is

the cophenetic correlation coefficien{88]. The _ b e s t v isithewsreallest maumber for

which the coefficient starts decreasing. Performing 30 © 50 runs of the NMF algorithm

given a range of r values is considered sfficient to obtain a robust estimate of the
factorization rank [87]

MutationalPatterns can also assess the similarity of two mutational signatures by
calculating their cosine similarity and residual sums of squares. Much of the analysis
reported here uses the cosine similarity value to interpret the significance ofresults. Cosine

similarity is a metric that measures the similarity of two vectors through their cosine

distancg89] In mutational signature analysis, each signature is treated as a vector
projected over axes 0f96 mutation types, as per the COSMIC classification of single base
substitutions (see Figure 2.7. The smaller the cosine angle between the two signatures,
the higher their cosine similarity with O being the lowest and 1 being the highest value.

Thus, a cosine similarity value of one (cossim = 1) signifies identical signatures.
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Altogether, t he NMF algorithm was used to decipher the putative formaldehyde
single base substitution (SBS) signature and this signature was comparedto those found
in COSMIC (Catalogue of Somatic Mutations in Cancer), which is the collection of known

mutational signatures from cancer genomef81], using cosine similarity.

Figure 2.7. Vector Diagram of the Cosine Similarity Algorithm with respect
to Mutational Signature Analysis

Each 96-mutation type is represented as their own axis or dimension, and the vector
mutational signatures are plotted over this multi -dimensional space The cosine dstance
of their angle will determine their degree of similarity ~ the smaller the cosine angle, the

more similar the two signatures are.

Each axes represents the
frequency of each mutation type
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2.9 Insertion/Deletion Signature Analysis of Formaldehyde -treated Yeast

Genomes

Indel data from formaldehyde-treated and untreated yeast genomes were also
filtered using the criteria enumerated from the previous section (Section 2.8). In general,
indel (ID) signature analysis was performed using base R functions as well as the STRAH
package (Short Tandem Repeats Analyss of Hotspot Zones)90].

Indel classification was based on indel lengths and sequence motif repetitionsFirst,
insertion and deletion lengths of formaldehyde-treated and untreated (or no formaldehyde)
yeast genomic data were plotted as bar graphs to visualize their overall distribution. Next,
the sequence context of each of these indel lengths were classified based on their number
of occurrences within the sequence in which they were located. Since an isertion or
deletion is usually a repeat unit of its target sequence, the STRAH package wasused for
searching and tallying matches of tandem repeats within a sequence contex1]. Overall,
the indel classification described here yields 50 possible mutation types classified by the
indel length, the number of repeat units in the sequence context, and whether it is a
deletion or insertion (see Figure 3.2.5).

Cosine similarity was also calculated between the putative ID signatures of
formaldehyde and no formaldehyde treatments to assesgheir uniqueness Similar to the
calculations performed in th e SBS analysis, eab putative ID signature were treated as a
vector projected over axes of the 50 possible mutation types. The closer the cossim value

is to 1, the more similar the signatures are.
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2.10 Single Base Substitution Signature Analysis of Head and Neck Cancer

Genomesusing the MutationalPatterns software

The MutationalPatterns package was used to perform a de novo extraction of
signatures from head and neck squamous cell carcinoma (Hea®&CC) -cancers.
Nasopharyngeal and sinonasal cancer samples, whiclwere strongly associated with
formaldehyde exposure, aregrouped within the head and neck cancer data[92]. The entire
Head-SCC dataset was analyzed because there was no unique identifier for each of the
cancer types enconpassed within this group to allow selection for specific cancer types of

interest.

De novo extraction began with conducting an NMF rank sur veyusi ng Brunet

method of NMF and cophenetic coefficient as the quality metric. After 50 iterations, a

cophenetic coefficient value of 0.990 can be achieved with factorization rank number of
three, r = 3. This is the highest cophenetic coefficient value that could be attained given
all the possible r solutions, and thus, a three-signature NMF extraction was performed for
the Head-SCC dataset After NMF characterization, the mutational signatures were
compared to the COSMIC signatures as well as the putative formaldehyde signature

deciphered from yeast genomic data using cosine similarity.
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3. Results

3.1 Generating Mutants for Signature Analysis while Examining the Effects

of Formaldehyde in the Yeast Model System

3.1.1 Exogenous Formaldehyde Treatment (High, Acute Exposure)

A large amount of mutation data is required in order to confidently decipher a
mutational signature[29]. Our model system can produce hundreds of mutations within a
single genome and has been demonstrated to successfully characterize mutational
signatures for known mutagend8, 68, 93] The first objective of this research seeks to
address not only the extent of formaldehyde s
which the most amount of mutations can be generated sufficient for mutational signature
analysis.

Two parameters were used to examine the mutagenic effect of formaldehyde:
viability and mutation frequency. Viability can be measured by colony growth on
synthetic complete (SC) media and mutation frequency on canavaninesupplemented
(CAN) media. Within the context of thisr esear ch, —mutation frequenc
the number of gene inactivating mutations. Two kinds of mutation frequencies were
analyzed in this experiment to understand the rate of multiple mutation induction of

formaldehyde within cells ~ the single-gene inactivation frequency (i.e. CAN1l gene

31



inactivation, referred to as CanR frequency) and the double-gene inactivation frequency
(i.e. CAN1 and ADE2 gene inactivation, referred to as CanfAde  frequency).

To begin, | exposed our yeast to a range of formaldehyde (FA) concentrations ™ 2
mM, 4 mM,6 mM,8 mMand 10 mM " i ncluding a _no formal de
for control (O mM) , to gauge the extent of its mutagenic effects. Moreover, exposures were
conducted under two atmospheric conditions™ oxygenrich (room air; 79% nitrogen, 21%
oxygen) and oxygendeprived (nitrogen) conditions. This is because peliminary data
from our group revealed that aerobic respiration vs. anaerobic respiration generated
different effects in mutagenesis, where the number of mutationsunder aerobic respiration
are higher than those under anaerobic respiration. Therefore, the effects of formaldehyde
mutagenesis could also vary between the two oxygenation conditions.

As expected, when no formaldehyde (0 mM FA) is present, cell viability remains
relatively the same under both oxygenation conditions. On the other hand, viability was

significantly affected after formaldehyde treatment, especially at 8 mM and 10 mM FA in

both room air and nitrogen (see Figure 3.1.1). The difference between 0nM and 8 mM

FA was significant in both room air (p<0.001)
Likewise, the differencebetween 0 mM and 10 mM was significant under both conditions
(p<0.001 by Tukey s test). ViabilityFAdnrecr ease

nitrogen and 92% in room air. Moreover, the decrease in viability in room air is about

twice as low as the decreag in nitrogen under these incredibly high formaldehyde

exposures
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Although there was no difference in viability between room air and n itrogen under
0 mM FA, there was an observable difference in mutation frequencies between the two

oxygenation conditions (see Figure 3.1.2). The mutation frequency under aerobic

metabolism is five times higher than anaerobic metabolism. This implies that t here exist

chemical agents within aerobic metabolism that are sufficiently mutagenic, and added
pressure from exogenous mtagens, such as formaldehyde, may further increase the

amount of mutations in the genome.
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Figure 3.1.1. Effects of Exogenous Formaldehyde Treatment to Viability

under nitrogen (anaerobic) and room air (aerobic)

In nitrogen, viability was reduced to * 73% under 8 mM FA and * 53% under 10 mM FA

exposure. In room air, it decreased tox 38% and* 8% under 8 mM and 10 mM FA
respectively, which is approximately two times less than FA exposure in nitrogen.

* denotes signif i can destfoan=_38mieldyicabréplichtgs foibadhc h s t

treatment.
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The CanR frequency or singlegene inactivation frequency is the rate of inactivating
mutation induction on the CANL1 reporter gene. This was measurd by dividing the cell
plating efficiency on canavanine-supplemented (CAN) media by the cell plating efficiency
on synthetic complete (SC) media (see Section 2.2) CAN1 codes for an arginine pegmease,
which transports arginine into the cell. Canavanine is a toxic analog of arginine, in which
Canlp is also capable of transporting into the cell. If normal cells are exposed to
canavanine, it can be incorporated in proteins in lieu of arginine, rendering those proteins
non-functional. When a mutation occurs in CAN1, canavanine can no longer be introduced
into the cell, making these cells resistant to canavanine (CanR). Thus, colonies growing
on CAN media effectively has a mutation on their CAN1 genemaking them canavanine
resistant.

Under formaldehyde exposure, CanR frequency occurs about an order of

magnitude compared to no formaldehyde exposure on averagésee Figure 3.1.2). Other

than the 10 mM FA exposure, the differences in CanR frequencies between room air and
nitrogen under 0 © 8 mM FA exposure is very significant. Moreover, despite having no
differences in viability under 0 ©~ 6 mM FA room air and nitrogen exposure s, single-gene

inactivation events varied under each of these concentrations with mutation frequencies

occurring five times higher in room air t han nitrogen on average It is interesting that

even though a significant difference can be observed between room air and nitrogen
viabilities at 10 mM FA, the difference in their mutation freq uencies is not statistically

significant.
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The CanRAde frequency or doublegene inactivation frequency examines mutation
induction in the CAN1 and ADE2 genes.ADE2 codes for the protein responsible for
synthesizing adenine in the yeast cell. If a mutation inactivates the ADE2 gene (Ade),
cells display a red pigment indicating adenine deprivation. Therefore, colonies that
survived on CAN media that were red or pink in color are indicative of the Can RAde
phenotype, i.e. canavanineresistant cells with an inactivated ADE2 gene. This implies
that these cells have at least two mutations in their genome.

Overall, double-gene inactivation events occur at a frequency that is two orders of
magnitude lower than single-gene inactivation events (see Figure 3.1.3).Under no
formaldehyde exposure (0 mM FA), the difference in CanRAde frequency between room
air and nitrogen is significant. And while double -gene inactivation frequencies were

generally higher when exposed to formaldehyde, onlyunder 4 mM and 6 mM FA was

there a statistically significant difference between roomair and nitrogen.

Looking at the overall trend of both mutation frequencies (Can R and CanRAde
frequencies), it seems that there is a steady increase from 0 mM to 4 mM, then plateaus
at 6 mM, and e ventually decreases slightly at 10 mM. This may be related to cell viability
where cells become less in number when formaldehyde concentration increases. Since
mutation frequency calculations were dependenton the number of viable cells, we deduced
that th e decreasing number of cells when exposed to 6 10 mM FA limited our ability to
accurately measure mutation frequencies at increasing FA concentrations. While we
expected mutation frequency to steadily increase as concentrations increase, we were

restrained by the number of cells that have survived these higher concentrations. Thus,
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the mutation frequencies reflected at 6 © 10 mM FA could quite possibly be the maximum
mutational burden our yeast can tolerate without compromising their viability.

Nonetheles, these results indicate that formaldehyde can induce mutiple mutations at a

rate that is approximately one or two orders of magnitude higher than no formaldehyde

exposure

As a whole, my findings indicate that our yeast model is capable of tolerating
formaldehyde toxicity and mutagenicity of up to 6 mM, after which its viability starts to
decreaseViability remains relatively steady from O ~ 4 mM and only starts to decrease
after 6 mM. Mutation frequency only seems to increase from0O °~ 4 mM and starts to
plateau after 6 mM . Moreover, room air exposure generates a higher mutation frequency

than nitrogen exposure. Thus, the maximum mutational load our yeast can bear is when

it is exposed to about 6 mM FA under aerobic conditions . Using this ideal condition , more

than 2500 mutants were generated and screened from this experiment in which 208
samples were sent for wholegenome sequencing and computationally analyzed for the
putative formaldehyde mutational signature (see Section 3.2.1).

While the goal of exogenous formaldehyde exposure ig0 optimize for mutation
induction in our yeast model as well as gauge for immediate mutagenic effects, the
concentrations used in these experimentsare far from physiological levels. Thus, we also
examined formaldehyde mutagenicity under a low, chronic exposure as it is biologically.
To do this, endogenous formaldehyde treatments were performed through the deletion of
essential formaldehyde dehydrogenases within our yeast modelwhich is discussed in the

next section (Section 3.1.2).
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Figure 3.1.2. Effects of Exogenous Formaldehyde Treatment to CarR

Frequency or Single-Gene Inactivation Frequency

CanR frequency refers to the occurrence ofCAN1 gene inactivating events, implying that

the cells have at least one mutation. The singlegene inactivation frequency at both
oxygenation condition increases from 0" 4 mM then begins to plateau at higher

concentrations (6 © 10 mM). Other than 10 mM FA, th e difference between room air and
nitrogen exposure at every concentration is sigrificantly different. * denotes significance
at p<0.05, ** denotes significance at p<0.01, and *** denotes significance at p<0.001 by

We | c¢ htestsfor b = 8 biological repli cates for each treatment.
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Figure 3.1.3. Effects of Exogenous Formaldehyde Treament to CanRAde'
Frequency or Double-Gene Inactivation Frequency

CanRAde frequency refers to the occurrence ofCAN1 and ADE2 gene inactivating events,

implying that the cell s have at least two mutations. Significant differences can only be
observedatOmMM, 4 mM and 6 mM FA. * denotes signifi

test for n = 5 biological replicates for each treatment.
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3.1.2 Endogenous Formaldehyde Treatment (Low, Chronic Exposure)

Since mice knockout studieg53 55] have demonstrated that formaldehyde within
the blood is a potential carcinogenic risk, | also performed a knockout study using our
yeast model to validate the mutagenicity of endogenous formaldehyde The essential
formaldehyde dehydragenases in yeast are SFA1 and YJLO68C. Using the same
measurement parameters from the exogenous formaldehyde treatment, | assessed
mutation induction through cell viability and CanR frequency (hereafter referred to
as _mutation f r &&da drequency fould rnbthbe acCietely measured in
this assaydue to limited numbers of red colonies, indicating that double gene inactivating
events in this type of exposure is quite infrequent.

Single knockout strains sf a 1amd y j | O 6nv8re €onstructed using a standard
yeast genetic modification technique (i.e. homologous recombination). Pregrowth cultures
were plated on CAN media to assess basal mutation frequencies. Initial replicates (n = 3)
of pre-growth cultures showed that s f a dull mutants have unusually high background
mutations compared to y j | 0 @r8itanis. However, subsequent biological replicates (n
= 10) of both null mutants tested in conjunction with wild -type (yYSR127) revealed

contrary results. It appears that the absence of Yjl068cp results in a mutation frequency

that is significantly different from wild -type ( p=0. 006 9 b yest)Weilecdhe

absence of Sfalp does not affect mutation frequency (see Figure 3.1.4)Moreover, the
deletion of YJLO68C seems to result in a lower mutation frequency than that of wild -type,
which is suggestiveof Yjl068cp activity in contributing to baseline mutations when it is

present within the cell. Although these results are statistically significant, the fold-change
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difference between wildtype and v | | 0 6i8 quite non-substantial. Furthermore,

comparison of dayto-day mutation frequencies between null mutants and wild -type
hardly varied from each other. Days one to three mutation frequencies were around 104
and 10°for all strains (n = 2 biological replicates; data not shown).

Consequently, | attempted to construct a s f a G | 0 6ddubla knockout

expecting a much drastic effect can be observed. However, this genotypeproduced very

tiny colonies even after almost a week of incubation at 23°C (see Figure 3.1.5A), which

suggested that deletion of both these formaldehyde dehydrogenases can result in a growth
defect in cells. Therefore, instead of completely knocking out both genes, we decided to
utilize the auxin -inducible degron (AID) system as an alternative approach to simulating

a _ de&wunolck out | phenotype in our yeast. The
conditionally deplete a protein of interest under the presence of an auxin inducer[77].
Auxins are plant hormones that control gene expression during growth and development.
This system requires a ubiquitin ligase complex called SCFTIR1 ( Skpl = Cull °= Fbox
T ransport I nhibitor Responsel) complex in order to recognize the degrorfused protein
and signal the rapid degradation of the protein (see Figure 3.1.5B). This system was
applied in yeast and other animal cells by Nishimura et al. (2009) to deplete endogenous
proteins of interest. They developed this system so that proteins are depleted only in the
presence of an auxin over a wide range of temperéures, such as 37°C. Proteins can be
recovered after transferring cells to a suitable medium without auxin, making this

technique a reversible and optimizable system.
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Using their protocol for generating my own degron-fused straing78], SFA1 was
tagged with a degron (sfal-deg and YJLO68C was deleted {y j | 0 )% @ewoetating sfal-
deg/ yj kt@ibs8Tt éreason for exclusively taggingSFAL and not both proteins with
the degron was mainly due to the results of the initial n = 3 biological replicates that
suggesteds f a fdnerated higher background mutations, whiley j | 0 6b8ckgiound
mutations were inconsequential. Quantifying mutation frequ encies from a strain that
generates high baseline mutations could confound our results and therefore, controlling
the expression of SFA1 was the best option; SFA1 became the ideal candidate for the
degron system given the data available. As mentioned previously, the sfal-d e g/ yj | 06 8 c U
strains also required the SCFTIR1 complex, and thus, the TIR1 gene of Oryza sativa
(rice), OsTIR1, was also introduced into the cells using the protocol outlined in

Papagiannakis et al. (2017).

42



Figure 3.1.4. Effects of Endogenous Formaldehyde Treatment to CanR

Frequency in Single Knockout Strains

These are mutation frequencies after three days of growth at 23°C (i.e. pre-growth).

Initially, s f a éxfibited a significantly higher mutation frequency than wild -type (n =3

biological replicates). Instead, subsequent replicates revealed that mutation frequencies

betweeny j | 0 @@davild-type were significantly different, while s f a and wild-type

frequencies were not This result, however, is quite inconsequential because the foldchange

difference is very little betweeny j | 0 @&l evild -type mutation frequencies.
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Figure 3.1.5. Results of the Double Knockout PhenotypelLeading to the Use

of an Alternative Approach

(A) Genetic modification of wild -type ySR127 strainto s f a 1 0 vy jddullekBockaut

through homologous recombination The red box shows an enlargement of a section ofthe

antibiotic selection plate. The yellow circle highlights one tiny colony of the double

knockout strain. (B) Schematic diagram of the mechanism of the auxin-inducible degron
(AID)system. The degron system was used as an -altern:

k nock o ®FAR and ¥JL068C.
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The mutagenic effect of endogenos formaldehyde was examined in the constructed
sfal-d e g/ y | |IstWaths siniply by growing them in rich-media for three days and
measuring their mutation frequency day by day. The wild -type (ySR127) and OsTIR1
strains (i.e. yKC522, which is wild -type containing the SCF-TIR1 complex without the
degron system) were also tested alongside thesfal-d e g/ y | Icélls6a8 cofirols. Three
different versions of degron tags were tested in this assay’ AID, mini -AID (mAID) and
3x mini-AID (B3mAID) ° and all three tags displayed similar mutation frequencies.
Therefore, the result summarized in Figures 3.1.6 and 3.1.7 forsfal-deg/yjl 0 6 S8stains
is the mean data from all three degron tags.

The background mutations (i.e. mutation frequency atdayO)of sfalld eg/ yvj | 068 c U

were three times higher than wild-type (p=0.028 by Tukey s test), whil e

mutations between the controls are not significantly different (see Figure 3.1.6). However,

upon temperature shift to 37°C for three days, there is no clear difference in mutation

frequencies observed between eachirain with or without the presence of auxin (see Figure

3.1.7). It i s important to note that day 0 samples have not been treated with auxin as
these samples were grown for three days under 23°C, which means that Sfalp remained
present within the cells and was not depleted prior to measuring mutation frequency on
day 0. Sfalp should theoretically have been depleted after 30 minutes following the
addition of auxin before the temperature shift to 37°C on day 1 [77]. Overall, these results
do validate the fact that yeast is quite tolerant to endogen ous formaldehyde since the
threshold for formaldehyde toxicity in S. cerevisiae seems to lie between 1 mM and 5

mM [94]. Although there seems to be no remarkable effect in mutation frequency after the
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endogenous treatment of formddehyde, all of the different genetically modified

backgrounds (i.e. single knockoutand degronknockout strains) do express sensitivity to

formaldehyde after a 24-hour exogenousexposure to 2 mM FA at 23°C (see Figure 3.1.8).

Samples treated with exogenows formaldehyde were much slower in growth as their
doubling time seem to be delayed r about six hours. The controls (wild-type and

OsTIR1) also showed sensitivity to formaldehyde, but the difference in sensitivity between

the controls and yeast constructs remains to be investigated. Furthermore, more biological

replicates of this assay ae required to accurately quantify the difference in cell densities

of FA-treated and untreated samples between controls and genetically modified strains
since only one replicate has been examined so far.

Overall, the examination of endogenous formaldehydetreatment through gene
manipulation studies needs further investigation in order to solidify t he chemi cal
mutagenic effects within the cell. And while these genomes are also of great interest in
signature analysis, unfortunately, endogenous exposure cdd not produce as many
mutations as we would expect under exogenous or high, acute exposureThis was
evidenced by the limited number of red colonies producedin this low, chronic treatment,
which is our indication of multiple mutation induction . Hence, asprefaced in the previous
section, only the exogenously treated yeast genomes were further processed and ssgnced

for mutational signature analysis of formaldehyde.
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Figure 3.1.6. Mutation Frequency of Pre -growth Cultures (day 0 samples) of
sfal-degl/yjloO6 8 c 4 Str ai ns

Pregr owt h cul tures were gr ownt yfpoer trherfeeer sd atyos taht
strain; . OsTIlI R1 refers to TRheomplrax,n -zmat as
deg/yjl 068cZ. r e taggeds SFAloandtyhj d 0 @k8agkdud strain. The

background mutations of sfal-d e g / y j lis@ignBicanily higher than wild -type.
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Figure 3.1.7. Effects of Endogenous Formaldehyde on sfatdeg/ yj | 068c 0
Strains after Auxin Tre atment and Temperature Shift

. With auxin, sampl es wer3acterteiact eadc iwdi,t hl AdAuU)x,i nw h(
samples were treated with ethanol (because the auxin was diluted in ethanol). Three

different degron tags were tested” AID, mAID and 3m AID ° which all showed similar

CanR frequencies. Therefore, thesfal-d e g / y j |d&xebré&fersito the combined data of

all three different degron-knockout backgrounds. No significant differences were observed

bet ween _ with au xaated samgpleshnd betweenastuaxsbry, Tukey s t e
for n = 5 biological replicates.
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Figure 3.1.8. Formaldehyde Sensitivity of All Genetically Modified Strain s

(A) Exogenous formaldehyde exposure for single knockout strains. (B) Exogenous

formaldehyde exposure for degron strains treated with and without auxin. Treatment was

performed under 23°C. All genetically modified strains

sensitivity to formaldeh yde. This assay requires more replicates to effectively compare the

difference in sensitivity between wild -type and constructs (n = 1 biological replicate).
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3.2 Computational Characterization of the Mutational Signature of

Formaldehyde Using Yeast GenomicsData

3.2.1 Single Base Substitution (SBS) Signature

Yeast genomes from the high, acute formaldehyde exposure experiments were
extracted and sequenced to begin this analysis. Sequenced genomes were then mapped to
a reference genomen order to identify specific mutations or variants found within the
treated yeast genomes (see Section &.for details). The variants were then filtered for
quality score, depth score, indels and redundancy(also elaborated in Section 2.8) This
stringent filtering measure ensures that variant calls processed by the nornegative matrix
factorization (NMF) alg orithm can be uniquely attributed to formaldehyde mutagenesis
only. In total, | have analyzed three different data sets of formaldehyde -treated genomes
with 208 genomes containing 1681 unique mutations, along with two sets of non-
formaldehydetreated genomeq93] with 250 genomes containing 1620 ungue mutation
calls.

Using the NMF function from the MutationalPatterns package [86], the single base
substitution signature analysis began with an NMF rank survey (explained in Section 2.8),
in which | ran 50 iterations of the algorithm ( i.e. Br unet . s me t[8p dor o f
factorization rank numbers 2to 5, r = 2 to r = 5, simulating tw o- to five-signature
solutions within the formaldehyde and non-formaldehyde data sets (see Figure 3.2.1A).

The cophenetic coefficient started decreasing atr = 2 (coefficient = 0.94) and starts to
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increase atr = 3, which means that extracting two signatur es from my data set will give

the most meaningful results.

A single base substitution signature is characterized over six main types of base
substitutions * CY A,CYG,CYT, TYA, TYC,and TY G * with each subdivided into
16 unique trinucleotide motifs thereby, classifying 96 possible mutation types. After
performing 100 iterations of the NMF algorithm using r = 2, | have deciphered signatures
for formaldehyde and no formaldehyde treatment, which were remarkably different from
each other based on their cosine similarity value (see Figure 3.2.1B). Since identical

signatures produce a cosine similarity (cossim) value of 1,Signature A and Signature B

produced a cossimvalue of 0.731, which signifiestwo very different patterns of mutations.

The defining difference between the two signaturescould be owed to the high frequency
of CY A transversions in TC n motifs observed in Signature B (wheret he _ mi ddl e C_ |
mutated base,and . n, denotes any nucleotide base).

In addition, relative attributions of each signature were analyzed within the
different datasets = EM18 and EM19 for untreated samples (i.e. no formaldehyde
treatment), and FA -J19, FA-M18 and FA-N18 for treated samples (i.e. formaldehyde
treatment). Signature A was mostly found in untreated samples while Signature B
contributed the most in mutations found in formaldehyde -treated samples(see Figure
3.2.1C), and thus, Signature B may possibly be the unique formaldehyde signature. As
validation, I pl otted the mutati onalt rperactfeidl es
data set and calculated their cosine similarities aganst Signature A and Signature B,

respectively. | have chosena cossim value of 0.90 as the minimum requirement to denote
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close similarity between two signatures. Sighna
gave a cossim value of 0.996, while Signat r e B andt rtehaet e dFA mut ati ona

gave a cossim vdue of 0.99. This confirms that Signature B is the putative formaldehyde

single base substitution (SBS) signature,and Si gnature A can be apt

formal dehyde,  SBS signature.

Becausethe seed number was manually initiated by the user, this may have
affected the way NMF perform ed. Thus, to verify the robustness of the signature solutions
deciphered by the NMF algorithm, | decided to generate 10 different solutions, each of
which started with a different seed number, randomized by a random number generator,
and was calculated for 10 iterations. The mean and standard deviation of the 10 different
solutions were then used to generate Signature A and Signature B. This strategy resulted
in solutions that have virtually little to  no variation between solutions (see Figure 3.2.2)

demonstrating that regardless of the number of iterations or seed number, the putative

formaldehyde mutational signature and no formaldehyde signature are reproducibke

solutions by NMF . Furthermore, the cosine similarity values of these multiple-iterated

signature solutions to the mutational profiles of FA -treated and untreated datasets were
0.9897 for Signature B vs. FA-treated and 0.9957 for Signature A vs. untreated, which
further validates the previous observation for the one-solution signature profiles of

Signature A and Signature B.
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Figure 3.2.1. Signature Extraction by Non -Negative Matrix Factorization
(NMF) Algorithm

(A) The NMF rank survey was run for 50 iter ations to solve for the optimal number of
mutational signatures that exist within the data set. Based on the cophenetic coefficient
measure of quality, factorization rank r = 2 will give the most robust solution for NMF.
(B) Using r = 2, two signatures were extracted from the given data set (two no
formaldehyde and three formaldehyde data sets). The main difference between the two
signatures lie on the frequency of TCnY TAn transversions found exclusively in the
formaldehyde data sets. The cosine similarity value of these two signatures is 0.731
denoting remarkably different patterns of mutations. (C) The relative contribution (top)
and absolute contribution (bottom) of each signature is plotted for each data set.
Signature A is mostly found in untreated samples (data sets EM18 and EM19), while
Signature B is mostly found in formaldehyde -treated samples (data sets FA-J19, FA-M18,

and FA-N18).
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Figure 3.2.2. The Putative Single Base Substitution (SBS) Formaldehyde and
No Formaldehyde Signatures Generated flom 10 Different Solutions of the
Non-Negative Matrix Factorization (NMF) Algorithm

The FA SBS signature was generated using 208 genomes contaiing 1681 unique
mutations, while t he No FA SBS signature was derived from 250 yeast genomes with 1620
unique mutation calls. The height of each bar in each si
value of the 10 different NMF solutions for that mutation type, and the error bars
representthe, st andar d Tdealgarithn imitially produced Signature A (bottom)
and Signature B (top) as solutions. Cosine similarity calculations against the formaldehyde
and no formaldehyde dataset confirms that Signature B is the putative formaldehyde
signature (cossim= 0.9837), while Signature A is the putative no formaldehyde signature

(cossim = 0.9957). The cosine similarity of these two signatures to each other is 0.737,

which denotes vastly different signatures signifying that the two treatments generate their

own unique pattern of mutatio ns.
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3.2.2 Insertion/Deletion (ID) Signatur e

Although they exist in relatively small numbers, indel s were also important
indicators for f or miltothletheyedare 483 umud irdgl ganiamts i s
within 208 formaldehyde-treated genomes and 714 unique indels within 250 untreated
genomes. These were also filtered by quality score, depth score, and redundancy to asure
uniqueness of each cal(see Section 2.8) The major challenge in this analysis, however, is
mainly due to the varying characteristics of these indels. Indels can be short(of 1 to 5
bases) or long (of 6 or more bases)in length; they can occur in repetitive elements (such
as homopolymers or short tandem repeats), or nonrepetitive elements (such as
microhomologies); and the length of repeat elements may also influence theiroccurrence.
While Alexandrov and colleagues (2020) have identified and clasdied 17 unique small
insertion and deletion (ID) signatures from cancer genomesusing an indel classification of
83 mutation types, ., there is no singl enstrained et ofilre and
mutation types as there arguably are for single base substtution s [31] Therefore, | have
devised my own indel classification for simplicity as it reflects the available d ata set on
hand.

To begin this analysis, | compared the indels from each treatment based on their

sizes (see Figure 3.2.3).The frequency of each deletion length seems to be the same

between treatments, unlike insertions where there is an observable exces®f 1-base

insertions from the formaldehyde-treated samples compared to the untreated samples

Indeed, the cosine similarity of the deletions is 0.965 denoting cuite similar distributions
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between treatments, while insertions has a cossim value of 0.834. Oa area of dissimilarity
could be the difference in 1-base insertions.

Further analysis of the 1-base insertionsrevealed that formaldehyde treatment

cauxd an increase in A insertions by about 10% (see Figure 3.2.4). The frequency of

other 1-base insertons (C, G and T), on the other hand, seems to have decreased by at

least 5% in the presence of the mutagen C deletions also seem to be favoured by

formaldehyde treatment over all types of 1 -base deletions Generally, when comparing the

overall distributio n of indels between the two sets of data, the untreated samples have
relatively equal frequenciesof single nucleotideindels, while formaldehyde exposure causes
fluctuating frequencies of 1-base insertions and deletions with clear favor over A-base
insertions and C-base deletions.

While the goal is to create an ID signature that resembles the COSMIC
classification, | have decided to take a similar but simpler app roach in classifying these
formaldehyde indels due to their complex nature. First, indels were grouped based on their
length * one base (1bp), two bases (2bp), three to four bases (24bp), five to nine bases
(5-9bp), and 10 or more bases (>10bp). Close exanination of t he | mmedi at e 51
sequences (i.e. 100 bases upstream and downstream of the del) revealed that most
variants commonly occurred at repetitive elements, and typically, the indel is a repeat
unit within these homopolymer or short tandem repeat elements Thus, the indel

classification reported here definesan indel mutation type by its size and the number of

repeat units within its location . A r epeat unit si ze ordpeating,6 or

unit for deletions and insertions, respecively. Figure 3.2.5 shows the two putative indel
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signatures for formaldehyde and no formaldehyde treatment generated using thisindel
classification of 50 possible mutation types.

The FA ID signature shows that deletions of >5 bases in length occur frequently
even when they are not repeated within the sequence. Although 5-9bp deletions at non-
repeating units also occur without the mutagen (i.e. no formaldehyde), this indel type
occurs at a higher frequency with the mutagen. Interestingly, 3-4bp insertions in 5 or mor e
repeat units and other long base insertions (>5bp at any number of repeat units) occur
frequently under no formaldehyde exposure, while this occurs less with formaldehyde

treatment. Overall, the putative formaldehyde and no formaldehyde indel signatures

produced a cossim value of 0.792 denoting remarkably different patterns of mutations

from each other. Formaldehyde exposure, therefore, generates a unique pattern of
mutation of single-base substitutions and indels quite different from no formaldehyde

expaosure.
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Figure 3.2.3. Indel Types By Length for No Formaldehyde and Formaldehyde

Treatments

Deletion types between No Formaldehyde (246 deletions) and Formaldehyde (265
deletions) do not differ much, however, insertion types between the two treatment ( 203
FA insertions and 469 No FA insertions) have a clear difference at 1-base insertions.
Formaldehyde-treated samples (upper left panel) bears a clear excess of -base insertions
compared to untreated samples (lower left panel), which implies a preferencefor 1-base
insertions under formaldehyde mutagenesi s.

of a particular insertion or deletion type found within all the insertions or deletions in the

dataset.
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Figure 3.2.4. Comparison of 1-Base Insertions Between No Formaldehyde

and Formaldehyde Treatments

Further analysis of the 1-base insertions shoved a clear difference in pattern between the

two treatments, where formaldehyde exposure favors A base insertions more fequently

than other base insertions and favors C deletions over other base deletions. The preference
for 1-base insertion and deletion events under no formaldehyde treatment remains

relatively constant across all types of bases.
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Figure 3.2.5. Putative 1 ndel Signatures of Formaldehyde and No
Formaldehyde Exposures

Each mutational profile was derived from 468 indel calls for Formaldehyde and 714 indel
calls for No Formaldehyde. These signatures were generated simply by calculating the
relative contribution of each mutation type. Deletions and insertions are classifi@ into
five main indel types, which is defined by their length, and further subdivided based on

the nature of the sequence where they are located repeating or non-repeating units. A

repeat uni t of 1 andepedt iam @ wmintsssamaifineadiond ebat i o

respectively.
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3.3 Significance of the Formaldehyde Single Base Substitution Signature by

Examining Cancer Data

3.3.1 Formaldehyde SBS Signature vs. COSMIC SBS Signatures

To begin assessing the relevance oformaldehyde in cancers cosine similarity
valueswere calculated betweenthe deciphered formaldehyde SBS signature against all 67
COSMIC SBS signatures to assesssimilarity (i.e. the 49 Single Base Substitution (SBS)
signatures and 18 suspectedsequencingartefacts). This strategy would not only provide
an initial corroboration of an unknown cancer signature (or signatures) to a well-known
mutagen but will also verify the significance of formaldehyde mutagenesisin cancers.
Figure 3.3.1 summarizes the cosie similariti es of all COSMIC SBS signatures versus the
putative formaldehyde and no formaldehyde SBS signatures.

To reiterate, | determined closely similar signatures by usinga minimum cossim
value of 0.90. The formaldehyde signature showed the closestesemblance b SBS40 with
a cossim value of 0.843, however, this cosine similarity is relatively low to confidently
make this association. This result was not surprising as a quick visual examination of the
formaldehyde signature compared to all COSMIC SBS signatures $iowed no obvious
matching general patterns. As noted earlier, the most defining feature of the formaldehyde
SBS signature was the abundance of ¢ A transversions in TCn motifs, which is a pat tern
observed insomeCOSMIC SBS signatures but not SBS40 (see Figure 3.3.2B for SBS40)
This led us to suspect the possibility that the formaldehyde SBS signature may be a

composite of two or more signatures.
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To confirm this, | performed a reconstruction analysis where combinations of
COSMIC SBS signatures wereassessed to determine which compositiorbest explains the
patterns observed inthe formaldehyde SBS signature. Reconstruction was conducted by
combining two or three COSMIC signatures together then calculating the cosine similarity
value of this new composite signature versus the formaldehyde signature. The highest
cosine similarity value of a pairwise reconstruction was 0.899, which was achievedhrough
the combination of COSMIC SBS40 and SBS52. This cossim value is just below my set
threshold for similarity hence, | decided to examine a triple -wise combination as well. The
triple -wise combination of COSMIC SBS25, SBS40 and SBS52 generated the highest
cosine similarity value of 0.916. Although the a dditional signature made the cossim value
increase quite incremental, we considered the triplewise combination to be a sufficient
explanation for the complex profile of the putative formaldehyde SBS signature as we
weretrying to determine the lowest possble number of combinations that would generate
the most reasonable cossim value This implies that formaldehyde exposure possibly
generates mutations that conform to patterns observed in COSMIC SBS25, SBS40 an
SBS52 altogether.

For context on these COSMIC SBS signatures: SBS25 has only been identified in
Hodgkin, s cell Il ines that were treated with
treatment is suspected as its possibleaetiologyj26] SBS40 i s cons-l dkeeed a
signature where its mutational burden increases with agg31} and SBS52 is labelled as a
possible sequencing artefact Although the combination of SBS25, SBS40 and SBS52 is

the most optimal mathematical solution to explain the superimposed signatur es found
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within the putative formaldehyde SBS signature, we believe that the triple -wise

combination of SBS5, SBS40 and SBS52provides the most reasonable explanation

biologically (cossim value = 0.907; see Figure 3.3.2A. COSMIC SBS5 currently remains
as an unknown signature, however, a recent study from our group has found that SBS5
may be the mutational pattern of intrinsic biochemical processes within humans[93].
COSMIC SBS5like patterns were also observed in other organisns such as the seven
model species(including budding yeast) and a subset of mammals, plants and insect
species, which further led us to believe that these processes are weltonserved amongand
between species. Initially, the combination of SBS5, SBS40 and SBS52 generated the
highest cosine similarity value (of 0.918) amongst all possible triple-wise combination of
COSMIC signatures, in which filtering for depth score was not included in the variant
filtering criteria. The slightly lower cossim value in this re -analysis is quite possibly the
consequence of the additional filtering layer. Nevertheless, the triple-wise combination of
SBS5, SBS40 and SBS52 still generated a high cossim valuéof 0.907) despite the most
conservative filtering approach used here

While examining the attributions of SBS5, SBS40 and SBS52 among all mu ations
observed in the formaldehyde and no formaldehyde data sets, SBS52 mutations were most
exclusively found within the formaldehyde data set (see Figure 3.3.2B, right panel).
Considering that the pattern of SBS52 (mostly C Y A transversions in TCn motifs) is the
defining characteristic that differentiates the formaldehyde signature from the no

formaldehyde signature, we presume that SBS52 could be the formaldehydespecific

signature (see Figure 3.3.2B, left panel).
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Figure 3.3.1. Cosine Similarity

Values of the Formaldehyde and No
Formaldehyde  SBS  Signatures
versus 67 COSMIC SBS Signatures
The formaldehyde SBS Signature is most
similar to SBS40 with a cossim value of
0.843, and the no formaldehyde SBS
signature is most similar to SBS5 with a

cossim valueof 0.876.
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