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Abstract 

Folate is an essential water soluble B-vitamin required for the de novo synthesis of 

purines and dTMP and the synthesis of methionine. Disruption of any of the three folate-

dependent biosynthetic pathways has been shown to have serious implications in a cell’s 

survival and an individual’s disease risk. Folate, generally folate deficiency, has been 

associated with colorectal cancer (CRC) and acute lymphocytic leukemia (ALL) in 

epidemiological studies. However, CRC risk has also been associated with high FA intake. 

Previous studies have shown that FA deficiency induces higher mutant frequency (MF) in 

bone marrow in addition to increasing chromosomal instability in RBC. Here, we used the 

MutaMouse model to determine the mutagenic potential of dietary FA in the colon, and to 

determine if there is a tissue- and diet-specific effect induced by FA intake in colon and 

bone marrow. Male mice were fed experimental FA defined diets: deficient (0 mg/kg), 

control (2 mg/kg) and supplemented (8 mg/kg) for 20 weeks from weaning. To determine 

the effects of FA intake on the induction of somatic mutations by a chemical mutagen, half 

of the mice from each diet group were gavaged with 50 mg/kg ENU and the other half with 

saline after 10 weeks on diet, followed by an additional 10 weeks on diet. NGS was used 

to sequence the lacZ reporter gene and we determined the FA-induce mutation spectra in 

both tissues. In the colon, mice in the saline treatment fed the FA supplemented diet had a 

higher MF compared to mice fed the FA control diet (p = 2.3 x 10-5) and FA deficient diet 

(p = 2.9 x 10-5). This effect was mirrored in the mice in the ENU treatment where the FA 

supplemented diet caused a higher MF compared to mice fed the FA deficient diet (p = 

0.045). In contrast, in the bone marrow, the highest MF was observed in mice fed the FA 

deficient diet. However this was only observed in the saline treated mice. When comparing 
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the mutation spectra of the colon and the bone marrow, we identified a FA-diet-specific 

mutagenicity in the bone marrow, where the mutation spectra differed significantly for 

mice fed the FA deficient diet compared to those fed the control and supplemented diets. 

In the colon, however, we did not observe a difference in the mutation spectra across the 

diets, suggesting FA supplementation enhances the overall incidence of colon-specific 

mutation types as opposed to inducing a unique spectra. Furthermore, we show that the 

type of mutations observed in both tissues are characteristic of CRC and ALL. Ultimately, 

we demonstrated, for the first time, the mutagenic potential of FA-intake, the FA-induced 

mutation spectra by different FA intake levels and that the mutagenic potential of FA is 

tissue-specific. 
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Chapter 1: Introduction 

1.1 Folate and folate mediated one-carbon metabolism 

Folate is an essential water-soluble B vitamin that is present in all cells. By 

transferring and activating one-carbon-units,  it acts as an enzyme cofactor for the synthesis 

of nucleotides (purines and thymidine) and the synthesis of methionine from 

homocysteine1. Fresh fruits and vegetables are natural food sources of folate. Folic acid 

(FA) is a synthetic, oxidized and stable form of folate often found in fortified foods (e.g. 

white flour and cereal) and dietary supplements.  

Folate contains a reduced pteridine moiety, with A and B rings linked to p-

aminobenzoylglutamate by a methylene group at carbon 6. An oxidative and irreversible 

cleavage of the C9–N10 bond can degrade folate to pteridine and p-aminobenzoylglutamate 

(Fig.1.1). Once inside the cell, folates are found as polyglutamates, however, in oder for 

folates to be transported into the cells they need to be in the form of monoglutamates 

vitamins. Therefore, dietary polyglutamate folate forms must be converted to their 

monoglutamate forms prior to intestinal absorption, by glutamate carboxypeptidase II in 

the human intestine and by y-glutamyl hydrolase in rodent intestine 2,3. After folate 

monoglutamate is generated, it is then transported into the intestinal epithelial cells by 

proton-coupled folate transporters (PCFT). Once in the cells, the folate monoglutamates 

are processed into functional metabolic cofactors by restoring the poly-glutamate chain by 

the folylpolyglutamate synthetase enzyme, which progressively adds y-linked 

polyglutamate peptides. The intracellular folates have polyglutamate tails varying in 

length, up to 9 glutamate residues. The glutamate polypeptide allows the retention of folate 

in the cell due to increased affinity for intracellular folate-binding enzymes 4. It is these 
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tetrahydrofolate (THF) polyglutamates at various oxidation levels of formate that serve to 

carry and activate one-carbon groups for biosynthetic reactions 1,3. As such, THF is the 

bioactive form of folate. 

Folate from natural food sources is predominately found in the form of 5-methyl-

tetrahydrofolate (5-methyl-THF) which is converted to THF through the transfer of a 

methyl group to homocysteine, via methionine synthase, to form methionine, a precursor 

for the synthesis of S-Adenosylmethionine (AdoMet), a reaction catalyzed by the vitamin 

B12 dependent enzyme methionine synthase  (Fig. 1.2).  

FA, the oxidized form of folate, contains a single glutamate and itself is not 

bioactive. Once it is transported into the cell by the PCFTs, it is first reduced to 

dihydrofolate (DHF) at the B ring and then to THF by dihydrofolate reductase (DHFR), 

making it chemically identical to natural food folates 1,3(Fig. 1.2). 
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Figure 1.1: Structure of tetrahydrofolate triglutamate. 
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Figure 1.2. Structures of folate compounds: (A) Structure of folic acid and (B) Structure 

of folate from natural food sources and their conversions to tetrahydrofolic acid (THF), 

their bioactive form. DHFR, dihydrofolate reductase.  
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1.1.1 The folate-mediated one-carbon metabolism  

 The folate-mediated one-carbon metabolism encompasses many independent 

metabolic pathways which require THF as a cofactor to carry and activate one-carbon units 

in cellular biosynthetic reactions. Folate metabolism in the cell is compartmentalized in the 

nucleus, cytoplasm and mitochondria, each with different endpoints 1. One-carbon 

metabolism in the mitochondria results in the conversion of serine to formate, which is 

required for the synthesis of glycine and formylmethinyl-tRNA, which feeds back to be 

used in mitochondrial protein synthesis 1,4,5. One-carbon metabolism in the nucleus is 

involved in dTMPs biosynthesis 4.  

One-carbon metabolism in the cytoplasm includes two biosynthetic pathways, the 

novo biosynthesis of purines and the remethylation of homocysteine to form methionine 4. 

Initially, formate derived from the mitochondria serves as a formyl group donor to THF to 

form 10-formylTHF in an ATP-dependent reaction catalyzed by 10-formylTHF synthetase 

6 (Figure 1.3). Here, 10-formylTHF is required for the de novo biosynthesis of purines by 

supplying the #2 and #8 carbons to the purine ring through the activity of the purinosome, 

a multi-complex consisting of six enzymes found in the cytoplasm 4. Purines can also be 

synthesized by a single-step salvage pathway where hypoxanthine and phosphoribosyl are 

condensed into inosine monophosphate, which is a precursor for AMP and GMP synthesis. 

Regulation of purine synthesis is accomplished through feedback inhibition of the de novo 

pathway and the formation of purinosome by purine nucleotides synthesized by the salvage 

pathway 4,7.  
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Figure 1.3. Folate-mediated one carbon metabolism. AdoHcy, adenosylhomocysteine; 

AdoMet, adenosylmethionine; DHF, dihydrofolate; DHFR, dihydrofolate reductase; 

FTHFS, 10-formylTHF synthetase; MTHFC, methenylTHF cyclohydrolase; MTHFD, 

methyleneTHF dehydrogenase; MTHFR, methyleneTHF reductase; dUMP, deoxyuridine 

monophosphate; MS, methionine synthase; THF, tetrahydrofolate; TS, thymidylate 

synthase. 
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Alternatively, 10-formylTHF can be reduced by methenyl cyclohydrolase to 5,10-

methenylTHF and again by methyleneTHF dehydrogenase 1 (MTFHD1) in a NADPH 

dependent reaction to form 5,10-methyleneTHF. Here, 5,10-methyleneTHF is used by 

thymidylate synthase (TS) as a cofactor for the methylation of deoxyuridine 

monophosphate (dUMP) to form thymidylate (thymidine monophosphate [dTMP]). This 

is the only folate-dependent reaction where folate cofactors serve as donors of one-carbons 

and as donors of 2 electrons by the oxidation of THF 4,6. This biosynthetic pathway takes 

place in the nucleus where the enzymes involved in de novo dTMP biosynthesis (serine 

hydroxymethyltransferase [SHMT], TS and DHFR) translocate following sumoylation 

during S-phase 8. 

 Alternatively, 5,10-methyleneTHF can be further reduced to 5-methylTHF by 

methyleneTHF reductase (MTHFR) in an NADPH-dependent irreversible reaction. 5-

methylTHF donates a one-carbon to allow for the re-methylation of homocysteine to form 

methionine, and enter the methionine/homocysteine re-methylation cycle 4. This reaction 

is catalyzed by methionine synthase (MS), a B-12-dependent enzyme. Methionine can be 

adenylated to form AdoMet, which serves as the universal methyl donor of many 

methylation reactions in the cell, subsequently controlling gene transcription and protein 

expression through the methylation of DNA and histones 9. Once methyltransferase 

enzymes have that are dependent on AdoMet have donated their methyl group, S-

adenosylhomocysteine (AdoHcy) is formed as a byproduct, which is hydrolyzed to 

homocysteine, thus, continuing the methionine/homocysteine cycle 6. 

 The methionine cycle is tightly regulated to ensure the maintenance of methionine 

and AdoMet synthesis, and to prevent the accumulation of other metabolites. Because the 
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reduction of 5,10-methyleneTHF to 5-methylTHF is irreversible, any disruption to the 

methionine cycle can result in the accumulation of 5-methylTHF, known as the “methyl 

trap”, and affects folate-derivative-dependent reactions due to the lost regeneration of THF. 

The methyl trap can be a direct result of vitamin B-12 deficiency since B-12 is a cofactor 

of MS and is needed to convert 5-methyl-THF to THF by the re-methylation of 

homocysteine 6.  

 Because folate mediated one-carbon metabolism is essential for the de novo 

synthesis of purines, thymidylate, and synthesis of AdoMet, folate plays an important role 

in the regulation of DNA biosynthesis, repair, and cellular methylation. 

1.1.2 Folate transport 

Mammalian cells cannot synthesize folates; therefore, folate requirements must be 

met from dietary sources, natural food sources, or fortified foods. Specific transporters 

mediate the intestinal absorption of folate due to the hydrophilic nature of the molecule 3. 

PCFT is a high-affinity folate transporter that allows the low-pH folate transport into many 

tissues; this is the primary folate transporter in the small intestine. Transport of folates at a 

neutral to mildly acidic pH is accomplished by receptor-mediated endocytosis by folate 

receptors (FRα / FRß) localized in the cell membrane and both high affinities for FA. At 

physiological pH, the reduced folate carrier (RFC), an anionic exchanger, is the major 

deliverer of folates to systemic tissues and has very low affinity for FA.  RFC has an 

important role in folate homeostasis given its ubiquitous expression in tissues 10.  

Once folate monoglutamate is generated, it can be transported across the proximal 

jejunum by PCFT found in the apical brush-border membrane of epithelial cells. The high 

concentration of folate in the enterocytes facilitates its efflux into the periserosal space 
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across the basolateral membrane, a process believed to be mediated by a member of the 

multidrug-resistance-associated protein. From here, folates enter the vascular system. 

Folates that have been absorbed by the intestine can also be delivered to the hepatic 

sinusoids next to the sinusoidal membrane where PCFT is also localized. Once in the liver, 

folates can either (1) be converted into polyglutamate storage forms, (2) they can be 

secreted into the bile and be reabsorbed in the jejunum, or (3) they can enter the hepatic 

portal vein and reach systemic circulation 3. Finally, folate can be reabsorbed in the kidney 

where high concentrations of folate accumulate, and renal reabsorption is mediated by FRα. 

Blood folates that are not bound to serum proteins are filtered at the glomerulus and 

excreted in the urine. However, clearance of folate is low due to its highly efficient 

reabsorption by FRα at the luminal brush-border membrane of proximal tubules 3,11,12. 

 

1.2 Mutagenic potential of folate 

1.2.1 Purine and thymidylate synthesis 

Folate mediated one-carbon metabolism plays a critical role in de novo synthesis of 

purines and dTMP, encompassing three of the four nucleotides required for DNA synthesis. 

De novo nucleotide synthesis is important for cell proliferation and genome stability. Any 

disruption to the one carbon metabolic pathways involved in the de novo synthesis of these 

nucleotides can result in nucleotide pool imbalances, impaired DNA synthesis and cell 

death 13,14. The effect of insufficient purine synthesis was studied in Ade-C cells, a Chinese 

hamster ovary cell line which is auxotrophic for purines. The inability to synthesize de 

novo purines resulted in a significant reduction in DNA replication, abnormal repair of UV-

induced DNA damage and increase in cell mutagenicity and lethality 13. 
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De novo biosynthesis of dTMP requires the TS-mediated transfer of the methyl 

group from 5,10-methyleneTHF to dUMP to form dTMP. Low cytosolic concentration of 

5,10-methyleneTHF decreases synthesis of dTMP which in turn increases the cellular 

dUMP/dTMP ratio. Therefore, folate deficiency disrupts the thymidylate pathway resulting 

in an increased concentration of dUMP, thus leading to the misincorporation of uracil into 

DNA 15,16.  

Removal of misincorporated uracil in DNA is completed via the base excision 

repair (BER) pathway in mammalian cells. BER is initiated by cleaving a glycosidic bond 

to release the incorrect base via uracil DNA glycosylase (UDG). Subsequently, it requires 

a DNA re-synthesis step, by polymerase activity in addition to ligase, to introduce the 

proper base and seal the nick 15. However, the DNA re-synthesis step of BER can encounter 

problems due to the low cellular concentrations of dTMP due to folate deficiency. The high 

concentration of dUMP can result in re-introduction of uracil into the repaired DNA strand, 

thus continuing a “futile cycling” of BER, and resulting in persistent DNA breaks and gaps 

15. If DNA breaks occur on opposite strands in the same region of DNA undergoing repair, 

it can result in double-strand DNA breaks (DSB). Hence, disruption of de novo thymidylate 

synthesis leads to DNA instability and increases mutagenesis. 

Because the conversion of dUMP to dTMP is entirely folate dependent, uracil 

accumulation in DNA is considered a specific and functional biomarker of folate status 

17,18. Inverse association was observed between uracil misincorporation in lymphocyte 

DNA and the folate status in red blood cells 18. This inverse association between folate 

status and uracil content has also been seen in mice 19. 
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1.2.2 Methylation 

DNA methylation is an epigenetic modification that is mitotically stable and 

heritable, and which can change gene expression not caused by changes in the DNA coding 

sequence. Epigenetic regulation of gene expression is critical for all cellular processes 

including cellular differentiation, embryonic development, organogenesis, etc. Silencing 

and activation of genes, DNA repair, imprinting, and chromatin remodeling are all 

regulated by epigenetic mechanisms. Therefore, any dysregulation of these epigenetic 

processes can result in altered risk for chronic diseases and developmental disorders 20–22.  

5-methylTHF is required to remethylate homocysteine to form methionine, in order 

to be metabolized into AdoMet, an essential methyl donor needed for the induction and 

maintenance of cytosine methylation 20,23. DNA methylation patterns reflect the frequency 

at which cytosine is methylated at specific sites along the DNA. CpG islands are typically 

unmethylated and are usually associated with the 5’ end of housekeeping genes and tissue-

specific genes, as well as in the some 3’ ends and exons; therefore methylation of these 

segments regulate gene expression directly 20,24. Hypermethylation of CpG islands in 

promoter, exons and shore regions are correlated with transcriptional silencing of the 

corresponding gene 25,26. Silencing by hypermethylation is essential in the case of X-

chromosome inactivation, where one of the two X chromosomes in the somatic cells of 

females is randomly inactivated in order to compensate for the unequal dose of x-linked 

genes between females and males. This inactivation happens due to the hypermethylation 

of CpG islands in the promoters along the chromosome 20,27,28. On the other hand, 

methylation can also activate transcription, as is the case for the telomerase gene (hTERT), 

where the DNA polymerase adds TTAGGG repeats to the chromosome to maintain 
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telomere length 29. Methylation of the promoter of p53 protein is needed to regulate its 

expression and it is directly influenced by nutrient status of folic acid and vitamin B12 30. 

Female and male patients with MA have low FA, which directly correlates with lower 

methylation in the p53 promoter, leading to its higher expression in these patients 30.   

Folate deficiency lessens the formation of AdoMet, which could result in gene-

specific or genome wide hypomethylation of DNA. Therefore it can potentially increase 

the expression of proto-oncogenes, decrease the expression of tumor-suppressor genes, and 

induce chromatin changes 21,23.  

1.2.3 Single nucleotide polymorphisms 

Single nucleotide polymorphisms (SNPs), and other mutations, in genes coding for 

enzymes and other proteins associated with folate metabolism and transport, can have 

causal role in the development of NTDs and other diseases.  

MTHFR is a key enzyme in folate-mediated one-carbon metabolism that converts 

5,10-methyleneTHF to 5-methylTHF, the latter of which is required to remethylate 

homocysteine to methionine. The two most common SNPs in MTHFR are 677C>T and 

1298A>C. Mutations in this gene results in a reduction of the enzyme activity, lowering 

the concentration of circulating folate (5-methylTHF) and increasing plasma homocysteine 

concentration 31. In addition, effects of the MTHFR 677C>T on DNA methylation correlate 

with folate status where low global DNA methylation is seen only under conditions of low 

folate 32. Mothers who carried the same SNP in the MTHFR gene were more likely to have 

children with Down Syndrome 33. MTHFR 677C>T homozygosity in infants and MTHFR 

677C>T allele in combination with the 1298A>C allele are associated in an increased risk 

of NTDs 34. MTHFR 677C>T and 1298A>C polymorphisms have been associated with an 
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increased risk of pancreatic cancer and they are associated with low RBC folate in people 

with the disease 35. 

The competition for folate precursors for synthesis of DNA nucleotides and 

methionine synthesis is mediated by SHMT, an enzyme that catalyzes the reversible 

conversion of serine and THF to 5,10-methyleneTHF. Individuals with the SHMT1 L474F 

(1420C>T)  SNP exhibited higher serum folate than those with the LL allele, a 

polymorphism that impairs the nuclear transport of SHMT1 and results in its cytosolic 

accumulation, thus disrupting dTMP synthesis 35.  

1.3 Folate intake and health considerations 

Adequate consumption of folate is key to avoid inadequacy given its important role 

in ensuring normal development, as well as growth and maintenance of overall health. The 

World Health Organization (WHO) adopted the Estimated Adequate Requirement (EAR) 

and Recommended Dietary Allowance (RDA) set by the US Institute of Medicine 17. These 

Dietary Reference Intake (DRIs) recommendations for folate are based on the dietary folate 

intakes required to maintain a red blood cell (RBC) folate concentration, a primary 

biomarker of folate stauts, that reduces the risk for developing macrocytic anemia 36–38. 

Serum folate is also a folate status biomarker that reflects more short-term intakes and 

homocysteine concentration is a functional biomarker of folate status but is also influenced 

by other B vitamins including vitamins B6 and B12.  

The bioavailability of folic acid when compared to food folate is 85% and 50%, 

respectively. Therefore, the DRIs for folate are based on Dietary Folate Equivalent (DFE) 

values where 1 unit of natural folate is equivalent to 1.7 units of FA. The intake 

recommendation for children 4-8 years old is 200 ug/day (DFE), for youth 9-13 years old 
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is 300 ug/day (DFE), and for those over 14 years old (adults) is 400 ug/day (DFE), for 

males and females. These recommendations increase to 500-600 ug DFE/day during 

pregnancy and lactation. The DRIs also include the tolerable upper intake level (ULs), 

which is the highest usual daily intake likely to pose no risk of adverse health effects. The 

UL for FA for adults is 1000 ug/day. In the case of folate,  the UL is unique in that it only 

applies to the synthetic form of folate, folic acid found in fortified foods and supplements 

36–38.  

 

1.3.1 FA and health implications 

Inadequate intake of folate is the major cause of folate deficiency. However, in 

addition to low dietary intake, folate deficiency can be attributed to a number of different 

causes including, but not limited to, an increased requirement for the vitamin due to 

neoplastic diseases or pregnancy, metabolic inhibitors, or malabsorption conditions, and 

various polymorphisms in genes involved in the one-carbon metabolism 17. Some 

malabsorptive conditions that can cause deficiency are tropical sprue, extensive 

inflammatory bowel disease, and celiac disease 39. Chronic alcoholism is also associated 

with folate deficiency, due to increased renal excretion and intestinal malabsorption 40,41. 

Folate deficiency has also been linked to various chronic diseases, including cancer and 

vascular disease 17.  

1.3.1.1 FA deficiency and megaloblastic anemia 

Megaloblastic anemia (MA), anemia characterized by macrocytic red blood cells, 

results from folate deficiency. Folate is an important cofactor required for the maturation 

of all cells, including marrow erythroblasts. Folate is needed for the de novo synthesis of 
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three of the four nucleotides required for DNA synthesis, thus low folate status disrupts 

DNA synthesis in RBC precursors, thus interfering with cell maturation and proliferation. 

Since RNA synthesis and cytoplasmatic elements remain relatively unaffected, the 

resulting erythroblasts, which are identified as megaloblasts, are large and oval shaped, 

with an immature nucleus 30,42.  

1.3.1.2 FA deficiency and neural tube defects 

Folate is important for development. During embryogenesis the completion of the 

neural tube closure is important for proper brain and nervous system development and it 

requires cell proliferation, differentiation, survival and migration. Any of these events can 

be disrupted by a disturbance in folate metabolism. Neural tube defects (NTDs), one of the 

most common types of congenital anomalies, arise when the embryonic neural tube fails 

to close completely during development early in the first trimester of pregnancy 6,43. There 

are two main forms of NTDs; anencephaly, which is the failure of the cranial end of the 

neural tube to close, and spina bifida, which is the failure of the caudal end of the neural 

tube to close. Anencephaly is lethal, resulting in death before or right after birth, and 

accounts for one-third of NTDs. Spina bifida accounts for the remaining two-thirds of 

NTDs, making it the most common NTD. Spina bifida causes paraplegia, paralysis of the 

lower extremities and impairments in bowel and bladder functions. However, unlike 

anencephaly, spina bifida is usually not fatal 43. 

An association between folate metabolism and NTDs was first established in the 

early 1960’s by Hibbard (1964). He analyzed the folate status of 1,484 pregnant women in 

Liverpool, using the formiminoglutamic acid (FIGLU) excretion test and bone marrow 

biopsies. The FIGLU excretion test works by assessing the relationship between folate and 
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histidine. Histidine needs FIGLU to be broken down to glutamic acid, a reaction that is 

dependent on folate and its derivatives, therefore in a deficient state the metabolism of 

histidine cannot continue beyond this step. This leads to an accumulation of FIGLU and its 

excretion in urine. The study found a higher excretion of FIGLU in mothers of infants born 

with congenital birth defects 44. This was further demonstrated when mothers of infants 

with NTDs had significantly lower RBC folate in the first trimester compared to controls 

45. These findings motivated further studies to determine the preventative effect of FA 

towards NTDs 46,47. A randomized double-blind prevention trial was launched in 1983 in 

seven countries by the Medical Research Council (MRC). This trial recruited a total of 

1817 women at high risk of having a pregnancy with NTD, i.e. those with a previously 

affected pregnancy, who were then randomized into groups given supplementation of FA 

(4 mg FA), other vitamins (A, D, B1,2,3, C, and nicotinamide), both or neither. The study 

concluded that FA supplementation confers a protective effect towards NTDs, showing 

that groups on the supplemented FA had a 72% protective effect on the recurrence of NTDs 

when compared to those in groups with no FA supplementation 47. A subsequent study 

determined the effects of periconceptional vitamin supplementation and its efficacy in 

reducing the primary occurrence of NTDs, i.e. women with no history of NTDs in previous 

pregnancies. This was a randomized control trial where women planning a pregnancy were 

randomly assigned into a group given a multivitamin containing 0.8 mg FA, or a trace-

element supplement, daily for a month prior to conception and up to the end of the third 

month of gestation. This study showed a 100% reduction of NTD risk in women in the FA 

supplemented group, compared to the trace-element supplemented group where some 

NTD-affected pregnancies were observed 48. These studies demonstrated the protective 
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effect of FA supplementation against NTDs and led to the recommendation to consume a 

FA supplement before pregnancy and during the first trimester. 

These results led to a series of public health initiatives promoting the use of FA 

supplements among women of child-bearing age during the early 1990s in order to reduce 

the risk for NTDs. The recommended doses varied between supplements of 400 ug FA 

daily for all low risk women and 4 mg FA/day for women with a previous NTD-affected 

pregnancy 6. In 1996 the Food and Drug Administration (FDA) mandated the fortification 

with FA of enriched grain products in the United States which started in 1998. Canada 

followed, and by the end of 1998, fortification of white wheat flour, as well as enriched 

cornmeal and pasta became mandatory 6,49. The prevalence of NTDs fell by 46% in Canada 

and its prevention was ~25% in the United States following FA fortification 49,50. 

Consistent with recommendations for NTD prevention, the IOM recommended that 

women of child-bearing age consume 400 ug FA/day (in addition to food folate), which 

should be acquired from fortified foods and/or supplements. However, data from a 2004 

Canadian Community Health Survey found that, despite fortification, only ~18% of women 

of reproductive-age consumed the recommended 400 ug FA/day from diet and supplements 

51.  

1.3.2 FA and cancer 

Canadian Cancer Statistics estimated that a total of 206,200 cancer diagnoses and 

80,800 deaths from cancer occurred in 2017. The top four diagnosed cancers in the country 

were lung and bronchus, colorectal, breast, and prostate cancers, in that order, and they 

account for about half of all cancer diagnoses and deaths. Cancer is a disease that results 

from clonal expansion of an abnormal cell which escapes the cell’s built-in mechanisms 
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and exogenous restraints of cell proliferation. Cancer is an example of Darwinian evolution 

in that the hallmarks of the disease are acquired through somatic mutations and selection 

5. Mutations which confer a selective advantage, leading to enhanced proliferation and 

survival of cells, can arise from replication errors or instances where DNA damage was 

either not repaired, or was repaired incorrectly. DNA damage can be caused by exogenous 

factors such as chemicals and UV light. Endogenous factors include mitotic errors and 

aldehydes, or by aberrant enzymes involved in genome editing and DNA repair 52.  

Many studies have shown the effect of folate deficiency on DNA instability, 

mutagenesis, and its involvement in the development of various epithelial cell 

malignancies. In a case-controlled study, patients with chronic ulcerative pancolitis with 

depressed RBC folate had a higher risk of dysplasia and cancer 53. A reduction in de novo 

nucleotide synthesis was observed in spleen from rats fed a folate deficient diet, resulting 

in a nucleotide pool imbalance which could promote base misincorporation mutations  54. 

DNA methylation in the liver of rats was found to progressively decrease in those on a 

folate deficient diet 55. Furthermore, FA deficiency has been observed to impair DNA 

repair in neurons from hippocampal cultures of transgenic mice, making them more 

sensitive to damage induced by amyloid ß-peptide 56. Therefore, folate deficiency can 

affect all tissues and promote mutations by deregulating the one-carbon metabolism. 

Numerous studies on colorectal cancer (CRC) and folate have shown an association 

between folate deficiency and an increase in CRC risk, where in some cases the risk is 

reduced by increasing the FA intake. Multiple published case-controlled studies have 

shown that individuals with the highest dietary folate intake have a 35% reduction in the 

risk of CRC development compared to those with the lowest intake 57. This is further 
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supported by a prospective cohort study in which after 8.5 years of post-fortification 

follow-up it was found that those with higher folate intake (900 ug/day) had a ~30% 

reduced risk of developing CRC than those that had a lower folate intake (200 ug/day) 58. 

In in vitro studies, immortalized normal human colonocytes cultured in a FA deficient 

medium showed a decrease in DNA stability in addition to altered activity and expression 

of proteins involved in cell proliferation, apoptosis, and malignant transformation 59,60. 

Overexpression of SHMT1 has been associated with colonic tumors in human and rats 61 

and reduced dTMP synthesis induced by Shmt1 hemizygosity has been associated with 

increased risk of intestinal tumorigenesis in mice 62. Meta-analysis of multiple association 

studies determined an association of MTHFR 677C>T and 1298A>C polymorphisms with 

a decreased risk of CRC in different populations 63,64.  

Folate intake has also been associated with acute lymphocytic leukemia (ALL) risk 

and treatment outcome. Folic acid deficiency was associated with complications and 

adverse outcomes in children in India with ALL during maintenance chemotherapy 65. In 

vitro studies have shown that human lymphocytes cultured in low FA concentrations have 

increased DNA instability, strand breakage, and uracil misincorporation 66. The human 

SNP SHMT1 1420C>T  has been associated with reduced risk of ALL 67 and malignant 

lymphoma 68. MTHFR 677C>T and 1298A>C SNPs were associated with lower risk of 

adult ALL, which suggests that folate inadequacy may be involved in the development of 

ALL 69. SNPs in folate carrier proteins have also been observed. The  RFC 80G>A SNP 

was found to impact the membrane transport of dietary folates and increased the risk of 

pediatric ALL 70,71.  
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 While the effects of folate deficiency have been extensively studied, the effect of 

FA supplementation, beyond its relation with NTDs, has not been given as much attention. 

Given the increase of FA intake in the Canadian population since mandatory fortification 

in the late 1990’s, it is important to investigate whether high FA intake in the population 

may have potential beneficial or detrimental effects beyond NTDs. As previously 

mentioned, the UL of 1 mg/day for folate applies only to FA and not naturally occurring 

folate 38. Among individuals that consume both fortified foods and FA containing 

supplements, there is a meaningful proportion who surpass the UL 51. While inconsistent, 

studies that have examined the association between high FA intake and adverse effects, 

including diseases such as cancer, suggest that further investigation is warranted.  

 Adequate intake and availability of folate enhances DNA stability, by supporting 

constant availability of de novo synthesized nucleotides 72. However, tissues with high rates 

of proliferation might need higher de novo nucleotide synthesis to maintain, repair, and 

maximize DNA synthesis. A large cohort study following fortification found an inverse 

correlation between folate intake and risk of colorectal cancer 58. An analysis of dietary 

data collected post-FA fortification from 1998-2005 in the United States found an 

association between higher FA intake and decreased risk of pancreatic cancer in women 

only. This study also found that FA supplements were not associated with pancreatic cancer 

73. The long-term use of high-dose FA supplements is associated with a 75% reduction in 

colorectal cancer in women who started the supplementation as healthy women 74. FA 

supplementation is also recommended when individuals take drugs that inhibit folate 

absorption in order to prevent complications that might lead to cancer. Sulfasalazine is a 

drug taken by patients with ulcerative colitis and it is also a competitive inhibitor of folate 
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absorption. In these patients, FA supplementation is suggested to prevent dysplasia or 

cancer 75.  

 In vitro studies in U937 cells, a human leukemia cell line, have shown that FA 

supplementation alleviates oxidative stress, as well as apoptosis and mitochondria-

associated death signaling which is induced by an oxidized cholesterol, 7-ketocholesterol 

76. In vitro experiments in the human liver cell line, L02, showed that FA supplementation 

reduced the Benzo(a)pyrene – induced mutagenicity and genotoxicity 77. This protective 

effect of FA supplementation was also seen in vivo, where a significant decrease in 

micronucleus frequency was observed in the bone marrow of mice in the FA supplemented 

intervention when compared to control 77. 

 Despite the research that shows the beneficial effects of FA supplementation, there 

is a public concern regarding its possible detrimental effects, especially given that some of 

the population’s folate status suggests that they are surpassing the FA UL. It has been 

suggested that high-FA intake could potentially facilitate the proliferation of neoplastic 

cells by maintaining a high pace of de novo nucleotide synthesis in individuals who harbor 

an existing neoplasm 72. A double-blind randomized trial examining the effect of folic acid 

on colorectal adenoma risk in men and women with history of colorectal adenomas found 

that high-dose FA intake did not confer an overall protective effect, and instead was 

associated with increased risk of having 3 or more adenomas when compared to the control 

group that were taking a placebo; a finding that requires further investigation 78. In mice, 

FA supplementation has been observed to suppress the development of ileal polyps in the 

small intestine and colon. However, if the polyps were already established, the effect of 

FA supplementation was the opposite 79. This effect has also been observed for breast 
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cancer. A prospective cohort study of ~25,000 postmenopausal women found that the risk 

of developing breast cancer was significantly increased in the group taking FA supplements 

80. Another prospective study found that high concentrations of plasma folate was 

associated with increased risk for breast cancer in women with the BRCA1/2 mutation 81.  

 Given the variety of results from studies on folate and cancer risk of different 

tissues, and the since the mechanism of how folate affects tissues differently remains 

unknown, it is clear that further research is required. 

 

1.4 Model for studying mutations in vivo 

Mutations play a role in carcinogenesis, birth defects, and other diseases.  Due to 

the complexities of in vivo cellular metabolism, the active mutagen may arise as a 

metabolic product in a target tissue which might not be the same as where it was activated. 

Therefore, an in vivo mutation assay is more suitable and effective method to detect, 

quantify, and sequence mutations in somatic and germ cells.    

The MutaMouse model was used in this project to detect and measure the 

mutagenic potential of FA deficient, adequate and supplemented intake. The MutaMouse 

is a transgenic mouse model that allows the in vivo study of induced gene mutations in 

different organs and tissues 82. These transgenic mice were produced by injecting the 

lambda bacteriophage vector (gt10lacZ) into the male pro-nucleus of fertilized eggs of 

CD2 (BALB/c x DBA/2) F1 mice, which were later implanted into pseudo-pregnant BCBA 

mice. This resulted in a transgenic mouse model containing 29 ± 4 copies of the gt10lacZ 

in all of its cells. This non-endogenous reporter gene permits the detection of loss of 
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function mutations and allows the measurement of the DNA mutant frequency (MF) in any 

tissue following in vivo exposure to a mutation-inducing substance 82,83. 

 A mutation analysis can be carried out by extracting genomic DNA, containing the 

vector, from the tissue of interest, packaging of the lacZ transgene into a bacteriophage, 

which is then used to infect an Escherichia coli (E. coli) host. The E. coli is plated in a 

selective and a non-selective medium followed by overnight incubation to allow plaque 

formation. The selective media contains phenyl-β-D-galatopyranoside (P-gal) that allows 

the positive selection of plaques formed by E. coli containing a loss-of-function mutated 

copy of the lacZ gene, which can be used to calculate mutant frequency (MF) 84,85. Mutant 

plaques can be collected and mutations sequenced using next generation sequencing (NGS) 

which can provide insight into the type of mutations caused by particular substances and 

inform mode of action of the mutagen 84. The MutaMouse has been routinely used in in 

vivo genotoxicity studies since 1989 to determine and analyze the risk of numerous 

environmental exposure-induced mutations on various tissues. In fact, in 2011 the OECD 

released the test guidelines and protocol for the use of the MutaMouse for in vivo mutation 

assay to detect gene mutations 86, noting the assay’s relevance for assessing in vivo 

mutagenic effects that are dependent on cellular events such as metabolism and  DNA 

synthesis and repair. 

 

1.5 Hypothesis 

Dietary FA will affect somatic mutations in the male MutaMouse. Specifically, FA 

deficiency will cause a higher mutant frequency in colon epithelial cells in mice treated 
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with saline and the known mutagen, N-ethyl-N-nitrosurea (ENU). FA supplementation will 

have a protective effect on mutagen-induced mutations.  

 

1.6 Objectives 

1. To investigate the effect of folic acid consumption on somatic DNA mutations 

in the colon of male mice. 

2. To determine the effect of folic acid deficient and supplemented diets on ENU-

induced mutations in somatic cells (colon). 

3. To compare the effect of FA consumption on somatic cells, bone marrow and 

colon, in male mice. 

4. To identify folate- and tissue-specific mutation profiles of colon and bone 

marrow. 
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Chapter 2: General overview and rationale of methods  

 This chapter outlines the background of the methods of the study, including the 

animal model used and the animal study design. A rationale for the methods and the results 

obtained from a previous analysis in the lab, but that pertain to the study presented here, 

are also discussed. 

 

2.1 Animal Model: The MutaMouse 

 The MutaMouse transgenic mouse model was used in this study. The MutaMouse 

genome contains multiple copies of the lambda bacteriophage vector (gt10lacZ) in all of 

its cells, both somatic and germ cells. There are approximately 29 ± 4 copies of the vector 

in tandem repeats at a single site on chromosome 3 of the transgenic mouse 83. The 

MutaMouse allows for testing the in vivo mutagenicity of extrinsic factors such as 

chemicals and environmental factors 86. Mutations are assessed by extracting high 

molecular DNA from the tissue of interest. The lambda vector is then packaged in vitro 

into phages and these are used to infect an appropriate strain of E. coli (galE- lacZ-). Mutant 

identification is achieved by an overnight incubation of E. coli on P-Gal medium. P-gal is 

toxic to galE- strains that express a functional lacZ gene; therefore only phages that have a 

mutated lacZ gene will be able to form plaques in the P-gal selective medium 85. Non-

selective titre plates serve as a control to determine the number of background plaque 

forming units (PFUs) (Fig. 2.1). The lacZ MF is determined by calculating the proportion 

of plaques containing a lacZ mutation in the phage population as follows: 

 

PFUs/ µl = (
# 𝑜𝑓 𝑡𝑖𝑡𝑒𝑟 𝑝𝑙𝑎𝑞𝑢𝑒𝑠

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑝𝑙𝑎𝑡𝑒𝑑 (15 µ𝑙)
) 
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Total PFUs = (𝑃𝐹𝑈𝑠/µ𝑙  × (𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 +

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑎𝑐𝑘𝑎𝑔𝑒𝑑 𝑝ℎ𝑎𝑔𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 − 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑒𝑙𝑙𝑠 𝑝𝑙𝑎𝑡𝑒𝑑 𝑜𝑛 𝑡𝑖𝑡𝑒𝑟 𝑝𝑙𝑎𝑡𝑒𝑠 )) 

Mutant frequency (MF) = (
𝑇𝑜𝑡𝑎𝑙 𝑚𝑢𝑡𝑎𝑛𝑡 𝑝𝑙𝑎𝑞𝑢𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑃𝐹𝑈𝑠
) 
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Figure 2.1: Overview of the lacZ mutation assay 

 

  



  28 

2.2 Animal study design 

Mice were cared for in accordance with the Guidelines of the Canadian Council on 

Animal Care (CACC), described in the CACC Guide to the Care and Use of Experimental 

Animals 87. The study was approved by the Health Canada Ottawa Animal Care 

Committee. A total of 60 weanling male mice derived from the Health Canada in-house 

MutaMouse (BALB/c x DBA/2 CD2F1) colony were used. The mice were housed at 

standard humidity and temperature with a 12-hour light cycle. The mice had ad libitum 

access to food and water. 

At 5 weeks of age, mice were fed one of three FA-defined diets based on the AIN-

93G formula and kept on diet for 20 weeks with ad libitum access (Fig. 2.2) 88,89. The diets 

contained either 0 mg FA/kg (deficient), 2 mg FA/kg (control) or 8 mg FA/kg 

(supplemented) (Dyets, Inc.; Bethlehem, PA) 88.  

These diets have been used routinely in our lab and represent physiologically 

relevant levels of FA. The deficient diet (0 mg FA/kg) is used to represent an inadequate 

dietary FA intake. Intake of this diet depletes tissue folate status and results in higher 

circulating homocysteine, however, the tissues do not become completely folate depleted 

given that folate can be synthesize by intestinal bacteria 90,91. The control diet (2 mg FA/kg) 

is representative of an adequate dietary FA intake for rodents, as recommended by the 

American Institute of Nutrition and corresponds with the RDA for adult humans, which is 

0.4 mg folate per day 89. The supplemented diet (8 mg FA/kg) is 4-fold the control diet and 

represents a dietary FA intake of 1.6 mg per day in adult humans. This intake is over the 

FA UL, but represents an intake that can be achieved through the combined intake of folate 
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from natural dietary food sources, FA fortified foods, and over-the-counter vitamin 

supplements that are available without presecription in Canada. 

Following 10 weeks on the FA defined diets, half of the mice from each diet group 

(n = 10 per diet) were given a 50 mg/kg dose of ENU by gavage and the other half (n = 10 

per diet) were given saline by gavage. The mice were kept on diet for another 10 weeks 

(Fig. 2.2).  In mice, highly proliferative tissues such as colon and circulating folate in 

plasma can become folate depleted within five weeks on a FA deficient diet. However, 

other tissues (eg. the liver) can take up to 10 weeks on a FA deficient diet to demonstrate 

evidence of depletion 62. Therefore, this study design ensures that folate status in the 

majority of tissues would represent the experimental diet at the time of ENU exposure.  
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Figure 2.2: Animal study design. A total of 60 male mice were fed one of three FA 

diets (deficient, control and supplemented [n=20 each]) from 5 weeks of age for 20 

weeks, ad libitum. After 10 weeks on diet, half of the mice from each diet (n=10 each 

diet) were given a 5uL/g dose of ENU (50 mg/Kg) or saline by gavage. 
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2.3 Necropsy and tissue collection 

Each mouse was weighed weekly from weaning until the week prior to necropsy 

for a total of 19 weeks. After 20 weeks on diet, the mice were killed under isoflurane 

anesthesia by cardiac puncture followed by cervical dislocation. Among the tissues 

collected, were bone marrow, cauda epididymis, testes and the colonic epithelium, which 

will be referred to as “colon” hereafter. These tissues were chosen for analysis because 

they are associated with folate-dependent pathologies, including megaloblastic anemia, 

decreased cauda sperm counts, and colon cancer. Colon is a highly proliferative tissue and 

it is sensitive to FA deficiency given its high demand for de novo DNA synthesis.  

At the time of necropsy, the colon was dissected, fecal pellets were squeezed out 

gently and then flushed with 5 mL of cold phosphate buffered saline (PBS). It was then cut 

open and laid flat with the lumen side facing up on a glass plate. The epithelial layer was 

lightly scraped away from the underlying colon tissue using two glass sides and collected 

into 1.5 mL Eppendorf tubes. All tissues collected were flash frozen in liquid nitrogen and 

stored at -80 °C until use. Blood was drawn via cardiac puncture into a heparin coated 

syringe (5:1 ratio of blood to heparin) and ~300 uL were transferred to K2EDTA collection 

tubes. The remaining blood (~400uL) was separated into RBCs and plasma by 

centrifugation within an hour of collection, flash frozen in liquid nitrogen, and stored at -

80 °C until later use. 

 

2.4 Colon lacZ assay 

The MutaMouse model provides the ability to detect and quantify mutations 

induced in a neutral transgene in all somatic tissues and germ cells. Mutagenic events that 
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occurred in any tissue can be scored by recovery of the vector and analysis of the phenotype 

of the reporter gene in E.coli. In this study, the lacZ assay was performed in the colon 

epithelium of the male MutaMouse.  

The colon epithelium is highly proliferative and needs to maintain a dynamic 

equilibrium between proliferation, differentiation, and apoptosis. Given that both folate 

deficiency and supplementation have been associated with an increased risk of colon 

carcinogenesis depending on the model used, in vivo studies of FA-induced mutations are 

of high importance 9. The MutaMouse has been used previously to measure the 

spontaneous mutant frequency in many tissues, including the colon, when exposed to a 

variety of chemicals or environmental contaminants 85,88. However, the mutagenic effects 

of FA have been studied only in the context of maternal folate exposure during pregnancy 

and its effect on the developing colon of F1 offspring from  SWR females and MutaMouse 

males 92. Here, the direct FA-induced mutagenic effect on the colon of the male 

MutaMouse was quantified. Furthermore, collection of the mutant plaques from the lacZ 

assay allows for the sequencing of the mutant transgenes permitting identification of the 

FA-induced mutation spectrum 84,85. Identification of the mutation spectrum can be 

indicative of the mechanisms through which FA induces mutations.  

 

2.5 Preparation for next-generation sequencing 

The mutant transgenes (plaques) collected from the colon lacZ assay, and those 

previously collected from the bone marrow of the same mice, were sequenced, allowing 

the comparison of FA-induced mutation spectra in two highly proliferative somatic tissues. 
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Mutant plaques from both tissues were pooled by sample (mouse). Sequencing was 

performed on samples for all three FA diets from the saline treated group only for each 

tissue. Plaques were also collected from titer plates, which acted as wild type/background 

MF plaque controls. Tubes containing the pooled plaques were boiled to melt the agar and 

an aliquot of 10 uL of the suspension was transferred to a well in a PCR plate. To control 

for PCR errors, each sample was amplified and sequenced in duplicate as a technical 

replicate (two separate reactions). The final 50 uL PCR mastermix per well contained the 

10 uL aliquot from the plaques suspension, 10 uL of 5X Q5 Reaction Buffer, 0.5 uL of Q5 

High-Fidelity DNA Polymerase, 1 uL of dNTPs (10 mM) (NEB Inc.), 2.5 uL of the forward 

primer (10 uM), 2.5 uL of the reverse primer (10 uM) and 23.5 uL of nuclease-free water. 

The PCR primers were designed using flanking DNA outside of the lacZ gene [GeneBank: 

J01636.1]. The forward primer was GGCTTTACACTTTATGCTTC and reverse primer 

was ACATAATGGATTTCCTTACG. The lacZ gene was amplified using the following 

thermocycle program:  95 °C for 3 min; 30 cycles of 95 °C for 45 s, 50 °C for 1 min, 72 °C 

for 4 min; final extension at 72 °C for 7 min. The PCR products were purified using the 

QIAquick PCR purification kit (Qiagen). DNA from purified PCR products was quantified 

using a QubitTM dsDNA HS Assay kit (InvitrogenTM) in a Qubit 2.0 Fluorometer. Samples 

were diluted with nuclease-free water to a final DNA concentration of 0.2 ng/uL and stored 

in LoBind tubes at -20oC until library preparation. 

2.6 Illumina sequencing  

Sequencing libraries were prepared using the Nextera XT DNA Library Prep Kit 

(Illumina). The Nextera XT protocol to create the sequencing libraries was followed except 

for the step where the libraries are normalized. Briefly, the Nextera transposome is used to 
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“tagment” the genomic DNA (gDNA) of each sample, this fragments the gDNA and tags 

the sequences. The “tagmented” DNA is amplified in the next step using a 12 cycle PCR 

program. During this amplification, the Index 1 (N7XX) and Index 2 (S5XX) and full 

adapter sequences are added to the “tagmented” DNA. The SPRIselect reagent beads 

(Beckman Coulter, Inc.) replaced the AMPure XP beads, used in the protocol, to purify the 

libraries and remove shorter fragments. Here, the normalization steps from the protocol 

were replaced by assessing the quality of the libraries using a High Sensitivity DNA Screen 

Tape in an Agilent 2200 TapeStation. The region was set to 150-1250 bp (base pair) and 

its molarity (pM/L) was calculated. Then, the libraries were diluted to a final molarity of 

500 pM. Finally, 4 uL aliquots from the 500 pM solutions of each library were pooled 

together. 

Next-generation sequencing of the lacZ mutant plaques was performed in-house 

using the Illumina NextSeq 500 System. We used the NextSeq 500/550 High Output Kit 

2.5 (150 cycles) to sequence the libraries. Ultimately, the total samples sequenced were as 

follows: 28 samples from colon, 29 samples from bone marrow, each sample with its 

duplicate, and the titer plaques from the control diet of each tissue. 

2.7 Bioinformatics 

Bioinformatic analysis of sequence data was conducted using the pipeline described 

in Beal et al., 2015 84. Raw sequence data was converted into FASTQ format using the 

bcl2fastq conversion software v2.17.1.14 (Illumina, Inc). Reads trimmed and aligned to 

the reference lacZ sequence from the MutaMouse [GeneBank: J01636.1] using bowtie2 93 

Settings: “- very-sensitive-local”). Alignment pileup for each sample was done using 

SAMtools 94. From the pileups, the frequency of each mutation type, including base 
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substitutions, deletions and insertions (indels), relative to the reference sequence was 

determined. Then, these were normalized by subtracting the false mutation frequency 

(estimated PCR artifacts and sequencing noise). To reduce false indel calls produced by 

homopolymer sequencing errors, indels with a false mutation frequency higher than the 

highest false mutation frequency for base substitution were ignored. The mutation-calling 

threshold was set based on the number of plaques sequenced for each sample (mutation-

calling threshold = 1/# plaques sequenced of sample). For a mutation to be counted and be 

considered a true mutation, it had to be present in both technical replicates at frequencies 

above the threshold. The mean true mutation frequency provided an estimate of total 

number of each type of mutation. Identical mutations that occurred more than once at a 

position within a sample were considered recurrent mutations and the result of clonal 

expansion from a single independent event.  

To determine mutation spectrum, which is the distribution of the type of mutations 

in the lacZ gene for each FA diet, only independent mutations were used. Significant 

differences in mutation spectra within tissues was determined by one-way ANOVA 

followed by Tukey’s Honest Significant Difference (Tukey HSD). 

2.8 Previously reported results relevant to the study 

 The following sections summarize previously published results that are relevant to 

the current study, including body weight, plasma, and RBC folate at time of necropsy 88.  

 2.8.1 Body Weights 

Neither the body weights measured throughout the study, or overall weight gain, 

differed significantly among mice in the different diet groups (Fig. 2.3) 88.  
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Figure 2.3: Body weights of male mice fed three FA diets. 0 mg FA/kg (deficient), 2 

mg FA/kg (control) or 8 mg FA/kg (supplemented). Inset, total body weight gain from 

weaning. Data are presented as mean ± SEM. Differences were assessed by one-way 

ANOVA, Holm–Sidak post‐ hoc analysis. Figure from LeBlanc et al., 2018. 
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2.8.2 Plasma and RBC folate 

The plasma and RBC folate were measured in a subset of mice (n=5) from each of 

the six experimental groups. Folate was measured using the Lactobacillus casei (L.casei) 

microbiological assay as described by A. Molloy and J. Scott 88,95. Plasma folate serves as 

an indicator of recent folate intake, whereas RBC folate reflects the long-term folate status 

in tissues 96.  

Mice fed the FA deficient diet had a 6.6-fold lower plasma folate compared to mice 

fed the FA control diet. In contrast, mice fed the FA supplemented diet had a 2-fold higher 

plasma folate when compared to those fed the FA control diet (Fig. 2.4 A). These results 

indicate that the folate status in the male mice reflected the dietary FA intake. 

RBC folate concentrations were 8.7-fold lower in mice fed the FA deficient diet 

compared to those fed the FA control diet. Those fed the FA supplemented diet had RBC 

folate concentrations 1.3-fold higher compared to those fed the FA control diet. Therefore, 

folate status in the tissues of the male mice was reflective of their FA dietary intake (Fig. 

2.4 B) 88. 
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Figure 2.4: (A) Plasma Folate and (B) RBC folate. *, significantly different than 

control, one-way ANOVA, Tukey’s post‐ hoc analysis (P < 0.05). Data are presented as 

mean ± SEM. Figure from LeBlanc et al., 2018. 

 

 

  

A 

B 
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2.8.3 Bone marrow lacZ mutant frequency 

DNA was extracted from the bone marrow of the left and right femur of the male 

mice using the phenol chloroform method. The lacZ assay was perform as originally 

described by Gingerich el al. [2014] 88,97.   

Mice fed the FA deficient diet had a significantly higher MF, a 1.9-fold increase, 

compared to those fed the FA control diet (p=0.035, Fig. 2.5A). All ENU-treated samples 

regardless of FA diet had a significantly higher MF compared to those exposed to the saline 

treatment; however, FA diet had no effect on MF in the ENU-treated mice (Fig. 2.5B) 88. 

 

  



  40 

 

 
 

Figure 2.5: Bone marrow lacZ MF of male mice fed FA‐ defined diets and exposed 

to saline or ENU. (A) Male mice exposed to saline, (B) male mice exposed to ENU. *, 

statistically different based on two‐ factor binomial regression with a Bonferroni–Holm 

post‐ hoc analysis. Note the difference in y‐ axis between (A) and (B). Figure from 

LeBlanc et al., 2018. 
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Chapter 3: Investigating the folate-induced mutant frequency and mutation spectrum 

in the colonic epithelium of the male MutaMouse 

 

3.1 Abstract 

Colorectal cancer (CRC) is the third most common cancer globally and second most 

common in Canada. Folate has been suggested to have a dual effect on the risk of CRC. 

Some epidemiological studies have indicated an association between folate deficiency and 

an increased risk of developing colon cancer. Others have suggested an association 

between high intake of FA and an increased risk of developing the disease. Here, we used 

the MutaMouse to evaluate the effect of dietary FA on DNA mutagenesis in vivo in the 

colon. Male mice were fed experimental FA diets (deficient, control, or supplemented) for 

20 weeks from weaning. In addition, to determine the effect of FA intake on the induction 

of mutations by a chemical mutagen, after 10 weeks on the diet half of the mice from each 

diet group were gavaged with 50 mg/kg ENU and the other half with saline after which 

they remained on the diet for an additional 10 weeks. After determining the FA-induced 

MF, we used Next Generation Sequencing to identify the FA-induced mutation spectra in 

the colon. We observed that mice in the saline treatment fed the FA supplemented diet had 

a higher MF compared to mice fed the FA control diet (p = 2.3 x 10-5) and FA deficient 

diet (p = 2.9 x 10-5). Moreover, FA supplementation did not have a protective effect on the 

colon in ENU exposed mice. Instead, the FA supplemented diet caused a higher MF 

compared to mice fed the FA deficient diet (p = 0.045). By identifying the FA-induced MF, 

we show for the first time the capacity for supplemental FA intakes to induce mutations. 

In addition, by identifying the FA-induced mutation spectra we show that the type of 

mutations observed are characteristic of CRC but not necessarily unique to the 
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supplemented diet. These findings demonstrate the capacity of FA supplementation to 

induce mutations in the colon of this mouse model and support the association of FA-intake 

and CRC.  

3.2 Introduction 

The number of Canadians diagnosed with cancer every year is increasing 98. Almost 

1 in 2 Canadians are expected to be diagnosed with cancer during their lifetime 98. 

Colorectal cancer (CRC) is the third most common cancer globally 99. In Canada, colon 

cancer is the second most common type of cancer, just below lung cancer, accounting for 

13% (~26,800) of all new cancer cases in 2017. Similarly, in the United States, colon 

cancer is the third most common cancer, estimated to account for 9% and 7% of new cancer 

cases (~101,420), and 9% and 8% of estimated deaths (~51,020) in males and females, 

respectively 100. Survival from colon cancer is strongly associated with stage at diagnosis, 

where those diagnosed at stage I have a ~92% chance of survival compared to just 12% for 

those diagnosed at stage IV. Currently, in Canada, all 10 provinces and Yukon have 

implemented colorectal cancer screening programs in the hopes that detection of this 

cancer can be made as early as possible. However, diagnoses at all four stages are roughly 

equally distributed, with half the diagnoses being at stage III and IV despite the screening 

programs for both men and women 98. Therefore, it is important to investigate possible risk 

factors of the disease to improve preventive and diagnostic efforts. 

Adenocarcinoma that arises from colon and rectal epithelium accounts for 90% of 

CRC cases 101. The tumor can then breach the intestinal wall and spread via the lymphatic 

system to lymph nodes and other organs through the blood stream. The epithelial layer of 

the colon consists of a single sheet of columnar epithelial cells folded to form finger-like 



  43 

invaginations called crypts of Lieberkühn 102. The differentiated cells are found in the top-

third of the crypt and they are derived from multipotent stem cells, the crypt base columnar 

cells. These cells undergo self-renewal and give rise to a population of transit-amplifying 

cells that become one of the epithelial lineages of the colon 102,103. Cellular transformation 

in the colon has been observed to start in the crypts in a bottom-up fashion and also in a 

top-down fashion with carcinogenesis starting at the surface of the epithelium 104,105. 

Cancer stem cells, in which the capacity of self-renewal is deregulated; have been 

identified in colon cancer and are hypothesized to represent the cells from which cancer 

originates  106,107.  

Adult stem cells of organs with different incidences of cancer accumulate mutations 

through life at similar rates. It was estimated that the colon accumulates ~36 mutations per 

year in its adult stem cells with a resulting correlation between the number of somatic point 

mutations and age 108. While the mutation profiles arise from intrinsic mutational 

processes, differences in cancer incidence among various tissues may be attributed to 

tissue-specific clonality of stem cells or the interaction and impact of external agents 108. 

Differences in cancer risks among tissues can be explained by the total number of stem cell 

divisions; for the colon, environmental and inherited factors play an important role in the 

risk of CRC 109.  

Folate is a water-soluble B vitamin found in foods such as fresh fruits and 

vegetables, legumes and organ meats. FA is the synthetic oxidized form of folate found in 

fortified foods such as enriched white wheat flour and other enriched cereals. Folate is 

required for the activation and transfer of one-carbon-units needed for the de novo synthesis 

of purines and thymidine (dTMP), and the synthesis of methionine 1. De novo synthesis of 
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purines and dTMP is essential for cell proliferation and genome stability. Methionine can 

be adenylated to form AdoMet, the universal methyl donor in the cell, which is required 

for methylation of various molecules in the cell including DNA and histones. In turn, DNA 

and histone methylation patterns regulate gene expression, cellular differentiation, and 

organogenesis, among other processes.  

Disruption to any of the three folate-dependent biosynthetic pathways can have 

serious implications in a cell’s survival, ultimately affecting organs and tissues as a whole. 

Impairments in purine synthesis can result in a reduction of DNA replication and abnormal 

DNA repair 13,14. Insufficient dTMP synthesis may cause a nucleotide imbalance which 

leads to the accumulation of uracil and its mis-incorporation into DNA, resulting in 

increased DNA double strand breaks due to the “futile cycle” of DNA repair 15,16. 

Reduction in the production of AdoMet reduces the availability of methyl groups and the 

cellular methylation capacity, and can thus alter methylation patterns in the genome. 

Genome wide hypomethylation can result in genome instability, disrupt gene expression, 

and alter risk for diseases such as cancer 20,110. 

Folate is an extrinsic factor that has a dual effect on the risk of CRC. The protective 

or promoting effect in CRC depends on the folate status and the normal, not malignant, 

status of the tissue. A number of human studies suggest an association between high folate 

intake and/or status and a reduced risk of developing colon cancer. A meta-analysis of 

prospective studies showed an association between high dietary folate intake and a 

reduction of CRC risk 111. Long-term FA consumption as part of a daily multivitamin (Vit 

A, C, D, E) intake was associated with a significantly reduced risk of colon cancer in a 

large prospective cohort study of 88,756 women 74. Animal studies have shown that folate 
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deficiency increases the risk of CRC by increasing neoplastic lesions in rats with an 

underlying predisposition 112 and that high dietary folate intake reduced the evolution of 

macroscopic neoplasms in the colorectum of rats 113.  The effects of folate deficiency have 

also been studied in vitro. Low folate concentrations induce global and region-specific 

(e.g., p53 tumor suppressor gene) hypomethylation in cultured human-derived colon 

carcinoma cells 114. Immortalized normal human colonocytes in a folate deficient medium 

exhibited an increase in DNA strand breakage and uracil misincorporation 59.  

Genetic polymorphisms in genes related to folate metabolism have also been 

associated with CRC risk. Methylenetetrahydrofolate reductase (MTHFR) is a key enzyme 

needed to irreversibly convert 5,10-methyleneTHF to 5-methylTHF, which is required to 

remethylate homocysteine to methionine, ensuring the production of AdoMet. AdoMet is 

crucial for methylation reactions and epigenetic regulation of gene expression. Common 

polymorphisms in this gene alter folate-mediated one-carbon metabolism by decreasing 

the activity of the enzyme and they have been shown to modulate the risk of CRC 63,110. A 

meta-analysis of multiple case-control studies found an association between the MTHFR 

677C>T and 1298A>C single nucleotide polymorphisms (SNPs) and a decreased risk of 

CRC in different populations 63,64. A case-control study that lasted 12 years, found the 

MTHFR  677C>T to have a protective effect towards colon cancer risk; however, this is an 

effect that is negated by a low folate intake 115. Recently, a genome-wide association study 

determined the MTHFR 677C>T variant to be the major genetic modifier of folate 

biomarkers 116. The MTHFR 677C>T SNP is associated with lower serum and red blood 

cell folate and higher plasma homocysteine, all indicative of impaired folate status and 

metabolism in tissues 116. In vitro, human colonocytes homozygous for the  MTHFR 
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677C>T SNP demonstrated global DNA  hypomethylation when cultured in a medium 

with low FA and hypermethylated when cultured in a medium with an adequate or high 

folate supply 117. The MTR 2756A>G polymorphism of the methionine synthase gene, also 

important in the homocysteine-methionine pathway, decreases the enzyme activity and has 

also been associated with a decreased risk of CRC 31,118. In mice, reduced dTMP synthesis 

induced by Shmt1 hemizygosity was associated with increased risk of intestinal 

tumorigenesis 62. Together the data suggest that folate deficiency or aberrant folate 

metabolism, specifically that which affects nucleotide synthesis rather than methylation 

capacity, may increase the risk for developing CRC.  

In contrast to these studies that suggest that a higher folate status has a beneficial 

effect on CRC risk, there are a number of studies that suggest FA fortification may increase 

it. The introduction of FA fortification in North America and Chile was correlated with a 

transient increase in colon cancer risk immediately following implementation 119,120. A 

double-blind randomized trial in participants with recent history of colorectal adenomas 

found that long-term (>3 years) exposure to FA supplementation did not increase overall 

risk for CRC recurrence, but it did increase the risk of developing more advanced and 

higher number of recurrent adenomas 78. It has been proposed that the timing of FA 

intervention may be key to these observations such that FA may promote the growth of 

existing lesions. 

Timing of FA supplementation was studied in a genetic murine model predisposed 

to intestinal tumorigenesis that can develop numerous dysplastic colonic aberrant crypt 

foci, an early precursor of CRC. This model, Apc+/- Msh-/-, is genotypically similar to 

human CRC and allows the study of environmental and genetic factors in familial and 
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sporadic carcinogenesis. FA supplementation started before the establishment of neoplastic 

foci provided a protective effect against the development of small intestinal adenomas and 

colonic aberrant crypt foci 121. However, if neoplastic foci were present, FA 

supplementation had the opposite effect and increased the number of neoplastic foci. These 

contrasting results suggest that the protective or promoting effect of FA may depend on the 

folate status of the tissue during specific times in cellular transformation 122. A protective 

or rescuing effect may be seen in normal non-cancerous tissues where FA supplementation 

is used to counteract folate deficiency whereas in tissues with established neoplasms FA 

supplementation may promote the progression of the malignant lesion. 

Given the association of folate status with CRC and the potential of folate to induce 

mutations by disrupting one-carbon metabolism it is of interest to measure the potential 

mutagenicity of FA in the colon. We used the MutaMouse to measure and characterize the 

folate-induced mutations in the colon. The MutaMouse is a transgenic mouse model used 

to detect and measure the mutation-inducing potential of many substances. The 

MutaMouse carries multiple copies of the lacZ transgene contained in the lambda 

bacteriophage vector (λgt10lacZ) incorporated into the genome of all of its cells, which 

allows for the identification of mutations in this non-endogenous gene 83. Since the DNA 

can be isolated from any tissue, positive selection of the mutated lacZ gene allows for the 

calculation of mutant frequency (MF) in response to an environmental intervention in all 

tissues 84,85. Here, we used the MutaMouse to evaluate the effect of dietary FA on the MF 

in the colonic epithelium to determine its mutagenic potential and identify potential 

mechanisms of action that may link folate metabolism with CRC risk.  
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3.3 Methods 

 3.3.1 Mouse study and colon collection 

For this experiment, all tissues were in-hand. They were collected in a previous 

study and stored for future research at -80oC. The animal study was performed in-house at 

Health Canada and followed the guidelines described in the Guide to the Care and Use of 

Experimental Animals 123. The study was approved by the Health Canada Ottawa Animal 

Care Committee. The study included 60 weanling male mice (~21 days) from the in-house 

MutaMouse colony that were housed with ad libitum access to water and diets and 

maintained at standard humidity. At 5 weeks of age, the male mice were fed one of the 

three FA diets and kept on diet for 20 weeks: 0 mg FA/kg (deficient), 2 mg FA/kg (control) 

or 8 mg FA/kg (supplemented). The deficient diet represents inadequate dietary FA, the 

control diet approximates the RDA for adult humans, which is 0.4 mg per day, and the 

supplemented FA is 4-fold the control FA diet, representing 1.6 mg per day, which would 

be above the FA UL. 

After 10 weeks on the FA defined diets, half of the mice in each diet group (n=10 

per diet) were given 50 mg/kg of ENU treated by gavage and the other half (n=10 per diet) 

were given saline by gavage. The mice were kept on diet for another 10 weeks before 

necropsy and tissue collection. 

At the time of necropsy, the colon was dissected, fecal pellets were lightly squeezed 

out using very little pressure, not to disturb the epithelium. The unobstructed colon was 

then flushed slowly with 5 mL of cold PBS. The colon was then cut open lengthwise and 

laid out on a glass plate. Using a glass microscope slide to hold down one end of the colon, 

another glass slide was used to lightly scrape the epithelium off and it was collected into a 
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1.5 mL Eppendorf tube. The contents were then flash frozen in liquid nitrogen and kept at 

-80 °C until later use. 

3.3.2 Mouse colon DNA extraction 

The DNA extraction from frozen colon epithelium was performed using the 

phenol/chloroform extraction procedure as described 97. The steps for ‘Small intestine and 

colon’ extraction were followed, skipping the cracking step. The colon was thawed and 

digested in 5 mL of lysis buffer and incubated at 37oC overnight, with gentle shaking. 

Following digestion, RNase A was added to a final concentration of 100 ug/mL and 

incubated for 1 h at 37oC. 5 M NaCl was added to a final concentration of ~1.5 M. The 

sample was then mixed and centrifuged at 2,000 x g for 20 min. Only the aqueous sample 

was transferred to a new 15 mL tube. Hydrated phenol was first equilibrated with equal 

part of 1 M Tris-HCl, pH 8, and shaken, and the upper aqueous phase was discarded; this 

was repeated with 0.1 M Tris-HCl, pH 8. An equal volume of chloroform:isoamyl alcohol 

(24:1) was added to the phenol, mixed and centrifuged for 10 min at 1500  g. An equal 

volume of the bottom organic layer was added to each sample, and samples were inverted 

for 20-30 min and then centrifuged at 1500 x g for 10 min. The upper aqueous layer was 

transferred to a new 15 mL tube leaving behind any white precipitate. Enough 5 M NaCl 

was added to each sample to bring the concentration to 200 mM (1/50 volume) and mixed. 

An equal volume of chloroform/isoamyl alcohol was added to the samples, the samples 

were inverted and centrifuged as previously described. The aqueous fraction was 

transferred to a new 15 mL tube followed by the addition of ethanol at a 2:1 ratio to start 

DNA precipitation. DNA was spooled and washed with 70% ethanol. Once dried, the 
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sample was dissolved in TE buffer (10 mM Tris pH 7.6, 1 mM EDTA).  Isolated DNA was 

kept at 4oC until it was used for the lac Z assay. 

3.3.3 Colon lacZ mutant frequency analysis  

The lacZ assay was performed using the DNA extracted from the colon. The 

recovery and packaging of the lambda vector into a lambda phage from the extracted DNA 

was accomplished by using the Transpack Packaging extract (Agilent Technologies, Santa 

Clara, CA). These particles then infect the recombinase A deficient (recA-) and galactose 

epimerase deficient (galE-) E. coli. The E. coli was then incubated overnight permitting 

the growth of a bacterial lawn allowing the visibility and quantification of plaques. A 

minimum of four non-selective control plates (allowing growth of non-mutant and mutant 

plaques) and four selective mutant plates were counted for each sample. An average of 

more than 110,000 total PFUs were scored for each treatment. The mutant frequency (MF) 

was calculated per sample as the number of mutant plaques divided by the total number of 

PFU.  

Once the mutant plaques were counted, they were collected using a transfer pipet 

into sterile microtubes containing autoclaved milliQ sterile water (0.3 mutants/uL; 1 

sample per tube). The mutant plaques were pooled by sample (mouse) and stored at -80oC 

until sequencing. 

 3.3.4 Statistical analysis 

The colon lacZ MF data were fit to a generalized linear model with a Poisson 

distribution using the glm function in R with the quasi-Poisson error distribution to account 

for over-dispersion (variability) of the data. One of the colon DNA samples did not produce 

any PFUs; therefore, it was removed from the analysis. Replicate plates that were outside 
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the error distribution of the diet group were considered outliers and removed from the 

analysis. Based on these removals, four of the original 60 samples were removed from the 

analysis. Ultimately, there was a total of 10 samples for both deficient and control FA diets 

for both treatments and eight samples for the supplemented diet for both treatments (Table 

3.1). The mean PFUs counted were 146,189 and 138,633 in saline and ENU treatments, 

respectively. Significant differences among the FA diets and treatments were identified by 

a two-way ANOVA followed by Tukey’s Honest Significant Difference (Tukey HSD). 

3.3.5 Library preparation and next-generation sequencing 

Mutant plaques were collected and pooled by sample for sequencing. Sequencing 

was performed on samples for all three FA diets from the saline treated group only. Plaques 

from titer plates were also collected to act as wild type/background mutation controls. 

Microtubes containing the pooled plaques for each mouse were boiled to melt the agar and 

an aliquot of 10 uL of the suspension was transferred to a well in a PCR plate. 

Amplification and sequencing of the lacZ gene for each sample was done in two technical 

replicates to control for PCR errors. A PCR mastermix was prepared for each sample and 

its replicate resulting in a final volume of 50 uL. The PCR mastermix contained a 10 uL 

aliquot from the plaque suspension, 10 uL of 5X Q5 Reaction Buffer, 0.5 uL of Q5 High-

Fidelity DNA Polymerase, 1 uL of dNTPs (10 mM) (NEB Inc.), 2.5 uL each of the forward 

and reverse primers (10 uM), and 23.5 uL of nuclease-free water. A 30-cycle PCR 

amplification of the lacZ gene was performed using the following thermocycle program:  

95 °C for 3 min; 30 cycles of 95 °C for 45 s, 50 °C for 1 min, 72 °C for 4 min; final 

extension at 72 °C for 7 min. The PCR products were purified using the QIAquick PCR 

purification kit (Qiagen). The QubitTM dsDNA HS Assay kit (InvitrogenTM) and the Qubit 
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2.0 Fluorometer were used to quantify the purified PCR product. Samples were diluted 

with nuclease-free water to a final DNA concentration of 0.2 ng/uL and stored in LoBind 

tubes at -20oC until library preparation.  

Sequencing libraries were prepared using the Nextera XT DNA Library Prep Kit 

(Illumina) following the Nextera XT protocol except for the last step where the libraries 

are normalized. Briefly, the genomic DNA (gDNA) of each sample is “tagmented” and 

tagged by the Nextera transposome. Index 1 (N7XX), Index 2 (S5XX) and full adapter 

sequences are added to the “tagmented” DNA and it is then amplified in a 12 cycle PCR. 

We used the SPRIselect reagent beads (Beckman Coulter, Inc.) to purify the libraries and 

remove shorter fragments instead of the AMPure XP beads, used in the protocol. We 

replaced the normalization steps from the protocol by assessing the quality of the libraries 

using a High Sensitivity DNA Screen Tape in an Agilent 2200 TapeStation. The region 

was set to 150-1250 bp (base pair) and its molarity (pM/L) was calculated. The libraries 

were then diluted to a final molarity of 500pM. Libraries were pooled together containing 

4 uL aliquots from the 500 pM solutions of each library. 

The Illumina NextSeq 500 System and the NextSeq 500/550 High Output Kit 2.5 

(150 cycles) were used to sequence the lacZ libraries. Ultimately, plaques from a total of 

28 samples were sequenced, each sample with its duplicate, and a pool of 105 titer plaques 

from the control diet (Table 3.2).  

 3.3.6 Bioinformatics 

Bioinformatic analysis of sequence data was conducted using the pipeline described 

in Beal et al., 2015 84. Briefly, raw sequence data was converted into FASTQ format using 

the bcl2fastq conversion software v2.17.1.14 (Illumina, Inc). Reads were trimmed and 
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aligned to the reference lacZ sequence from the MutaMouse using bowtie2 93. Pileups were 

created using SAMtools 94. From the pileups, a frequency of each mutation type, which 

included base substitutions and indels, relative to the reference sequence (lacZ gene) were 

determined and adjusted for the false mutation proportion (PCR artifacts and sequencing 

noise). Indels with a false mutation proportion higher than the highest false mutation 

proportion for base substitutions were ignored to reduce false indel calls. “True mutations” 

were called when both technical replicate values were above the mutation calling threshold 

(1/# plaques of sample). Recurrent mutations, specifically the same mutation that occurred 

at the same location more than once per animal, were considered to be the result of clonal 

expansion and were thus counted as one mutation. Independent, unique mutations were 

used to determine mutation spectra (type of mutations) and distributions of mutations 

across the lacZ gene. One-way ANOVA followed by Tukey’s Honest Significant 

Difference (Tukey HSD) were performed to identify any significant differences on 

mutation types among the FA diets. 
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3.4 Results 

 3.4.1 Colon mutant frequency  

Table 3.1 presents the mean colon MF and standard deviation (SD) by diet and 

treatment of the 56 samples included in the analysis after removal of outliers from 

replicates (described in methods). There was a total of 10 samples for deficient and control 

diets for both treatment groups and eight samples for the supplemented diet for both 

treatment groups.  
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Table 3.1: LacZ mutant frequency in colon. MF: mutant frequency. SD: standard 

deviation. 

 

  
Treatment FA Diet 

# of 

Samples 

Mean MF x 10-5 

±  SD 

  

Saline 

Deficient 10 11.1 ± 1.5 

 
Control 10 11 ± 1.5 

  Supplemented 8 15.5 ± 2.4 

  

ENU 

Deficient 10 59.7 ± 8.4 

 
Control 10 61.3 ± 4.1 

  Supplemented 8 70.1 ± 11.7 
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Among saline treated mice, those fed the FA supplemented diet had a significantly 

1.4-fold higher MF compared to mice fed the FA control diet (p = 2.3 x 10-5) and those fed 

the FA deficient diet (p = 2.9 x 10-5) (Fig 3.1 A). In ENU treated mice, mice fed the FA 

supplemented diet also had a significantly 1.2-fold higher MF than mice fed the FA 

deficient diet (p = 0.045) (Fig. 3.1 B). 
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Figure 3.1: LacZ mutant frequency in the colon of male mice fed FA defined diets. 
(A) Male mice exposed to saline, and (B) male mice exposed to ENU. The points represent 

the mean mutant frequency for each mouse. The horizontal line represents the group 

median, the box represents the upper and lower quartiles and the whiskers extend across 

the full range of observed mutant frequencies. Mice fed the supplemented FA diet and 

treated with either saline or ENU had a significantly higher mutant frequency in the colon 

compared to mice fed a FA deficient or control diet. Note the Y-axis scale of saline and 

ENU groups. (Two-way ANOVA, Tukey HSD, *p≤0.05, ***p ≤0.005, *****p ≤0.00005).    

Diets: Control = 2 mg FA/kg; Deficient= 0 mg FA/kg; Supplemented = 8 mg FA/kg. 

Treatment: Saline or N-ethyl-N-nitrosurea (ENU). Groups included n=8-10/diet/treatment. 
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3.4.2 Sequencing of the colon mutant plaques 

Mutations were measured and characterized in the colon by sequencing the lacZ 

reporter transgene of all samples in the saline treatment, using the Illumina NextSeq 500 

System. A total of 28 samples (452 plaques) were sequenced. Each sample was sequenced 

with a technical replicate (Table 3.2). Sequencing generated a total of 18,493,058,083 base 

reads (nucleotide reads). 

After correcting for false mutation proportion and applying the mutation calling 

threshold on the colon sequencing data, “true mutations” were called in nine mice fed the 

FA deficient and FA control diets, and eight mice fed the FA supplemented diet. There was 

a total of 360 recurrent mutations from which 176 independent mutations (including indels) 

were identified in all samples. Only independent mutations were used in the analysis.  
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Table 3.2: Total of samples sequenced, and number of independent mutations identified in the lacZ gene from the colon. The 

total number of mice (samples) per FA diet that were sequenced, and the number of base substitutions, deletions and insertions identified 

per FA diet. 

 

     

Independent mutations 

FA Diet 
# of 

Samples 

Total 

Samples 

Total 

number of 

Libraries 

(with 

duplicates) 

# of Samples 

used in 

Analysis1 

Base 

substitutions 
Deletions Insertions 

Deficient 10 

28 56 

9 44 7 3 

Control 10 9 39 12 3 

Supplemented 8 8 52 5 - 

    Total 135 24 6 

 

 

                                                      
1 Number of samples used in the analysis may differ from the original number of samples sequenced due to the fact that a sample may have been dropped if none 

of its mutation calls remained after correcting for false mutation proportion and applying the mutation calling threshold. 
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3.4.3 Proportion of mutation types in the colon  

Proportions of the colon mutation spectra among the three FA diets can be seen in 

figure 3.2. Some qualitative differences were observed in the mutation type proportions 

among the FA diets, but they were not statistically significant. A:T  G:C transitions were 

present in mice fed the FA control and supplemented diet but not in those fed the FA 

deficient diet. Insertions were only observed in mice fed the FA deficient and control diets. 

The greatest proportion of A:TC:G transversions was observed in mice fed the FA 

supplemented diet. All four types of possible transversions (G:CC:G, G:CT:A, 

A:TT:A, A:TC:G) and deletions were seen in mice fed all three diets.  

Overall, the proportions of transitions, transversion and indels, respectively, in mice 

fed the FA diets were: 0.48, 0.34 and 0.18 in those fed the FA deficient diet; 0.50, 0.20 and 

0.30 in those fed the FA control diet and 0.55, 0.35 and 0.10 in those fed the FA 

supplemented diet, respectively. Therefore, while proportions of transitions were similar 

in mice across all FA diets, the mice fed the FA control diet had the lowest proportion of 

transversions and the mice fed the supplemented diet had the lowest proportion of indels.  

 The lacZ mutation spectrum of the colon was adjusted  to the MF obtained from 

the lacZ assay (Fig. 3.3).  
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Figure 3.2: Proportional representation of mutation spectra of the colon of male mice on the saline treatment fed one of three 

FA diets. No significant differences were identified by one-way ANOVA, Tukey HSD. Diets: Control = 2 mg FA/kg; Deficient= 0 mg 

FA/kg; Supplemented = 8 mg FA/kg. 
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Figure 3.3: LacZ mutation spectra of the colon in mice fed one of three FA diets. 

Proportions of all type of mutations adjusted to MF of colon. Diets: Control = 2 mg FA/kg; 

Deficient= 0 mg FA/kg; Supplemented = 8 mg FA/kg.  
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3.4.4 Distribution and hotspots of base substitutions and indels along the lacZ 

gene in the colon 

Plotting the distribution of the independent FA-induced mutations in colon along 

the lacZ gene allowed the identification of candidate mutational hotspots. A position was 

considered a possible hotspot if a mutation occurred at the same position in more than one 

sample per diet.  

A total of six, three and nine possible hotspots were identified in mice fed the FA 

deficient, control and supplemented diets, respectively (Table 3.2). All of the hotspots in 

mice fed the FA deficient and control diets occurred at C:G base pairs. In mice fed the FA 

supplemented diet one (~11%) of the hotspots occurred at a T:A base pair and the rest 

occurred at a G:C base pair. The majority of the hot spot mutations were G:CA:T 

transitions among all diets.  Five hotspots were common to more than one diet, however 

there were samples with no hotspots observed in all diet groups. All five shared hotspots 

occurred at C:G base pairs, with four being G:CA:T transitions and one a G:CC:G 

transversion. A visual representation of the distribution of the base substitutions along the 

lacZ gene can be observed in figure 3.4. 
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Table 3.2: Position of possible base substitution hotspots. Independent base substitutions which occurred at the same position in more 

than one sample per diet in the colon. The numbers denote the number of mice with the mutation per diet. Diets: Control = 2 mg FA/kg; 

Deficient= 0 mg FA/kg; Supplemented = 8 mg FA/kg. * Hotspot present in more than one diet 

 

     FA Diet      

  Position   Deficient   Control   Supplemented   Type of 

Mutation 
  

 50         2   T > A  

 204 *      2   2   G > C  

 436      2      C > T  

 928   3         G > A  

 1030   2         G > T  

 1187 *   2      2   C > T  

 1196         2   C > T  

 1399   2         G > A  

 2374         2   C > T  

 2659 *   3      2   C > T  

 2713 *      4   2   G > A  

 2743         2   C > A / C > T  

  2744 *   2      2   G > A  
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Figure 3.4: Distribution of base substitutions across the lacZ gene in the colon in mice fed one of three folic acid diets. Dots 

represent a base-substitution. Red dots represent hotspots, mutation that occurred at the same position in more than one sample on the 

same diet. Number of mutations show how many samples share the base substitution at the same position. Diets: Control = 2 mg FA/kg; 

Deficient= 0 mg FA/kg; Supplemented = 8 mg FA/kg. 
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Candidate indel hotspots in the colon are shown in table 3.3. Only deletion hotspots 

were identified, and only in the group fed the FA control diet.  

A total three deletions hotspots were identified in mice fed the FA control diet. 

None of the deletion hotspots occurred at the same position as a base substitution hot spot. 

Deletion hotspot at position 1578 occurred in three mice.  

A visual representation of the distribution of indels across the lacZ gene can be 

observed in figure 3.5. 
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Table 3.3: Indel hotspots along the lacZ gene in the colon. Independent indels that 

occurred at the same position in more than one mouse per diet in the colon. The numbers 

denote the number of mice with the mutation per diet. Note that no insertion hotspots were 

observed in the colon. Diets: Control = 2 mg FA/kg; Deficient= 0 mg FA/kg; Supplemented 

= 8 mg FA/kg.  

 

 FA Diets 

  Deficient Control Supplemented 

Position Deletions 

442  2   

1578  3   

2556   2   
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Figure 3.5: Distribution of indels across the lacZ gene in the colon in mice fed one of three folic acid diets. Dots represent 

deletions and triangles represent insertions. Red dots represent the deletion hotspots, deletions that occurred at the same position in 

more than one sample on the same diet. Number of mutations show how many samples share the indel at the same position. Diets: 

Control = 2 mg FA/kg; Deficient= 0 mg FA/kg; Supplemented = 8 mg FA/kg. 
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3.5 Discussion 

Folate plays an important role in the maintenance of genome stability through its 

role in the one-carbon metabolism. Folate is required for the de novo synthesis of DNA 

nucleotides, purines and dTMP, and the maintenance of AdoMet. Altering folate status can 

lead to disturbances in one-carbon metabolism, thus causing genome instability and 

increasing risk of diseases. Folate deficiency has been associated with many diseases, 

including cancers 17,47. Folate supplementation has generally been associated with reducing 

the risk of cancer and rescuing hypomethylation caused by folate deficiency 74,111,114.  

The colon is a highly proliferative tissue and folate-dependent one-carbon 

metabolism has been associated with the development and prevention of CRC, where both 

folate deficiency and supplementation have been associated with a dual effect towards 

CRC. These studies have looked at the epidemiological, physiological, and methylation 

effects of folate intake in the colon. However, the underlying mechanism of mutation 

induction by folate in the tissue remains unclear. Here, we studied the effect of dietary FA 

on the induction of genetic mutations in the colon of the male MutaMouse by means of the 

lacZ assay, which allows the detection of point mutations, small deletions, and insertions. 

We show that the colon in the MutaMouse strain is susceptible to FA-induced DNA 

mutations, where mice fed a FA supplemented diet had a higher colon MF than those fed 

a control or deficient diet.  

 Our results show that MF in the colon was significantly higher in mice fed the FA 

supplemented diet when compared to those fed either the FA control and deficient diets in 

both treatments, saline and ENU. Studies have suggested that high FA intakes may alter 

one-carbon metabolism by saturating the enzymatic activity of DHFR 124. DHFR is 
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required for the sequential reduction of FA to 7,8-DHF and then to THF, the bioactive form 

of folate. Saturation of DHFR can result in of the appearance of unmetabolized FA in 

plasma and tissues, which has been proposed to cause a functional folate deficiency. At 

high concentrations of FA, the activity of rat and human DHFR isolated from liver is 

reduced 850 and 1300 times , respectively 124. This would decrease the the generation of 

THF from DHF limiting the folate cofactors available for the de novo nucleotide synthesis 

and for the conversion of homocysteine to methionine. FA absorption happens in the 

intestine 3,4, making this tissue potentially more susceptible to saturation of DHFR. Other 

studies have suggested that high concentrations of FA could potentially act as a folate 

antagonist by increasing DHF concentrations which may also inhibit some of the enzymes 

required for dTMP, purine and methionine synthesis. It has been shown that thymidylate 

synthase, the enzyme responsible for the de novo synthesis of dTMP, can be inhibited by 

the accumulation of DHF in a noncompetitive manner 125. DHF and its polyglutamate 

derivatives have also been found to inhibit a key intermediate enzyme (AICAR 

transformylase) involved in the de novo synthesis of purines 126. In addition, it has also 

been observed that DHF can function as a competitor inhibitor of MTHFR which could 

result in inhibition of the formation of 5-methylTHF leading to a decrease in methionine 

synthesis 127,128. Ultimately, high levels of FA could potentially result in DNA instability 

and alteration of methylation patters due to a de facto functional folate deficiency. This 

could explain why mice fed the FA supplemented diet had a higher MF in the colon 

compared to those fed the FA control and deficient diets in the saline treatment. 

Alternatively, it has been proposed that folate deficiency may increase DNA 

instability and malignant transformation. Folate deficiency can induce DNA double-strand-
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breaks (DSBs) by disrupting dTMP synthesis and increasing misincorporation of uracil in 

DNA and/or reducing methionine synthesis and cellular methylation capacity resulting in 

genome wide hypomethylation; either can result in chromosomal damage 1,129. Folate 

deficiency can also result in a nucleotide pool imbalance due to impaired de novo purine 

synthesis, which affects DNA repair mechanisms, therefore increasing mutations and DNA 

instability 16,130.  

 One explanation for why we did not observe an increase in MF in the colon of FA 

deficient mice could possibly be the microbiota in the colon. Bifidobacteria is naturally 

found in the gastrointestinal tract of humans and mice and it is known to have beneficial 

effects 131,132. Bifidobacteria has also been found to be a folate producing bacteria 132. The 

uptake of microbiota-produced vitamins occurs predominantly in the colon and these 

vitamins contribute to the homeostasis of colonic epithelial cells 133–135. In our study, mice 

fed a FA deficient diet had a similar MF to those fed the control diet. We could rationalize 

that folate produced by the gut microbiota could compensate for the depletion in those mice 

fed the FA deficient diet; hence, no disruption to the one-carbon metabolism, which results 

in a low MF.  

Characterization of FA-induced mutations was accomplished by recovery of the 

reporter lacZ gene from the MutaMouse mice. The mutation spectra of the colon varied 

among FA diets, suggesting a FA-intake dependent mutation spectrum. Base substitutions, 

transitions and transversions, comprised the majority the types of mutations in all FA diets. 

Spontaneous somatic mutations resulting in base-substitutions can be induced by an 

extrinsic environmental factor, which may confer cells to advantageous characteristics 

which can result in cancer 5,136,137. Mutation patterns of these somatic mutations are called 
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mutation signatures. These signatures are unique combinations of mutation types generated 

from different mutational processes. The Catalog of Somatic Mutations in Cancer 

(COSMIC) is a large genome-wide database that describes over 4 million coding 

mutations, from genome-wide sequencing results and curation of publications 138,139. The 

database contains information for each type of signature, including proposed etiology for 

the mutational processes underlying a particular mutation type and the type of cancers in 

which the signature has been found 138,140. In the COSMIC database, we identified the 

following single base substitution (SBS) mutational signatures associated with CRC: SBS 

[1, 2, 3, 5, 9, 13, 15, 18, 20, 26, 40, 44] 139,140. We then compared the FA mutational spectra 

from our results to the characteristic mutation types found for the CRC SBS to identify the 

possible etiology underpinning specific types of mutations. 

The G:CA:T transition was the predominant mutation observed in mice fed all 

of the FA diets, representing ~50% of the mutation spectra of each diet. These transitions 

are characteristic of CRC-associated SBS [1, 2, 3, 5, 15, 26, 40, 44] 139,140. The proposed 

etiologies of this type of transition is age, spontaneous deamination of 5-methyl-cytosine, 

activation of AID/APOBEC enzymes, defective DNA mismatch repair (MM), and errors 

during replication by polymerase 139–141.  

SBS [1, 15, 26, 44] are associated MM repair which results in a G:CA:T 

transition 139,140. MM is a DNA repair mechanism that detects and corrects DNA damage, 

and is involved in initiating the cellular response to such damage. MM repair is a primary 

repair mechanism activated in the colon. Given that the colon is a highly proliferative 

tissue, it relies on MM to repair base substitution mismatches during replication 142. Due 

to MM being the main DNA repair mechanism of this tissue, any mutation or mechanism 
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that disrupts its function can lead to an increase in this particular base substitution. 

Although, there are other possible etiologies that also result in a G:CA:T transition, it 

would be of interest to determine the association and effect, if any, of FA on this repair 

mechanism.  

The SBS2 signature is also associated with a G:CA:T transition and its proposed 

etiology is the activation of AID/APOBEC 139,140. The AID/APOBEC enzyme family, were 

originally identified as DNA mutators and antiviral factors 143,144. They are involved in the 

DNA cytosine deamination (CU) with the purpose of inhibiting viruses and 

retrotransposons by disrupting their genome 145,146. APOBEC can also target the host’s 

genome to create genome diversity, in order to help with antibody actions and to drive 

evolution. However, if deregulated, these enzymes can also disrupt genome stability and 

lead to cancer 143,147. The APOBEC enzymes are considered one of the most significant 

carcinogens 138. Its potent mutagenicity may explain the similar high proportions of 

G:CA:T mutations in the lacZ gene seen across FA diets.  

In addition, APOBEC is also the etiology suggested for G:CC:G transversion 

(SBS13). However, from our results we saw that the G:CA:T transitions (45-52%) are 

preferential over the G:CG:C transitions (3-5%) in the MutaMouse. This preference for 

a mutation type is a direct result of DNA polymerases inserting an adenine opposite to the 

deaminated cytosine, causing a C>A transition. In contrast, the action of REV1, a 

deoxycytidyl transferase, is required in order to incorporate a cytosine opposite  a 

deaminated cytosine resulting in a G:CC:G transversion 145,148. Because of APOBEC’s 

role as a potent mutagen it is possible that it masks some of the mutagenic effects of FA. 

Therefore, it would be of interest in future studies to find the sole effect of dietary FA on 
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this type of mutation and the relationship between APOBEC and FA’s role in nucleotide 

synthesis, particularly since APOBEC’s mutations involve purines. 

The G:CT:A was the most common transversion observed in the colon across all 

FA diets. CRC signatures in which this transversion was characteristic were SBS [18, 20, 

26, 44]. The etiology of CRC-associated SBS signatures [20, 26, 44] is defective MM 

repair, as described above. However, SBS18 has been associated with damage caused by 

reactive oxygen species (ROS) 139,140. Production of ROS has been associated with FA 

deficiency as a result of homocysteine accumulation by depletion of folate coenzymes 

149,150. ROS puts the cell in a pro-oxidant state and leads to DNA hypomethylation. 

Although not significant, the proportion of G:CT:A transversion in our results were 2.2-

fold higher in the group fed the FA deficient diet compared to the control diet and FA 

control and 1.5-fold higher when compared to the supplemented diets. Thus, ROS 

production may be the etiology driving this type of transversion in the colon. Moreover, 

this suggests the possible role of FA intake involvement in CRC by increasing G:CT:A 

transversions, which are characteristic of the disease. 

3.6 Conclusion 

In this study, we showed FA intake has an effect on the MF of the colon in the male 

MutaMouse. We observed a significantly higher MF in mice fed the FA supplemented diet 

compared to those fed the FA control and deficient diets. MF in mice fed the FA 

supplemented diet was significantly higher in mice exposed to both saline and ENU 

treatments. We hypothesized that this increase in MF may be a consequence of the 

saturation of DHFR by FA supplementation ultimately disrupting the formation of THF 

and one-carbon metabolism. We also proposed that since gut microbiota can produce 
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folate, they could potentially compensate in the colon of mice fed the FA deficient diet, 

therefore mitigating disruption to one-carbon metabolism resulting in a low MF. However, 

this over overcompensation might be localized to the colon. Moreover, we show that FA 

supplementation does not have a protective effect in the colon when exposed to a mutagen 

(ENU) and in fact results in a higher MF than observed in FA deficient mice. 

Identification of the FA-induced mutation spectra in the colon was achieved by 

NGS of the mutant lacZ gene obtained from the lacZ assay. We observed a somewhat 

distinct FA-induced mutation spectra per FA diet. Although, differences among mutation 

types across diets was not found to be significant, this is the first instance were the direct 

effect and the capacity to induce mutations in DNA of different FA-intake is shown.  

Moreover, by comparing the FA-induced mutation spectra to mutation signatures 

of CRC from the COSMIC database, we found that mutations signatures associated with 

CRC were also observed in our mice. The etiology of these mutations included age, 

spontaneous deamination of 5-methyl-cytosine, activation of AID/APOBEC enzymes, 

defective DNA mismatch repair (MM) and damage from ROS. ROS production, the 

suggesting underlying etiology of SBS13 (G:CT:A), has previously been associated with 

FA deficiency. Presence of this transversion in our results supports the association between 

ROS production and FA, while also supporting the association between FA intake and CRC 

by inducing mutations characteristic of the disease.  

Taken together, we propose that FA supplementation enhances the type of 

mutations commonly associated with CRC suggesting it increases the overall susceptibility 

of the tissue to the disease. In addition, future studies could focus on the relationship 

between APOBEC, specific repair mechanisms, and FA.  
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Chapter 4: Investigating the folate-induced mutation spectra and its tissue-specific 

mutagenicity potential in the colon epithelium and bone marrow of the male 

MutaMouse 

 

4.1 Abstract 

Variation in cancer incidence among tissues is attributable in part to exposure to 

environmental risk factors. A tissue-specific mutagenicity, where certain mutations are 

preferentially selected in different tissues, results in tissues-specific mutation profiles. 

Folic acid is an extrinsic factor which has been associated with colorectal cancer and acute 

lymphocytic leukemia. Here, we used the MutaMouse model to determine the mutagenic 

potential of FA in vivo in the colon and bone marrow, and to determine if there is a tissue- 

and diet-specific effect induced by FA intake. Male mice were fed experimental FA diets 

(deficient, control, or supplemented) for 20 weeks from weaning. NGS was used to 

sequence the lacZ reporter gene and we determined the mutation spectra of both tissues. 

The tissues presented with contrasting responses to FA both in MF and mutation spectra. 

In the colon, the highest MF was observed in mice fed the FA supplemented diet in mice 

treated with either saline or ENU. However, in the bone marrow, the highest MF was 

observed in mice fed the FA deficient diet, and only in the saline treated mice. When 

comparing the mutation spectra of the tissues, the bone marrow had a FA-diet-specific 

mutation spectra that differed significantly for mice fed the FA deficient diet compared to 

the control and supplemented diets. However, in colon, the FA supplemented diet did not 

cause a unique mutation spectra but rather enhanced the overall incidence of colon-specific 

mutation types. Furthermore, we show that the types of mutations we observed are 

characteristic of CRC and ALL. We demonstrate, for the first time, the mutagenic potential 
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of FA-intake, the mutation spectra induced by different FA intake levels and that the 

mutagenic potential of FA is tissue-specific. 

4.2 Introduction 

Spontaneous mutations that occur in somatic cells accumulate steadily through life. 

These mutations can arise from endogenous and exogenous processes 5. A mutation from 

one cell can be inherited by its descendants (clones) and those mutations that confer a 

selective advantage will have preferential growth and survival. One possible outcome of a 

somatic mutation, or the accumulation of many mutations, is cancer. Cancer is a disease in 

which a mutation confers a clone the ability to divide and grow uncontrollably by escaping 

the built-in and exogenous restraints of proliferation of normal somatic cells 5,136. About 

95% of the somatic mutations observed in solid tumors that result in altered protein 

products are the result of single-base substitutions 137. The remainder consists of deletions 

and insertions of a few bases. Variability in the number of mutations found in tumors is 

attributed to defects in DNA repair, mutations in the proofreading domain of DNA 

polymerases (POLE and POLD1) and exposure to an exogenous mutagen 137,151.  

The variation in cancer incidence among tissues is well known and it is attributable 

to exposure to environmental risk factors, inherited genetic variation and recently, and to 

the lifetime number of cell divisions of the tissue’s stem cells 109. Mutation profiles are 

tissue-specific even when the accumulation of lifetime somatic mutations is similar among 

tissues 108. While some genes are associated with cancers in numerous tissues, there are 

also tissue-specific cancer genes that are mutated in selected types of cancers. The BRCA1 

is one tissue-specific cancer gene which, if it has a loss-of-function mutation, increases the 

risk of breast and ovarian cancer by up to 80% but not the risk for other cancers 142,152. 
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Moreover, the type and location of mutations in a particular gene can vary among cancers 

from various tissues. The p53 tumor suppressor gene mutational spectrum differs among 

cancers, where in colon cancer transitions at CpG islands predominate, whereas G>T 

transversions along the gene are most frequent in lung and breast cancers 153. In addition, 

some exogenous mutagens, such as environmental mutagens and toxins, have a preferential 

tissue target, at times producing cancer in one tissue but having no effect in many others 

154–157. This suggests a tissue-specific mutagenicity where different mutations are 

preferentially selected in different tissues since the advantages given by a mutation to a 

cancer cell can vary by cell type 142.  

Sequencing has shed light on possible mechanisms and processes involved in tumor 

evolution. Cancer genomes provide a history of the mutagenic processes that have occurred 

before and after the development of a neoplastic transformation 158,159. Cancer genome 

sequencing has also revealed mutational patterns, signatures, which may reflect the effect 

of extrinsic factors. Mutational signatures induced by mutagenic agents could provide new 

insights on the origins and causes of human tumors and cancers. Signatures of many known 

and suspected carcinogenic agents, including drugs, have been determined 160.  

Folic acid is an exogenous factor that has been associated with CRC and acute 

lymphocytic leukemia (ALL). Folate is a water-soluble B vitamin found in fresh fruits and 

vegetables, legumes and organ meats. FA is the synthetic oxidized form of folate found in 

fortified foods such as enriched white wheat flour and other enriched cereals. Folate is 

required for the de novo synthesis of purines and thymidine (dTMP), and the synthesis of 

methionine 1. De novo synthesis of purines and dTMP is essential for genome stability and 

cell proliferation. Methionine can be adenylated to form AdoMet, which is the universal 
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methyl donor in the cell, required for the methylation of various molecules in the cell 

including DNA and histones. DNA and histone methylation patterns are essential for the 

regulation of gene expression, cellular differentiation, and organogenesis, among other 

processes.  

Disruption to any of the three folate-dependent biosynthetic pathways can have 

serious implications in a cell’s survival and tissues as a whole, and similarly can impact 

the propensity for a cells to undergo transformation. Impairment in purine synthesis can 

result in a reduction of DNA replication and abnormal DNA repair and has been shown to 

induce mutations in Chinese hamster ovary cells 13,14. Insufficient dTMP synthesis may 

cause a nucleotide imbalance resulting in the accumulation of uracil and its mis-

incorporation into DNA which could increase DNA double strand breaks due to the “futile 

cycle” of DNA repair 15,16. In addition, reduction in the production of AdoMet lowers the 

availability of methyl groups and the cellular methylation capacity. This can alter 

methylation patterns in the genome and lead to genome wide hypomethylation resulting in 

genome instability, disruption of gene expression, and alter risk for diseases such as cancer 

20,110. However, while altered folate metabolism has been implicated in cancer 

development, the study of folate from the perspective of it acting as a mutagen is lacking, 

and the folate-induced mutational signature(s), if they exist, are unknown. 

CRC is one of the most common malignancies worldwide 99. About 90% of CRC 

cases derive from the colon and rectal epithelium where the tumor can breach the intestinal 

wall and then spread to lymph nodes and other organs 101. Tumorigenesis in the colon has 

been observed to start at the surface of the epithelium and also in the crypts 104,105. Cancer 

stem cells have been identified in colon cancer, these stem cells have a deregulated capacity 
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of self-renewal 106,107. Environmental, including food components, and inherited factors 

have been found to play an important role in the risk of CRC 109,142.  

Folate is an extrinsic factor that has been shown to have a dual effect on the risk of 

CRC. FA supplementation has been associated with a protective effect towards a high risk 

of CRC derived from folate deficiency. A large prospective cohort study of 88,756 women 

showed that long-term FA consumption as part of a daily multivitamin (Vit A, C, D, E) 

intake was associated with a significant reduced risk of colon cancer 74. Animal studies 

have shown that folate deficiency increases the risk of CRC by increasing neoplastic 

lesions in rats with an underlying predisposition 112 and that high dietary folate intake 

reduced the evolution of macroscopic neoplasms in the colorectum of rats 113. On the other 

hand, FA supplementation has been associated with promoting the progression of 

malignant lesion in CRC in the presence of stablished neoplasms. A study in a murine 

model (Apc+/- Msh-/-), predisposed intestinal tumorigenesis mice, showed a protective 

effect provided by FA supplementation against the development of small intestinal 

adenomas and colon aberrant crypt foci in when supplementation started before the 

establishment of neoplastic foci 121. However, once neoplastic foci are present, FA 

supplementation had the opposite effect and increased the number of neoplastic foci. 

 Leukemia and multiple myeloma are cancers that originate in the bone marrow. In 

Canada, leukemia has a higher incidence in males than in females with a mortality rate of 

~50% for both sexes. ALL is a neoplastic disease caused by somatic mutations to a single 

lymphoid progenitor cell at one of the many stages of development 161. Incidence of ALL 

has its first peak in childhood and a second peak in adults of ~50 years of age 162. FA intake 

and genetic polymorphisms in genes related to folate transport and metabolism have also 
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been associated with ALL risk and treatment outcome, as well as other bone marrow 

diseases. A previous study from our lab showed that bone marrow from mice was 

susceptible to the induction of DNA mutations and chromosomal instability in conditions 

of folate deficiency. Additionally, we did not observe a protective effect from FA 

supplementation on these endpoints when mice were exposed to a mutagen (ENU) 88. In 

contrast, in vitro experiments in the human liver cell line, L02, showed that FA 

supplementation reduced Benzo(a)pyrene-induced mutagenicity and genotoxicity 77. This 

protective effect of FA supplementation was also seen in vivo, where a significant decrease 

in micronucleus frequency was observed in the bone marrow of mice in the FA 

supplemented intervention when compared to control 77. In regards to polymorphisms, the 

human SNP SHMT1 1420C>T  has been associated with reduced risk for ALL 67, whereas 

MTHFR 677C>T and 1298A>C SNPs were associated with lower risk of adult ALL. These 

suggest that altered folate metabolism may be involved in the development of ALL 69. 

Finally, folic acid deficiency was associated with complications and adverse 

outcomes in children in India with ALL during maintenance chemotherapy 65. SNP 80G>A 

in the RFC1 gene, the reduced folate carrier, is associated with low plasma folate and high 

homocysteine concentrations in healthy persons 163. An association between the RFC1 

80G>A polymorphism and increased ALL susceptibility was found in a study where DNA 

was isolated from pediatric ALL patients and compared to controls 71. Additionally, RFC1 

is also a major transporter of methotrexate, an antifolate chemotherapeutic that is a key 

treatment of childhood ALL. A study examining the plasma concentrations of methotrexate 

and disease outcome in children with ALL found that patients with the SNP had worse 

prognosis and that homozygosity for the 80G>A polymorphism had higher methotrexate 
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plasma concentrations 164; the poorer outcomes could have been due to lower cellular 

uptake of methotrexate. 

Given the association of folate status with CRC and ALL cancers and the potential 

of folate to induce mutations by disrupting one-carbon metabolism, it is of interest to 

measure the potential mutagenicity of FA in the colon and bone marrow. The MutaMouse 

was used to measure and characterize folate-induced mutations in both somatic tissues. The 

transgenic rodent mutation assay allows us to detect and measure the mutation-inducing 

potential of many substances and to determine mutational spectra in vivo. The lacZ reporter 

gene is incorporated into the MutaMouse genome and can be recovered to detect de novo 

mutations 83. Positive selection of mutated lacZ genes allows for the calculation of mutant 

frequency (MF) in response to an environmental intervention in all tissues and sequencing 

of the lacZ gene provides data which enables a mutation spectrum to be compiled for the 

given mutagenic agent 84,85,159. Here, we used the MutaMouse to evaluate the effect of 

dietary FA on the MF and mutational spectra in the colonic epithelium and bone marrow 

to determine its tissue-specific mutagenic potential and identify potential mechanisms of 

action that may link folate metabolism with CRC and ALL risk.  
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4.3 Methods 

 4.3.1 Animal study 

The animal study was performed in-house at Health Canada. The study followed 

the guidelines described in the Guide to the Care and Use of Experimental Animals 123 and 

it was approved by the Health Canada Ottawa Animal Care Committee. Sixty weanling 

males derived from the in-house MutaMouse colony that were housed with ad libitum 

access to water and diets and maintained at standard humidity. At 5 weeks of age the male 

mice were fed one of the three FA diets, which have been routinely used in the lab, and 

continued the diet for 20 weeks : 0 mg FA/kg (deficient), 2 mg FA/kg (control) or 8 mg 

FA/kg (supplemented) (Dyets, Inc.; Bethlehem, PA) 89. The control diet (2 mg/kg) 

represents an adequate dietary FA intake for rodents and corresponds with the RDA for 

adult humans, which is 0.4 mg folate per day. The deficient diet (0 mg/kg) was used to 

represent an inadequate dietary FA intake, in our hands it has been shown to decrease both 

tissue and plasma folate and increase homocysteine but not render the rodents completely 

folate depleted. The supplemented diet (8 mg/kg) is 4-fold the control diet and is used to 

represent a dietary FA intake of 1.6 mg per day in adult humans, representing a folate intake 

that could be achieved through the combined  consumption of folic acid fortified foods and 

over-the-counter supplements sold in Canada. After 10 weeks on diet, half of the mice in 

each diet group (n=10) were given a 50 mg/kg dose of ENU dissolved in phosphate buffer 

by gavage (n = 10) and the other half in each diet group (n = 10) were given saline by 

gavage. The mice were fed the diet for another 10 weeks. At the time of necropsy, the bone 

marrow and the colon epithelium, were collected and flash frozen in liquid nitrogen. 
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4.3.2 LacZ assay and preparation for sequencing 

The mutant plaques from the bone marrow used for sequencing were isolated in a 

previous study; the bone marrow came from the same mice from which the colon was 

collected 88. Briefly, DNA was extracted from the bone marrow (collected from both the 

right and left femurs) using a phenol chloroform method and used in the lacZ assay 88. 

Similar to that described for the colon, recovery and packaging of the λgt10lacZ copies 

was accomplished using the Transpack Packaging extract (Agilent Technologies, Santa 

Clara, CA). Infection of the host bacteria (galE- recA- E.coli) with the package phages was 

followed overnight incubation of the plated bacteria to allow visibility and quantification 

of plaques the following day. Plaques from plates contaning agar and P-gal, selective 

medium, were used to estimate MF and plaques from plate containin only agar, non-

selective medium, were used to calculate PFUs. MF was calculated per sample as the 

number of mutant plaques divided by the total number of PFU. The mutant plaques from a 

single mouse were pooled and stored at -80oC until sequencing. After statistical analysis 

outliers were removed from the MF analysis.  

Mutant plaques from remaining mice representing all three FA diets from the saline 

treatment, only, of the bone marrow were prepared for sequencing (Table 4.1). Plaques 

from titer plates (~200)  were collected to act as wild type/baseline mutation plaque 

controls. Tubes containing the pooled plaques were boiled to melt the agar. An aliquot of 

10 uL of the suspension was transferred to a well in a PCR plate. Amplification and 

sequencing of the lacZ gene for each mouse was done in duplicate as a technical replicate 

(two separate reactions) to control for PCR errors. The PCR mastermix final volume was 

50 uL per well and contained: 10 uL aliquot from the plaques suspension, 10 uL of 5X Q5 
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Reaction Buffer, 0.5 uL of Q5 High-Fidelity DNA Polymerase, 1 uL of dNTPs (10 mM) 

(NEB Inc.), 2.5 uL of each primer (10uM), forward and reverse, and 23.5 uL of nuclease-

free water. The lacZ gene was amplified in a 30-cycle PCR as follows:  95 °C for 3 min; 

30 cycles of 95 °C for 45 s, 50 °C for 1 min, 72 °C for 4 min; final extension at 72 °C for 

7 min. The PCR products were purified using the QIAquick PCR purification kit (Qiagen). 

DNA was quantified using a QubitTM dsDNA HS Assay kit (InvitrogenTM) in a Qubit 2.0 

Fluorometer. Samples were diluted with nuclease-free water to a final DNA concentration 

of 0.2 ng/uL and stored in LoBind tubes at -20oC until library preparation. 

4.3.3 Illumina sequencing  

Libraries were prepared using the Nextera XT DNA Library Prep Kit (Illumina). 

The Nextera XT protocol was followed except for the last step where libraries are 

normalized. Briefly, the Nextera transposome was used to “tagment”, fragment, and tag 

the genomic DNA (gDNA) of each sample. The “tagmented” DNA was then amplified 

using a 12 cycle PCR program. During this amplification, the indexes (N7XX and S5XX) 

and full adapter sequences were added to the “tagmented” DNA. To purify the libraries 

and remove shorter fragments the SPRIselect reagent beads (Beckman Coulter, Inc.) were 

used instead of the AMPure XP beads, used in the protocol. Evaluation of the quality of 

the libraries was done using a High Sensitivity DNA Screen Tape in an Agilent 2200 

TapeStation. This replaced the normalization steps from the Nextera XT protocol. On the 

TapeStation the region was set to 150-1250 base pairs and its molarity (pM/L) was 

calculated. The libraries were then diluted to a final molarity of 500pM. Finally, 4 uL 

aliquots from the 500 pM solutions of each library were pooled together. 
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Sequencing of the lacZ libraries was performed in-house using the Illumina 

NextSeq 500 System with the NextSeq 500/550 High Output Kit 2.5 (150 cycles). A total 

of 29 samples (mice) from bone marrow were sequenced, only those from the saline diet 

excluding the outliers, as mentioned before. Each sample was sequenced with its duplicate, 

plus the titer plaques from the control diet (Table 4.1). 

4.3.4 Bioinformatics 

Bioinformatic analysis of sequence data was conducted using the pipeline described 

in Beal et al., 2015 84. In summary, the raw sequence data was converted into FASTQ 

format using the bcl2fastq conversion software v2.17.1.14 (Illumina, Inc). Reads were 

trimmed and aligned to the reference lacZ sequence from the MutaMouse using bowtie2 

93. Alignment pileups were created using SAMtools 94. From the pileups, the proportions 

of base substitutions and indels were determined for each library relative to the reference 

sequence. The mutation proportions were normalized by subtracting the false mutation 

proportion (estimates PCR artifacts and sequencing errors) from the total mutation 

proportion. To reduce false indel calls, indels with false mutation proportions higher than 

the highest false mutation proportion from the base substitutions were ignored. Mutation 

calls in which both replicates were above the mutation calling threshold (1/# plaques of 

sample) were considered true mutations. Identical mutations which occurred more than 

once at the same location were considered recurrent mutations, a result from clonal 

expansion from a single independent event. For our analysis we considered only 

independent mutations, unique mutations. These were used to determined mutation spectra 

and to map the distribution of the mutations across the lacZ gene. 
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4.4 Results 

 4.4.1 Comparison of mutant frequencies across tissues 

The lacZ assay was previously performed in bone marrow 88 from the same mice 

used in the colon study. A comparison of the results from the two somatic tissues is 

presented in Figure 4.1. 

The bone marrow showed significant differences in MF such that the FA deficient 

diet resulted in a 1.9-fold higher MF than the control diet in the saline treatment group (p 

= 0.035). As expected, ENU treatment induced a higher MF compared to saline treatment 

in both tissues. However, in the bone marrow there were no significant differences based 

on diet 88. In contrast, in colon, as stated previously in chapter 3, there was a significant 

difference in MF among the FA diets in both treatment groups, such that FA 

supplementation resulted in a 1.4-fold and 1.2-fold higher MF than the control and deficient 

diets in the saline and ENU treatments, respectively. Given that these results are from the 

same mice, we show that there are tissue specific responses to FA intake. 

  



  88 

 

 

Figure 4.1: Comparison of lacZ mutant frequency in somatic tissues. Bone marrow 

and colon lacZ mutant frequency results in mice fed a FA deficient, control or 

supplemented diet and exposed to either saline or ENU. Note the difference in the Y-axis 

scale between the saline and ENU groups. (Two-way ANOVA, Tukey HSD, *p≤0.05, 

***p ≤0.005, ****p ≤0.00005). Diets: Control = 2 mg FA/kg; Deficient= 0 mg FA/kg; 

Supplemented = 8 mg FA/kg. Treatment: ENU = N-ethyl-N-nitrosurea. Groups included 

n=8-10/diet/treatment. 

  

FA Diets
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4.4.2 Sequencing of the lacZ reporter gene in somatic tissues 

A total of 28 mice (samples) (452 plaques) from colon and 29 samples (463 

plaques) from bone marrow were sequenced. (Table 4.1). Sequencing generated a 

combined total of 53,881,611,015 base reads (nucleotide reads) for both tissues; 

18,493,058,083 and 35,388,552,392 from the colon and the bone marrow, respectively. 

After correcting for false mutation proportion and applying the mutation calling 

threshold on the sequencing data, “true mutations” in the colon were called from nine 

samples each from the FA deficient and control diets and eight samples from the FA 

supplemented diet. In the bone marrow, “true mutations” were called from 10 samples from 

the FA deficient diet, 9 samples from the FA control diet and 8 samples from the FA 

supplemented diet. There was a combined total of 360 and 399 recurrent mutations 

identified in all samples, from which 165 and 149 were independent mutations (including 

indels) in the colon and bone marrow, respectively. Only independent mutations were used 

in the analysis.  
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Table 4.1: Samples sequenced, and number of independent mutations identified in the lacZ gene from the colon and bone 

marrow. The total number of mice (samples) per FA diet that were sequenced, and the number of base substitutions, deletions and 

insertions identified per FA diet 

 

       
Independent mutation types 

  

Tissue FA Diet 
# of 

Samples 
Total 

Total 

number of 

Libraries 

(with 

duplicates) 

# of 

Samples 

used in 

Analysis2 

Base 

substitutions 
Deletions Insertions 

 

Colon 

Deficient 10 

28 56 

9 44 7 3 

 
Control 10 9 39 12 3 

  Supplemented 8 8 52 5 - 

 
     Total 135 24 6 

 
         

  
Bone 

Marrow 

Deficient 10 

29 58 

10 53 11 1 

 
Control 10 9 40 11 2 

  Supplemented 9 8 28 3 - 

      
Total 121 25 3 

 

                                                      
2 Number of samples used in the analysis may differ from the original number of samples sequenced due to the fact that a sample may have been dropped if none 

of its mutation calls remained after correcting for false mutation proportion and applying the mutation calling threshold. 
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4.4.3 Somatic tissue mutation spectra comparison 

Some qualitative differences in mutation types between colon and bone marrow 

were observed. The bone marrow proportions of transitions, transversions and indels, 

respectively, in mice fed the FA diets were: 0.62, 0.23 and 0.15 in those fed the FA deficient 

diet; 0.62, 0.20 and 0.18 in those fed the FA control diet and 0.70, 0.19 and 0.10 in those 

fed the FA supplemented diet, respectively. As reported in chapter 3, the proportions in 

colon were 0.48, 0.34 and 0.18 in those fed the FA deficient diet; 0.50, 0.20 and 0.30 in 

those fed the FA control diet and 0.55, 0.35 and 0.10 in those fed the FA supplemented 

diet, respectively. 

Overall, the proportions of transitions were higher in mice across all FA diets in the 

bone marrow than in colon, while the opposite was observed for transversions. In regard 

to indels, in bone marrow the proportion of mutations that were indels were lower in mice 

fed the FA control and deficient diet and the same in mice fed the FA supplemented diet 

when compared to the proportion from the colon in mice fed the same diets.  

Proportions of mutation types in the bone marrow among the three FA diets can be 

seen in figure 4.2 (upper). Bone marrow had s significant difference among the proportions 

of the type of mutations. In bone marrow a significantly higher proportion of G:CC:G 

transversions was observed in the mice fed the FA deficient diet compared to those fed the 

FA control diet (p=0.016) and the FA supplemented diet (p=0.02). The A:T  G:C 

transitions were present in mice fed the FA control in bone marrow and FA control and 

supplemented diet in colon but not in those fed the FA deficient diet in both tissues. 

However, these observations were not significant for either tissue. The mutation spectra 

observed in mice fed the FA supplemented diet in the bone marrow was made up of only 
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three type of mutations, G:CA:T, G:CT:A and deletions. All four types of possible 

transversions (G:CC:G, G:CT:A, A:TT:A, A:TC:G) were observed only in the 

group fed the FA deficient diet in the bone marrow as opposed to the colon where the four 

transversion types were observed in mice fed all three FA diets. Finally, insertions were 

only observed in the group fed the FA control and deficient diets in both tissues.   

Figure 4.3 shows the proportion of types of mutation adjusted to the MF obtained 

from the lacZ assay of each tissue. 
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Figure 4.2: Proportional representation of mutation spectra of the bone marrow and colon of male mice on the saline 

treatment fed one of three FA diets. In the bone marrow the G:C  C:G transversion is significantly higher in mice fed the FA 

deficient diet when compared to mice fed the FA control or supplemented diets (One way ANOVA, Tukey HSD, *p≤0.05). No 

significant differences were identified among the mutation proportions in the colon. Diets: Control = 2 mg FA/kg; Deficient= 0 mg 

FA/kg; Supplemented = 8 mg FA/kg

21

4

* 
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Figure 4.3: LacZ mutation spectra of the colon and bone marrow in mice fed one of 

three FA diets. Proportions of all type of mutations adjusted to MF of each tissue 

respectively. Diets: Control = 2 mg FA/kg; Deficient= 0 mg FA/kg; Supplemented = 8 

mg FA/kg.  
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4.4.4 Distribution and hotspots of base substitutions and indels along the lacZ 

gene in bone marrow and comparison to hotspots in colon 

Plotting the distribution of the independent FA-induced mutations in the bone 

marrow along the lacZ gene allowed for the identification of candidate mutational hotspots. 

A position was considered a candidate hotspot if a mutation occurred at the same position 

in more than one sample (mouse) per diet.  

A total of seven hotspots were identified in the bone marrow of mice fed the FA 

deficient and five hotspots in mice fed the FA control and supplemented diets (Table 4.2). 

All of the hotspots identified among FA diets occurred at C:G base pairs. All of the hot 

spot mutations were G:CA:T transitions.  Six hotspots common in more than one diet 

and two hotspots were common in all diets. A visual representation of the distribution of 

the base substitutions along the lacZ gene can be observed in figure 4.4. 

Overall, there were 30% more hotspots identified in bone marrow than in colon. 

Five hotspots were observed in both tissues although the FA diet group in which the 

hotspots were identified were not always the same. The type of mutations observed at the 

hotspots also differed between both tissues. While, in bone marrow all hotspots occurred 

at C:G base, in colon ~11% of the hotspots from the supplemented diet occurred at a T:A 

base pair. 
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Table 4.2: Position of candidate base substitution hotspots. Independent base 

substitutions that occurred at the same position in more than one sample per diet in the 

bone marrow. The numbers denote the number of mice with the mutation per diet. 

Positions in red color are hotspots also identified in colon. Diets: Control = 2 mg FA/kg; 

Deficient= 0 mg FA/kg; Supplemented = 8 mg FA/kg. * Hotspot present in more than 

one diet 

 

 FA Diet  

Position Deficient Control Supplemented 
Type of 

Mutation 

928 * 3   2 G > A 

1072 * 5 4 2 C > T 

1090 * 3   2 G > A 

1187 * 7 3 4 C > T 

1627 * 4 2 3 G > A 

2374   2   C > T 

2659 2     C > T 

2713 * 2 2   G > A 
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Figure 4.4: Distribution of base substitutions across the lacZ gene in the bone marrow in mice fed one of three folic acid diets. 
Dots represent a base-substitution. Red dots represent hotspots, representing a mutation that occurred at the same position in more 

than one mouse from the same diet. The y-axis represents the number of mice that have a base substitution at the same position. Diets: 

Control = 2 mg FA/kg; Deficient= 0 mg FA/kg; Supplemented = 8 mg FA/kg. 
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Candidate indel hotspots in bone marrow are shown in table 4.3. Only one deletion 

hotspot and no insertion hotspots were identified among the FA diets.  

The only deletion hotspot was identified in the bone marrow of mice fed the FA 

deficient and control diets. The deletion hotspot di not occurred at the same position as 

base substitution hot spot. The deletion hotspot occurred in both diet groups at position 

1578. A visual representation of the distribution of indels across the lacZ gene in the bone 

marrow can be observed in figure 4.5. 

 Overall, we identified more deletion hotspots in colon than in bone marrow, a 3:1 

ratio. However, the deletion hotspot in bone marrow was share between two FA diets. The 

only deletion hot spot in bone marrow was also identified as a deletion hotspot in colon. 

Lastly, no insertion hotspots were identified for either tissue. 
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Table 4.3: Indel hotspots along the lacZ gene in the bone marrow. Independent indels 

that occurred at the same position in more than one mouse per diet in the bone marrow. 

The numbers denote the number of mice with the mutation per diet. Position is in red font 

to denote that the hotspot was also identified in colon. Note that no insertion hotspots 

were observed in the bone marrow. Diets: Control = 2 mg FA/kg; Deficient= 0 mg 

FA/kg; Supplemented = 8 mg FA/kg. * Hotspot position present in more than diet. 

 

 

 FA Diets 

  Deficient Control Supplemented 

Position Deletions 

1578 *  2 2  
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Figure 4.5: Distribution of indels across the lacZ gene in the bone marrow in mice fed one of three folic acid diets. Dots 

represent a deletions and triangles represent insertions. Red dots represent deletion hotspots, deletions that occurred at the same 

position in more than one mouse in the same diet group. The y-axis represents the number of mice that share an indel at the same 

position. Diets: Control = 2 mg FA/kg; Deficient= 0 mg FA/kg; Supplemented = 8 mg FA/kg. 
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4.5 Discussion 

 Folate-mediated one-carbon metabolism is required for the de novo synthesis of 

DNA nucleotides and maintenance of AdoMet, thus it is important for DNA stability, gene 

expression, cell proliferation and methylation maintenance. Disruption of one-carbon 

metabolism by altering folate intake or metabolism can result in DNA instability and an 

increased risk of disease. Folate deficiency has been associated with many diseases, 

including cancers 17,47. Folate supplementation has generally been associated with reducing 

the risk of cancer and rescuing hypomethylation caused by folate deficiency 74,111,114.  

Bone marrow is a highly proliferative tissue and the origin of ALL, a cancer 

initiated in white blood cell precursors (lymphocytes) in the bone marrow. The risk of 

developing ALL and its response to treatment have been associated with folate status and 

SNPs in proteins involved in one-carbon metabolism. Folate status has also been associated 

with CRC, where folate deficiency and supplementation have been observed to have a dual 

effect on cancer initiation and growth. Because mutagenicity has been suggested to be 

tissue-specific where different mutations are preferentially selected in different tissues 142, 

we compared the FA-induced MF of the colon with previous MF results from the bone 

marrow from the same mice  88, which were consistent with the hypothesis that folate 

deficiency causes genetic mutations and genome instability. An increased induction of 

chromosomal damage, as indicated by micronucleated red blood cells, and increased MF 

of the bone marrow was observed in mice fed the FA deficient diet compared to mice fed 

the control and supplemented FA diets 88. Results which were not mirrored in the colon, 

where MF was significantly higher in those fed the FA supplemented diet when compared 

to the other diets. Therefore, we demonstrate that the FA-induced DNA mutations are tissue 
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specific where in bone marrow FA deficiency results in higher MF and in colon FA 

supplementation results in higher MF. We also compared the FA-induced mutation spectra 

from both tissues which further confirms the tissue-specific mutagenicity induced by FA 

intake.  

The differences in MF and response to FA doses suggest that the intrinsic metabolic 

and/or DNA repair mechanisms differ between these two somatic tissues. One difference 

between these two somatic tissues is the type of folate to which they are exposed. FA 

consumed from fortified foods and vitamin supplements as well as reduced folates (mostly 

5-methylTHF) from natural food sources are mostly absorbed across the intestinal 

epithelium primarily by the PCFT in the small intestine. In the case of our mouse study, 

the casein-based AIN-93G diet has low levels of natural folate, therefore it is enriched with 

a FA-containing vitamin mix. As such, FA is the primary folate consumed. To be bioactive, 

FA needs to be reduced to THF. Serum folates circulate as monoglutamate derivates, with 

5-methylTHF being the predominant form found in blood 3,4. Thus, bone marrow has 

access primarily to 5-methylTHF which is ready to enter the one-carbon metabolism as 

opposed to the colon where FA has to be reduced. In addition, the intracellular 

concentration of folate, which depends on the intracellular bound folate and the kinetics of 

long-term turnover of folate, differs among tissues 165. This may explain the different rates 

at which tissues can become folate depleted and consequently influence the mutagenic 

potential of altered folate metabolism.  

Nearly all intracellular folate is bound by enzymes that catalyze the folate-

dependent reactions. Unbound folate is susceptible to degradation 1. Modeling of folate 

reactions suggested that protein binding of folates helps to maintain folate homeostasis in 
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cases when folate status decreases 166. For example, nuclear folate is more difficult to 

deplete than cytoplasmic folate. A the tissue level, high folate concentrations in the bone 

marrow of rodents has been observed, consistent with its high metabolic activity 167. 

However, a higher kinetic turnover in bone marrow could explain why a folate deficient 

diet would result in a higher MF, if simply because it has a higher folate requirement and 

becomes more readily depleted under deficient conditions. The renewal rate of bone 

marrow is higher than that of colon producing ~1 trillion cells per day 168,169. Folate 

requirements are higher for fast proliferating cells to support nucleotide synthesis 170. We 

could hypothesize that FA supplementation did not cause an increase in MF in bone 

marrow due to its very high proliferation rate and high folate requirement. Bone marrow 

would require high intracellular folate concentrations in order to keep up with de novo 

nucleotide synthesis. This high kinetic turnover would also explain why FA deficiency 

would deplete the bone marrow and increase its MF, as the intracellular folate 

concentrations would be rapidly depleted in cells with a high rate of proliferation exposed 

to low folate conditions.  

In contrast, while colon is considered a highly proliferative tissue, its rate of 

proliferation is slower than that of bone marrow. Around 10 million colon cells are 

regenerated a day with a full replacement of the colon epithelial surface every 3-5 days 171–

173, compared to the ~1 trillion cells produced in the bone marrow 169. Also, it has been 

suggested that high concentrations of FA may saturate the DHFR enzymatic activity which 

can cause a functional folate deficiency by limiting the folate derivative cofactors available 

in the one-carbon metabolism 124. Therefore, slower kinetic turnover and exposure to FA, 

rather than solely reduced folate derivatives could inhibit one-carbon metabolism and result 
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in an increase in MF in mice fed this FA diet. Moreover, naturally occurring folate-

producing microbiota in the colon could explain the low MF observed in mice fed the FA 

deficient diet, as the folate produced by the microbiota is readily absorbed by the colon and 

could compensate, at least transiently, for the depletion caused by the diet 131–135. 

As expected, the colon of mice treated with ENU exhibited a ~5-fold increase in 

MF regardless of FA diet when compared to those in the saline treatment. ENU is an 

alkylating agent that induces point mutations 174. We showed that the MF in the colon of 

mice treated with ENU followed the same direction as that observed in mice treated with 

saline, such that mice fed the FA supplemented diet had significantly a higher colon MF 

compared to mice fed the control diet. This differs from what was observed in the bone 

marrow, where MF across the FA diets did not show a significant difference meaning that 

FA intake did not have an effect on ENU-induced MF. Therefore, FA supplementation did 

not have a protective effect by decreasing the MF on either somatic tissue. In regard to the 

colon, FA supplementation exacerbated the ENU-induced MF possibly by inhibiting THF 

production because of the saturation of DHFR. 

 Identification of the FA-induced mutation spectra was accomplished by sequencing 

of mutant plaques. Mutation spectra varied between the two somatic tissues and among FA 

diets, suggesting a FA-intake dependent mutation spectrum. Base substitutions, including 

both transitions and transversions, comprised the majority of the types of mutations in both 

tissues. The proportions of transitions were higher in the bone marrow than in colon 

regardless of FA diet, while the opposite was observed for transversions.  

 Base-substitutions, as a result of spontaneous somatic mutations, are the most 

common mutations found in solid tumors 137. These mutations accumulate throughout life 
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and can arise from intrinsic or extrinsic factors, and the variability in cancer incidence 

among tissues is attributable in part to exposure to environmental risks factors 5,109. Cancer 

results from one or many mutations which confer a selective advantage to a cell to 

proliferate and escape the built-in and exogenous restraints of a normal cell 5,136. Unique 

combinations of mutation types generated from different mutational processes are called 

mutation signatures. The Catalog of Somatic Mutations in Cancer (COSMIC) is a large 

database that describes over 4 million coding mutations, from whole-genome and exome 

sequencing results and curation of publications 138,139. The database contains information 

for each type of signature, including the signature profile, the proposed etiology for the 

mutational processes underlying a particular mutation type, and the type of cancers in 

which the signature has been found 138,140. We compared the mutation spectra from our 

results to the characteristic mutation types of CRC and ALL, including base substitution 

subtypes, in order to identify a possible etiology behind the mutations. Many of signatures 

have been observed in ALL and CRC cancer types. The single base substitution (SBS) 

mutational signatures found in both cancers were: SBS [1, 2, 5, 13, 18, 40].  

The G:CA:T transition was the predominant mutation observed in both tissues in 

this study. This transition is characteristic of SBS [1, 2, 5, 40] 139,140. The proposed 

etiologies of this mutation type are age and the spontaneous deamination of 5-methyl-

cytosine and deregulation of AID/APOBEC 139–141. SBS [1, 5, 40] have been associated 

with age, and age has been associated with the accumulation of somatic mutations 108,175.   

SBS2 is associated with the G:CA:T transition and it is associated with the 

deregulation of AID/APOBEC 139,140. The AID/APOBEC enzyme family is involved in the 

DNA cytosine deamination (CU), a cellular mechanism with the purpose of inhibiting 
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viruses and retrotransposons by disrupting their genome 145,146. APOBEC can also target 

the host’s genome to create genome diversity to help with antibody actions and evolution. 

However, it can also disrupt genome stability and lead to cancer if the enzyme’s activities 

are uncontrolled 147. The APOBEC enzymes are considered one of the most significant 

carcinogens 138, which could explain the consistent proportions of G:CA:T mutations in 

the lacZ gene of both tissues. It’s role as a potent mutagen might mask some of the 

mutagenic effects of FA. We could propose that this etiology is the driver of this type of 

transition in both tissues and that it might happened independently of FA intake, since there 

are no difference on the proportion of the transition across FA diets. However, it would be 

of great interest to investigate the relationship between FA and APOBEC since the type of 

mutation resulting from its deregulation involves purines and also misincorporation of 

uracil into the DNA.  

In addition, APOBEC is also the etiology suggested for G:CC:G transversion 

(SBS13). Transitions, G:CA:T, are preferential over the G:CC:G transversions 

because the transitions are a direct result from DNA polymerase repair. DNA polymerases 

insert an adenine opposite to the deaminated cytosine, causing a C>A transition. In 

contrast, the a G:CC:G transversion results from the action of REV1, a deoxycytidyl 

transferase, required to incorporate a cytosine opposite a deaminated cytosine 145,148. In our 

results, the G:CC:G transversion was observed across all diets in the colon, but in the 

bone marrow it was only observed in the deficient diet. In the colon the G:CC:G 

transversion could still be driven by a deregulation of APOBEC. However, we could 

suggest that the G:CC:G transversion observed in mice fed FA deficiency is FA-diet 

induced in the bone marrow. FA deficiency enhances the number of cytosine deaminated 
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sites by misincorporation of uracil in the DNA such that G:CC:G transversions could 

result by REV1.    

Production of reactive oxygen species (ROS) was the proposed etiology for 

G:CT:A transversion, characteristic of both ALL and CRC 139,140. FA deficiency has 

been associated with the production of ROS as a result of accumulation of homocysteine 

149,150. From our results, the G:CT:A transversion was the only transversion observed in 

both tissues across all diets. Although not significant, the proportions of this transversions 

were different across diets in both tissues. In colon, the proportion of the G:CT:A 

transversion was highest in the group fed the FA deficient diet where in bone marrow the 

highest proportion was observed in those fed the FA supplemented diet. Because the 

G:CT:A transversion was present across all diets and in both tissues, we could suggest 

that FA-intake did not have an effect on this type of mutation. However, future studies 

could find other somatic tissues where FA-intake may have an effect, given that FA has 

been associated with the etiology driving this transversion.  

While all the signatures found in ALL were also found in CRC, there are a few 

signatures that were only found in CRC. Signatures that were only found in CRC (SBS [15, 

20, 26]) are associated with DNA mismatch repair (MM). DNA repair mechanism proteins 

serve to detect and correct DNA damage and to initiate the cellular response to such 

damage. MM repair was determined to be the prevalent DNA repair in the colon, which 

relies on MM to repair base substitution mismatches during replication 142. In contrast, the 

double-strand break repair (DSBR) is the canonical repair mechanism in leukemia 142. 

DSBs occur naturally in B and T cells, which might explain the importance of the DBSR 

in the bone marrow. Identification of tissue-specific DNA repair mechanisms further 
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supports the potential of extrinsic mutagen factors, such as FA, to have a tissue-specific 

mutagenicity. Therefore, future research could focus on the FA-intake effect on specific 

DNA repair mechanism in specific tissues. This could further our understanding into how 

FA affects specific tissues by altering intrinsic mechanism such as DNA repair, especially 

since folate is involved in de novo nucleotide synthesis. 

4.6 Conclusion 

In this study, we used the MutaMouse to demonstrate that folate affects tissues 

independently. First, we observed contrasting MF results in response to FA diets between 

colon and bone marrow. In the colon, the highest MF was observed in mice fed the FA 

supplemented diet in mice treated with either saline or ENU. In contrast, the highest MF in 

the bone marrow was observed in mice fed the FA deficient diet and only in the saline 

treated mice. We hypothesized that the increase in MF in the colon may be a consequence 

of the saturation of DHFR by FA supplementation ultimately disrupting the formation of 

THF and one-carbon metabolism. This saturation is not experienced in the bone marrow 

since it is exposed primarily to 5-methylTHF circulating in the plasma. We also propose 

that gut microbiota produce folate, which is immediately available for uptake by 

colonocytes, which could potentially compensate, perhaps transiently, for the FA deficient 

diet, therefore minimizing the disruption to one-carbon metabolism and induction of 

mutations. However, this over compensation might be localized to the colon and therefore 

have no beneficial effect on other more distant tissues such as the bone marrow. We also 

show that FA adequacy kept MF at its lowest in both tissues. These results emphasize the 

importance of adequate folate intake may be optimal for normal and healthy development 
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and that it is when intakes are outside of an optimal range that aberrant development can 

occur. 

Second, we determined that the FA-induced mutation spectrum differs by FA intake 

and between tissues. We identified the etiology that has been proposed for certain 

signatures found in ALL and CRC and determined if those type of mutations were observed 

in the FA-induced mutational spectra. Proposed etiologies underlying some types of 

mutations observed in our study include age, the spontaneous deamination of 5-methyl-

cytosine, deregulation of AID/APOBEC, ROS production and deactivation of DNA repair 

mechanisms. 

Ultimately, we determined a FA-related mutation spectrum in two somatic tissues 

from an in vivo study using the male MutaMouse. We show the potential of FA to induce 

single-base substitutions in vivo. In addition, we showed that these base substitutions are 

also found in ALL and CRC, two cancers in which FA intake has been associated with risk. 

Further in vivo studies will be necessary to evaluate and determine the mutation signature 

of FA and to determine its role and effect in intrinsic cell factors that may result in cellular 

transformation in CRC and ALL.  

  



  110 

Chapter 5: Discussion  

5.1 Context for the study 

Folate deficiency has been associated with increased risk for gastro-intestinal 

cancers and has a causal role in the development of NTDs and megaloblastic anemia. FA 

supplementation has been associated with dual effects in CRC. We proposed that FA intake 

has an effect in somatic mutations of the male MutaMouse. Therefore, the purpose of this 

study was to investigate the effect of low, adequate, or high dietary FA intake in the colon 

of the male mice. Additionally, we sought to identify the folate- and tissue-specific 

mutation profiles of colon and bone marrow.  

5.1.1 Mutagenic potential of folate 

 Folate has an important role in ensuring normal development, cell growth and 

maintenance of overall health. Therefore, disruption of any of the three folate-dependent 

biosynthetic pathways can have serious implications in a cell’s survival, ultimately 

affecting organs and tissues as a whole. Impairments in de novo purine synthesis can result 

in a reduction of DNA replication and abnormal DNA repair13,14. Insufficient dTMP 

synthesis may cause a nucleotide imbalance which results in the accumulation of uracil and 

its misincorporation into DNA, leading an increase in DNA double strand breaks due to 

the “futile cycle” of DNA repair15,16. A decline in the production of AdoMet reduces the 

availability of methyl groups and cellular methylation capacity, thus altering methylation 

patterns across the genome. Hypomethylation of the genome can result in genome 

instability, disrupt gene expression, and alter risk for diseases such as cancer9,20. 
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5.1.2 FA and CRC 

 Colon cancer is within the top three most common types of cancer in North 

America100. It has been established that environmental and inherited factors play an 

important role in the risk of CRC109. The colon is a highly proliferative tissue in which both 

folate deficiency and supplementation has been associated with a dual effect towards CRC. 

The protective or promoting effect folate on CRC risk likely depends on the folate status 

and the normal, versus cancerous, state of the tissue. Here we show that colon in the 

MutaMouse strain is susceptible to FA-induced DNA mutations, specifically that a FA 

supplemented diet resulted in a higher colon MF than those fed a control or deficient diet. 

Given that higher rates of mutation are associated with risk for cellular transofmration, this 

suggests that, at least under the conditions this study, FA supplementation may promote 

the development of cancer. This was contrary to what we expected. 

Folate deficiency has been associated with increased DNA instability and 

malignant transformation by disrupting the one-carbon metabolism. Folate deficiency can 

induce DBSs, nucleotide pool imbalance, impaired DNA repair and genome 

hypomethylation 1,16,129,130. These are candidate causal mechanisms of how folate 

deficiency can induce mutations. Folate deficiency mutagenicity potential has been 

determined in vitro where low folate concentrations induced hypomethylation in human-

derived colon carcinoma cells and increase DNA strand breakage in human colonocytes 

59,114. In rats, folate deficiency has been shown to induce DNA strand breaks and 

hypomethylation in the Tp53 gene, a tumor suppressor gene and mutations in this gene are 

found in ~50% of CRC cases 176,177. 
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Moreover, our laboratory had previously demonstrated the genotoxicity of folate 

deficiency in mice where mice fed the FA deficient diet had significantly higher Pig-a MF 

in red blood cells when compared to those fed the FA supplemented diet 178. More 

importantly, a previous study using tissues from the same mice used in this study, found a 

higher lacZ MF in bone marrow and micronuclei in red blood cells in mice fed the same 

FA deficient diet compared to those fed control and supplemented diets 88.  

Therefore, we expected mice fed the FA deficient diet to have a similarly higher 

MF in the colon than those in the control and supplemented diets. However, here we show 

that mice fed the FA deficient diet did not show an increase MF in the colon. The lack of 

effect of folate deficiency may potentially be explained by the presence of folate producing 

bacteria in the large intestinal tract 131–135. Its local uptake by the colon may, at least 

temporarily, protect the folate status of the tissue and the effect of deficiency on folate-

mediated nucleotide synthesis  

Rather than having a null or beneficial effect, we observed that the FA 

supplemented diet increased the colon MF by 1.4-fold compared to mice fed the FA control 

and deficient diets among saline treated mice. Similarly, among the ENU treated mice, 

those fed the FA supplemented diet had a 1.2-fold higher MF than mice fed the FA deficient 

diet (Fig. 3.1 B). Some studies have suggested that high FA  intake results in saturation of 

DHFR, thus decreasing the availability of intracellular folate cofactors, ultimately causing 

functional folate deficiency and  disruption of one-carbon metabolism 124. Other studies 

have suggested that high concentrations of FA leads to an increase in intracellular DHF 

concentrations, which has been shown to inhibit thymidylate synthase, AICAR 

transformylase and MTHFR, thus inhibiting the de novo synthesis of dTMP and purines, 
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and decrease methionine synthesis 125–128. Therefore, high levels of FA could result in DNA 

instability and mutations, which could explain our results. Taken together these results 

suggest a tissue-specific action of FA.  

Many studies have focused on physiological, cellular and methylation effects of FA 

intake in the colon. However, the underlying mechanism of mutation induction and the 

type of mutations induced by folate in the tissue remain unclear. Here we present, for the 

first time, the FA-induced mutation spectra in the colon of the male MutaMouse. While the 

majority of mutations in the colon were base substitutions regardless of diet, the mutation 

spectra varied, although not significantly, by FA-intake level suggesting there may be 

potentially unique mechanisms of action leading to mutagenesis depending on the level of 

intake. We also found that the mutation spectra observed in the colon were characteristic 

of CRC.  

Mutation patterns for CRC, referred to as mutation signatures, were obtained from 

the COSMIC database. Each signature is a unique combination of mutation types generated 

ascribed to a particular mutational process 139,140. By comparing the FA-induced mutation 

types with those identified in CRC, we identified possible processes which may interact 

with FA to induce the mutation spectra seen in our results. We identified spontaneous 

deamination of 5-methyl-cytosine, activation of AID/APOBEC enzymes, and defective 

DNA mismatch repair (MM) as candidate etiologies for G:CA:T transitions 139,140, which 

were the predominant mutation among the diets. The APOBEC enzymes are considered 

one of the most significant carcinogens (Alexandrov and Stratton, 2014) due to their inherit 

function to induce mutations by cytosine deamination. This enzymatic action can result in 

G:CA:T transitions and G:CC:G transversions, though transitions are predominant. In 
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the colon both of these types of mutations (G:CA:T and G:CC:G) were observed in 

all diets.  

MM repair was another proposed etiology for G:CT:A transversion, the most 

common transversion observed in all diet groups 139,140. MM repair defects have been 

shown to cause genome instability and to deregulate DNA damage-induced apoptosis 179. 

Defects in MM repair are known to cause microsatellite instability which has been 

associated with low folate concentrations; while folate supplementation has been shown to 

stabilize microsatellite sequences 179,180. MM repair is also required for error-free 

replication of expanded simple tandem repeats (ESTRs). Higher ESTR MF was observed 

in male mice weaned to a folic acid deficient diet 181,182. Taken together, these suggest that 

intracellular concentrations of folate could regulate the MM repair function. In addition, 

MM has also been shown to initiate apoptosis in response to folate deficiency-induced 

damage 179,183. Therefore, given previous findings we would expect that mutations 

associated with MM repair would have higher proportions in mice fed a FA deficient diet 

and that perhaps they would also be higher in those fed the FA supplemented diet since 

high concentrations of FA could induce functional folate deficiency in the colon, as 

mentioned previously. However, our results do not show a significant difference in the 

proportion mutation types which have been associated with MM repair (G:CA:T  and 

G:CT:A).  

G:CT:A transversions can also result from damage caused by ROS  139,140 and 

folate deficiency has been associated with the production of ROS 149,150. Although not 

significant, the proportion of G:CT:A transversions in our results was higher in the group 
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fed the FA deficient diet compared to the control diet and FA control and supplemented 

diets.  

Taken together we show the ability of FA supplementation to induce mutations in 

vivo in the colon. In addition, we showed that the types of mutations we observed in the 

colon are characteristic of CRC. Moreover, some of the etiologies proposed to induce such 

mutations have been associated with folate status, suggesting a connection between FA-

intake, the mutagenic processes and CRC. Further research is required to determine if and 

how FA interacts with these intrinsic cellular mechanisms that cause these types of 

mutations. Additionally, since the FA-induced mutation spectra were similar across diets 

but the MF was significantly higher in the FA supplemented diet, we suggest that it is the 

rate of mutations rather than the type of mutation that is the factor which may influence the 

risk of CRC.  

5.1.3 FA-induced mutation spectra and somatic tissue specificity 

 Variation in cancer incidence among tissues has been attributable to the tissue-

specific mutagenicity of various intrinsic and extrinsic mutation-inducing factors (e.g., 

Rate of cell division; exposure to environmental factors) 108,109,142. Folate is an exogenous 

factor that has been associated with some diseases and cancers, including CRC and ALL. 

Folate deficiency has been associated with an increase of DNA instability in human 

colonocytes and lymphocytes 59,60,66. Folate deficiency  has been shown to increase RBC 

micronucleus frequency, a measure of chromosomal damage, in mice 88,178. FA 

supplementation has shown to decrease micronucleus frequency in the bone marrow of 

mice 77 and to reduce the evolution of macroscopic neoplasms in the colorectum of rats 184. 

However, in the colon, FA supplementation has also been shown to increase the number 
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neoplastic foci in cases where a neoplastic foci has been established 79. Therefore, it is of 

interest to determine the effect of FA-intake in tissues affected by these cancers and to find 

if this effect of FA-intake is tissue-specific.  

 First, we compared the MF from the colon of the male MutaMouse with that 

obtained from the bone marrow of the same mice reported in a previous study 88. We 

demonstrate that the FA-induced DNA mutations are tissue specific where in bone marrow 

FA deficiency results in higher MF and in colon FA supplementation results in higher MF. 

These contrasting results may be explained by inherent differences between the tissues 

such as cell proliferation, kinetic turnover of folate and the type of folate to which the 

tissues are exposed. Bone marrow has a higher kinetic turnover and cell renewal rate than 

colon 167–169, which could explain why it is more susceptible to a folate deficient diet. The 

bone marrow would have a higher folate requirement and under deficient conditions can 

potentially become depleted more readily than colon. In the same manner, this high folate 

requirement would also explain why FA supplementation did not result in high MF in bone 

marrow. Moreover, dietary folate, both naturally occurring folate and FA is absorbed in 

the intestinal epithelium. In our study, the vast majority of folate in the diet is in the form 

of FA, thus colon of our mice is theoretically directly exposed to FA where it first needs to 

be reduced to its bioactive form to enter the one-carbon metabolism 3,4. On the other hand, 

bone marrow would be exposed to 5-methylTHF, the predominant form of folate in 

circulation, which can enter the one-carbon metabolism directly. Because FA has to be 

sequentially reduced by DHFR to DHF and then THF in the colon, we propose that the 

saturation of DHFR in the presence of high intracellular FA concentrations resulted in the 

observed higher MF in the colon in mice fed the FA supplemented diet.  
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 We also compared the FA-induced mutation spectra from the bone marrow and 

colon. We found that the FA-induced mutation spectra were tissue-specific. Bone marrow 

had a higher proportion of transitions than colon regardless of FA diet, while the opposite 

was observed for transversions. While the proportion of indels in the bone marrow was 

higher in mice fed the FA supplemented diet and lower in mice fed the FA control and 

deficient diet when compared to those seen in the colon (Fig. 4.2).  

 We then compared the type of FA-induced mutations obtained from bone marrow 

and colon with mutations that have been found to be characteristic of ALL and CRC from 

in the COSMIC database. The single base substitution (SBS) mutational signatures found 

in both cancers were: SBS [1, 2, 5, 13, 18, 40].  

 The G:CA:T transition was characteristic of SBS [1, 2, 5, 40]. Age, spontaneous 

deamination of 5-methyl-cytosine and deregulation of AID/APOBEC were the proposed 

etiologies for this type of mutation  139,140. The proposed etiology of SBS [1, 5, 40] is age, 

which has been associated with accumulation of spontaneous somatic mutations in normal 

and adult stem cells 108,175. While this transition was observed in both tissues in all diet 

groups, it was more prevalent in bone marrow. 

AID/APOBEC dysregulation has also been proposed as the etiology for the 

G:CA:T transition in both cancers (SBS2) 138,147. As previously mentioned, APOBEC 

enzyme family involve in DNA editing by cytosine deamination (CU) and it is 

considered a potent mutagen and significant carcinogen. Because G:CA:T transition was 

observed at a similar proportion across all diets in colon and bone marrow we could 

propose that deregulation of APOBEC, causing its overactivity, is the main cause of this 

type of mutation.  
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In addition, APOBEC is also the etiology proposed to underlie the G:CC:G 

transversion (SBS13) in both cancers. Cytosine deamination will, in most cases, result in a 

CT transition (G:CA:T) because most polymerases will insert an adenine opposite to 

an abasic site 145. However, low fidelity enzymes are also recruited at DNA damage sites. 

REV1 is a low fidelity enzyme which can take the place of DNA polymerase temporarily 

and will uniquely insert a cytosine opposite to an abasic site, which results in a CG 

transversion (G:CC:G) 145,148. In our results, the G:CC:G transversion was observed 

across all diets in the colon. Therefore, in the colon, the capacity of FA-intake to induce 

the G:CC:G transversion, could still be masked by intrinsic mutagenic factors such as 

deregulation of APOBEC. However, in the bone marrow, the G:CC:G transversion was 

only observed in those fed the FA deficient diet. Folate deficiency has been shown to 

increase uracil in DNA of bone marrow cells 16,185. We could propose that FA deficiency 

increases the number of G:CC:G transversions by increasing the number of sites with 

uracil in the DNA by misincorporation, thus increasing the sites where REV1 would be 

recruited and causing the transversion. 

Production of ROS was the proposed etiology for G:CT:A transversions 

observed in ALL and CRC and ROS has been associated with folate deficiency 149,150. From 

our results, the G:CT:A transversion was the only transversion observed in both tissues 

and in all diet groups.  

Whereas all the signatures found in ALL were also found in CRC, there are a few 

signatures that were only found in CRC. All of these signatures (SBS [15, 20, 26]) are 

associated with DNA mismatch repair (MM). DNA repair mechanisms serve to detect and 

correct DNA damage and to initiate the cellular response to such damage. MM repair is the 
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predominant DNA repair mechanism in the colon 142 and defects in MM are important in 

the initiation and progression of CRC 186.  MM deficiency is the etiology for G:CT:A 

transversions (SBS20) and this transversion is the dominant type of mutation in the Tp53 

gene in CRC 187. However, in our results we did not observe the effect of FA-intake on this 

type of mutation. Yet, we cannot completely discard the possibility of FA having some 

effect on this type of transition. Because mutations in the Tp53 gene are found in ~50% of 

the cases of CRC and the G:CT:A transversions is the most frequent type of mutation in 

the Tp53 gene in CRC 176,187, future studies could focus on the effect of FA-intake in the 

Tp53 gene.  

The mutation spectra of spontaneous lacZ gene mutations in a few tissues of the 

MutaMouse have been identified 141,188. The predominant spontaneous base substitution in 

bone marrow was G:CA:T transitions (~71%). The G:CT:A transversion was the only 

transversion observed (~14%) 141. When compared to our results, we can propose that the 

transversions observed in bone marrow in mice fed the deficient diet were induced by an 

extrinsic factor, in this case FA-intake, because it was only in this diet where transversions 

other than G:CT:A (the only transversion common to all diets and both tissues) were 

observed. Moreover, the presence of these transversions may have driven the increased MF 

seen in mice fed the FA deficient diet in the bone marrow.  

 Ultimately, we have shown that FA has the capacity to induced mutagenicity in 

tissues by increasing MF and that such mutagenicity is dependent on the intake level in 

different somatic tissues. Moreover, we have identified the FA-induced mutation spectra, 

which are also tissue-specific. Taken together, we propose that the high MF in bone 

marrow in mice fed the FA deficient diet is driven by transitions. In contrast, the high MF 
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observed in the colon of mice fed the FA supplemented diet is a result of enhancing the  

mutations inherent to the colon. Based on the mutation spectra, we have also identified 

possible mechanisms by which  FA may impact mutagenesis including DNA repair 

mechanisms, such as MM, and intrinsic DNA mutation drivers, such as APOBEC. 

5.2 Study strengths and limitations  

 One of the main strengths of this study was our ability to observe the effects of low, 

adequate and high FA intake in vivo in all tissues simultaneously. For the first time, we 

have identified unique FA-induced mutation spectra which informs the potential 

mechanism(s) of action of FA as it relates to mutagenicity, and how it differs in different 

tissue. These studies will guide further research in this area. For example, additional studies 

will need to be performed to confirm our findings in other mouse strains and tissues, and 

to determine whether they translate to cellular transformation and human cancer. 

 The use of the MutaMouse model and the lacZ gene to identify the FA-induced 

mutation spectra was both a weakness and a strength. While results observed in the lacZ 

gene are considered a very close representation of what would be observed across the 

genome, the lacZ gene is still an exogenous gene, and one that is not transcribed in the 

mouse 85. Therefore, any interactions that FA may have with enzymes and pathways 

involved in gene transcription would not have been observed in this study. However, the 

spontaneous mutant frequency in the lacZ gene in most somatic tissues of the MutaMouse 

is 5- to 10-fold higher than that observed in endogenous loci 85, making it an ideal model 

to test the mutagenic potential of comparably weak mutagens, such as FA. 

The methods for detecting mutations used in this study could be further improved 

to increase the power of detection. Future studies should collect higher numbers of mutant 
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plaques for each sample and sequence the same number of mutant plaques for all samples 

for more consistency.  

5.3 Future directions  

The results of this study show FA has a tissue-specific effect on MF and the type 

of mutations it induces. This is a starting point for further research examining the 

mechanism(s) of action of FA, including its interaction with DNA repair mechanisms and 

endogenous cell enzymes that may increase mutagenicity. Also, future research could focus 

on identifying the FA-induced mutation spectra in other somatic tissues as well as the 

germline. Moreover, FA-induced mutation spectra should be identified in genes that are 

transcribed and typically mutated in cancers to determine the different effects, if any, of 

FA on transcribed and non-transcribed genomic sequences. 

5.4 Conclusions 

 In conclusion, we have shown that FA intake has a mutagenic effect on somatic 

tissues that is tissue-specific and FA-intake level dependent. We determined the FA-

induced mutation spectra for two somatic tissues, the colon and bone marrow, and we 

proposed possible mechanisms that could explain the contrasting results in MF between 

both tissues. Since FA intake has been associated with ALL and CRC, cancers from the 

tissues we studied, we proposed possible associations between FA and the etiologies for 

such cancers which will require further research. Our findings represent the beginning of a 

new focus in research involving the in vivo mutagenic properties of vitamins and other 

nutritional factors.  

 Ultimately, we have shown the carcinogenic potential of FA by inducing genomic 

mutations, which is a necessary preliminary step in carcinogenesis. We have also shown 
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that this potential is tissue-specific and depends on FA-intake at both the low and high 

intake levels, and further highlights the importance of achieving folate adequacy. 
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