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ABSTRACT: 

Combination antiretroviral therapy (cART) reduces the risk of vertical human 

immunodeficiency virus (HIV) transmission. Two nucleoside reverse transcriptase inhibitors 

(NRTIs) are usually included in cART. The efficacy of cART has been extensively studied, but a 

significant knowledge gap exists concerning the effects of in-utero exposure on developing 

fetuses. In this project, we assessed the effects of HIV antiretrovirals on the reproductive 

health of offspring. Using Schizosaccharomyces pombe, we have shown that mutagenicity, but 

not toxicity, increases over time after dual-NRTI exposure. Our mouse pregnancy model suggests 

that in-utero cART exposure does not affect female germ cell development but alters the testes 

structure, thus adversely impacting male germ cell development. However, our study is limited in 

sample size and we aim to improve this by quantifying more gonad sections. Ultimately, we hope 

to provide more insight on the potential long-term fertility issues faced by children exposed in-

utero to antiretrovirals.  
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1.0 INTRODUCTION 

1.1 Overview of HIV: 

1.1.1 What is HIV? 

The Human Immunodeficiency Virus (HIV) is a type of lentivirus that attacks immune 

cells essential for the adaptive immune response. The lentivirus genus falls under the Retroviridae 

family. Lentiviruses share several clinical characteristics including long incubation times and 

suppression of the immune response. They also have clinical implications for the hematopoietic 

and central nervous systems. The nucleoid of lentivirus particles is cone-shaped and their envelope 

includes glycoproteins.1 The gag, pol and env genes are found in the genome of all retroviruses. 

These genes code for structural proteins and enzymes necessary to the viral life cycle like reverse 

transcriptase, integrase, protease and RNase H. Additionally, the genome of lentiviruses also 

contains other regulatory genes necessary for viral persistence and spread.2 

HIV targets CD4+ T-cells, microglia, monocytes and macrophages. The viral envelope 

glycoprotein gp120 interacts with the HLA class II receptor CD4 which facilitates viral entry. The 

viral enzyme reverse transcriptase converts the viral RNA to DNA, which is then integrated into 

the host cell’s DNA by viral integrase. After DNA integration, the virus is considered a provirus 

and it can now use the host’s genetic machinery to create RNA and proteins for the progeny virions, 

which will undergo new viral life cycles.2 Low CD4+ T-cell counts are typically associated with 

HIV disease progression. An untreated HIV infection can lead to acquired immune deficiency 

syndrome (AIDS), which corresponds to less than 200 CD4+ T-cells per microlitre. AIDS and the 

associated loss of an effective immune response can increase the risk of opportunistic infections 

and viral induced cancers.1  
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1.1.2 HIV Transmission: 

With approximately 38 million people living with HIV in the world, it is a significant 

global public health issue.3 While the primary route for HIV infection is through sexual 

transmission, the virus can also spread by vertical transmission from mother to child.4,5 This 

vertical transmission may occur in utero during the pregnancy, during birth or postpartum while 

breastfeeding, with developing fetuses infected in utero being at the highest risk for death.6 In 

2018, nearly 1.7 million children below the age of 15 were living with HIV, many  of whom were 

infected through vertical transmission.3,7  

 

1.2 Combination Antiretroviral Therapy (cART): 

While a permanent cure for HIV does not exist, HIV infection can be treated with 

combination antiretroviral therapy (cART).8 cART is comprised of at least three different anti-

HIV drugs. This combination typically consists of two nucleoside reverse transcriptase inhibitors 

(NRTIs), plus either a protease inhibitor, a non-NRTI, or an integrase strand transfer inhibitor.8,9 

cART is highly efficacious at reducing virus levels by preventing HIV replication, and the 

efficacy of different cART regimens is well-studied.8,10-11 In fact, the recent decline in mortality 

among people with HIV correlates with an increase in access to antiretroviral therapy.12 In 2018, 

approximately 62% of adults and 54% of children (0-14 years of age) living with HIV had access 

to cART.3 In 2018, an estimated 82% of pregnant women living with HIV in the world also had 

access to cART.13 

 



 

3 
 

1.2.1 NRTIs: The Backbones of cART: 

Azidothymidine (3’-azido-3’deoxythymidine or AZT) and Lamivudine (2’,3-dideoxy-3’-

thiacytidine or 3TC) are NRTIs that have been used in cART since the mid-1990’s (Figure 1).14 

AZT is a thymidine analogue while 3TC is a cytidine analogue.15,16 In the 1980s, AZT was used 

as a monotherapy. Although the improvement in disease-progression was significant, there were 

concerns about its toxicity as side-effects included anemia, headaches, neutropenia, mitochondrial 

dysfunction and lipoatrophy.17–19 The cytidine analog 3TC was considered less toxic than AZT, 

with minor side effects like headaches and insomnia.17,18 The development of resistance mutations 

in the virus’ reverse transcriptase lowered the efficacy of NRTI monotherapy.18,20 The introduction 

of dual-therapy with AZT/3TC significantly reduced viral load and was less susceptible to 

detrimental resistance mutations than monotherapy. In comparison with AZT monotherapy, 

AZT/3TC dual-therapy was less toxic, although it is worth considering that AZT monotherapy was 

prescribed at higher doses and taken more frequently.18 However, the efficacy of dual-NRTI 

therapy was short-term and the need for newer drugs remained. Other types of drugs like protease 

inhibitors were developed. Clinical trials that used AZT/3TC in combination with protease 

inhibitors showed short- and long-term viral suppression with improved clinical outcomes.18,21,22 

With NRTIs becoming the backbone of cART, the AZT/3TC drug combination was commonly 

used with other classes of drugs from mid-1990s to early-2000s. Currently, newer NRTI 

combinations like Kivexa (abacavir (ABC) and lamivudine) or tenofovir/emtricitabine are used in 

cART, as regimens with AZT required more frequent doses, have a higher risk of resistance 

mutations and are associated with toxic side effects like lipoatrophy and anemia.18  
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1.2.2 The Effects of cART Exposure on Genomic Stability: 

 While the effectiveness of cART, particularly in reducing the risk of vertical HIV 

transmission, is well-established, there are serious concerns about its side effects.23,24 The effects 

of NRTI exposure on mitochondrial health have been examined extensively, with children exposed 

to AZT/3TC in utero experiencing mitochondrial toxicity, low mitochondrial DNA content and 

mitochondrial morphological damage.25 Other effects include mitochondrial DNA depletion in 

AZT-treated people living with HIV as well as reduced mitochondrial DNA replication in in vitro 

studies.26,27  

 Conversely, concerns about the effects of NRTI exposure on nuclear DNA are not as well-

studied. AZT in particular has been the focus of many genotoxic studies, with one study reporting 

DNA lesions and mutations in reporter genes indicating somatic recombination or gene conversion 

events.28 Other studies assessing the prenatal effects of AZT have reported oxidative DNA damage 

and high micronuclei frequency, indicating chromosomal DNA damage.29,30 Studies assessing 

synergistic effects of the dual-NRTI treatment AZT with 2',3'-dideoxyinosine (ddI) have reported 

an increase in mutagenicity after exposure due to point mutations and complete gene deletions.31,32 

Increase in chromosomal DNA damage frequency after 24-hours of dual-NRTI (tenofovir 

disoproxil fumarate (TDF) and 3TC) and dual-NRTI plus NNRTI (AZT/3TC plus efavirenz 

(EFV)) exposure has also been observed.33 One study has reported in vitro dose-dependent 

increases in mutation frequencies after single NRTI (AZT, 3TC, ABC) and dual-NRTI treatments 

(AZT/3TC). Among the single NRTI treatments, the mutation frequency after 3TC exposure was 

significant at a higher exposure concentration than the other single-NRTI treatments. In 

comparison with the single NRTI treatments, the AZT/3TC treatment was associated with a higher 

mutation frequency. The same study also exposed pregnant mice to AZT, 3TC and AZT/3TC drug 
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regimens and found an increase in a reporter gene mutation frequency in the AZT and AZT/3TC 

exposed pups on day 13 post-partum.34  

 These studies suggest that the genotoxic effects of NRTIs in cART may increase the risk 

of cancer in people living with HIV. AZT in particular is considered a carcinogen in adult mice, 

and prenatal exposure has been linked to high tumor formation in pups.35,36 In humans, prenatal 

exposure to other NRTIs like didanosine has been associated with high cancer incidence.37 Other 

studies assessing cancer risk in people exposed to NRTIs in utero have not found a greater risk 

after NRTI exposure, although these studies are limited in size, assessment period and drug 

regimen combinations.38,39 Hence, more studies are needed to determine cART’s genotoxicity and 

associated risks on genomic stability.  

 

 

 

Figure 1. Anti-HIV NRTI combinations. Combivir is comprised of the NRTIs AZT and 3TC 

while Kivexa is composed of ABC and 3TC. 
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1.3 Pregnant Women Living with HIV: 

Women are particularly at risk for HIV infection due to gender-based social and structural 

barriers.40,41 With over 19 million adolescent girls and women living with HIV, research that 

considers the biological implications of sex is necessary for HIV prevention and control.40 In 

Canada, approximately 80% of women living with HIV fall within the reproductive age.42 

Moreover, women of reproductive age living with HIV demonstrate a strong desire and intent to 

get pregnant. 42-43 

Current treatment guidelines set by the World Health Organization (WHO) as well as 

Canadian national recommendations emphasize the importance of taking cART for the mother’s 

health and to prevent vertical transmission.44,45 Earlier treatment guidelines concerning pregnant 

women living with HIV recommended various timings for initiating antiretroviral therapy.46,47 

Since 2015, WHO has modified these guidelines that now recommend immediate initiation and 

strict adherence of cART upon HIV diagnosis.48 Consequently, developing fetuses are more likely 

to be exposed to cART from conception. Additionally, community-based efforts in resource 

constrained settings and public health initiatives based on these guidelines have facilitated easier 

access to cART.  

 

1.3.1 cART and Changes in Pregnancy: 

Although cART regimens are recommended for pregnant women living with HIV, the 

safety and toxicity information regarding their in-utero effects are limited. NRTIs can diffuse 

through the placenta and are found in umbilical cord blood, as well as the amniotic fluid.49 In a 

successful pregnancy, fetal rejection by the mother’s immune system is avoided by downregulating 

T-helper (TH) 1 cells to shift towards a TH-2 cell mediated immune response.50 The shift towards 
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upregulating TH-2 cells is also observed in untreated people living with HIV who are in the early 

stages of the HIV infection. Exposure to antiretroviral treatment resulted in changes in the cytokine 

profile, indicating immune reconstitution through a shift back towards the TH-1immune 

response.51 TH-1 cells produce cytokines such as interleukin (IL)-2 which compromise pregnancy. 

IL-10 is a regulatory cytokine product of TH-2 cells that is associated with a successful pregnancy. 

High IL-2 and low IL-10 levels have been reported in pregnant women living with HIV and taking 

three or more antiretroviral drugs. These cytokine levels have also been associated with premature 

delivery.52 

Current studies have linked adverse birth outcomes like stillbirths, preterm delivery and 

smaller for gestational age with exposure to anti-HIV drugs in utero.53 Adverse birth outcomes, 

specifically fetal growth restriction, have been linked to a disruption in placenta vascular 

development and remodeling as well as lower progesterone levels, which in turn may be caused 

by low prolactin and high progesterone-regulating enzyme 20-α-hydroxysteroid dehydrogenase 

levels.54–56 Other studies have reported altered estradiol levels in pregnant women living with HIV 

and adhering to cART regimens, with higher and lower levels observed differentially depending 

on PI-based or NNRTI-based cART. Both higher and lower estradiol levels were associated with 

a higher risk of children who are small for gestational age.57,58 These dysregulations could impact 

pregnancy outcomes, disrupt sex-specific differentiation of fetal gonads, and affect epigenetic 

modifications like DNA methylation during the gestation period which in turn could impair the 

sexual differentiation process while also potentially damaging testicular and ovarian structure.59  
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1.3.2 Fertility Associated Complications of cART Use in People with HIV: 

The effects of antiretroviral therapy on fertility in adults living with HIV have been 

explored. Lower mitochondrial DNA levels in sperm, poor spermatozoa motility, decline in semen 

volume, abnormal sperm morphology and a reduction in total sperm count has been reported for 

men living with HIV and taking at least two anti-HIV drugs.60–62 Using atomic force microscopy, 

a 2004 study analyzed spermatozoa morphology and topography in men living with HIV and 

taking antiretroviral therapy versus men living with HIV who had never taken antiretroviral drugs. 

The study concluded that spermatozoa damage was due to antiretroviral drug exposure, and not 

the result of the HIV virus itself.63 The impact of antiretroviral drugs on the fertility of female 

adults is more complex. In adult women living with HIV, low mitochondrial DNA levels in 

oocytes, a dysfunction typically associated with infertility, has been reported.64 However, 

antiretroviral drugs are also credited with reducing the fertility gap between healthy women and 

women living with HIV, and are associated with higher pregnancy rates.65–68 Although existing 

studies have increased our understanding of the effects of cART on adults and on immediate 

clinical events like birth outcomes, a significant knowledge gap exists about the long-term 

reproductive health of children exposed to current and newer NRTI combinations in utero. 

 

1.4 DNA Methylation 

The study of epigenetics examines genome transformations that are heritable and reversible 

but are not caused by changes in the DNA sequence. DNA methylation is a specific type of 

epigenetic modification that regulates gene expression. Genetic sequences can include CpG 

islands, which are regions with high concentrations of cytosine (C) and guanine (G) dinucleotides. 

A phosphate (p) bond joins the nucleotides.69 DNA methylation changes the function of genetic 
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sequences by covalently attaching a methyl group to the cytosine of a CpG dinucleotide. The 

cytosine now becomes 5-methyl cytosine. DNA methylation is carried out by DNA 

methyltransferases (Dnmts). CpG islands include large clusters of unmethylated CpG 

dinucleotides. Depending on their methylation status, CpG islands in a gene’s promoter region 

control gene expression. DNA methylation is largely linked to gene silencing. The addition of 

methyl groups limits access to the promoter, which in turn inhibits the binding of transcription 

factors and leads to gene repression.69 

 

1.4.1 DNA Methylation, Embryo Development and Reproductive Capacity 

A zygote is created from the fertilization event between male gametes (sperm) and female 

gametes (oocyte). After several rounds of mitosis, a blastocyst is formed. A blastocyst has an inner 

cell mass, and a fluid filled cavity which is enclosed by trophectoderm cells.70,71 After the 

blastocyst is embedded into the wall of the uterus, gastrulation begins where the embryo 

differentiates into germ cells and into the three germ layers that give rise to somatic cells. The 

primordial germ cells increase in population and move towards the genital ridge, which eventually 

forms the gonads.70 As primordial germ cells proliferate and migrate, their pre-existing DNA 

methylation patterns disappear globally in a process known as de novo DNA methylation.70  

After sexual differentiation, sex-specific germ cell DNA methylation patterns are formed. 

For the male embryo, DNA methylation patterns re-appear in pro-spermatogonia, which are 

mitotically arrested in the G1-phase. DNA methylation patterns are fully established by birth. The 

mitotic arrest before birth in males is followed by mitotic proliferation after birth and then meiosis 

occurs at the onset of puberty. For the female embryo, meiosis begins before birth, with the primary 

oocyte being arrested in the first meiotic prophase. DNA methylation patterns are only formed 
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after birth in growing oocytes. At the onset of puberty, the release of luteinizing hormone 

completes prophase I of meiosis I in the developed oocytes. The release of the first polar body is 

followed by the second meiotic arrest and fertilization.70  

After fertilization, epigenetic reprogramming including DNA demethylation of the genome 

depends on the parental origin of the genome. While an active demethylation mechanism rapidly 

removes the DNA methylation marks from the paternally contributed genome, the DNA 

methylation pattern of the maternally contributed genome gradually declines throughout a process 

called passive demethylation.70 Genomic imprinting of genes is an epigenetic process where 

depending on the parental origin, only one copy of the gene is active. Maternally imprinted genes 

have an active paternally inherited allele and a silent maternally inherited allele. Paternally 

imprinted genes have an active maternally inherited allele and a silent paternally inherited allele. 

Many imprinted genes display differentially methylated regions.70,72 Imprinted germline 

differentially methylated regions do not undergo demethylation after fertilization. Imprinted gene 

expression depends on maintaining the parental allele-specific DNA methylation marks, hence 

differentially methylated regions are imprinting control regions.70  

Adverse environmental exposure during the early stages of embryogenesis can change 

epigenetic processes like DNA methylation. This can alter imprinted gene expression which can 

affect fetal and placental growth.73 Existing studies have linked abnormal methylation patterns of 

imprinted genes to stillbirths, spontaneous pregnancy losses, reduced male fertility and pathologies 

of reproductive organs like the uterus.74–76 Hence, DNA methylation patterns of imprinted genes 

have an important role in reproductive health and regulating fertility. 
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1.5 Germ Cell Development and Differentiation: 

Meiosis is a highly regulated and conserved process. Using a two-step specialized cell 

division pathway, the ultimate goal of meiosis is to create daughter cells, also known as gametes, 

with a haploid genome. The first meiotic division (Meiosis I) includes the pairing and subsequent 

segregation of homologous chromosomes.77 Nondisjunction occurs if the paired homologous 

chromosomes do not successfully separate.78 It can lead to aneuploidy, a genetic condition where 

a cell has an irregular number of chromosomes. Interestingly, with frequencies as high as 10-30%, 

aneuploidy is unusually common in humans. Clinically, aneuploidy can cause loss of pregnancy 

and developmental abnormalities in the child.78  

 In prophase I, the first step of meiosis I, the duplicated homologous chromosomes condense 

and create tetrads. This chromosomal configuration facilitates the creation of new gene 

combinations through crossing-over, where the chromosomes exchange genetic information. 

During metaphase I, the tetrads line up in the middle of the cell and in anaphase I, the contraction 

of the spindle fibers separate the homologous pairs of chromosomes to opposite sides of the cell. 

In telophase I, the reformation of the nuclear membrane encloses the chromosomes. The cell 

undergoes cytokinesis by splitting its cytoplasm to give rise to two haploid daughter cells.79  

The second meiotic division (Meiosis II) is comparable to mitosis, as it involves the 

separation of sister chromatids. Prophase II includes the condensing of chromosomes and the 

creation of spindle fibers. In metaphase II, the sister chromatids line up at the metaphase plate. The 

sister chromatids are then detached at the centromeres and moved to opposite ends of the cell in 

anaphase II. Each sister chromatid is now considered a separate chromosome. Like telophase I, 

telophase II entails the reformation of the nuclear membrane and cytokinesis. Completion of both 

meiotic divisions gives four haploid daughter cells.79  
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1.5.1 Sexual Development: 

Many attributes of meiosis like initiation, duration and final result vary by sex. Meiosis 

only occurs in germ cells, which are located in the gonads. Male gonads are testes and female 

gonads are ovaries.78 During fetal testes development, mitotic arrest follows a short-lived period 

of mitotic proliferation before continuing mitotic arrest. This mitotic arrest lasts until birth. After 

birth, mitotic proliferation begins again. Meiosis in male germ cells, also known as spermatogonia, 

only occurs after the initiation of puberty. Following meiotic entry, male germ cells continuously 

undergo mitotic and meiotic divisions to generate sperm (haploid gametes) throughout the male 

lifespan.78  

Spermatogenesis is the process that describes male germ cell differentiation and growth.80 

It occurs in the seminiferous tubules. Immature spermatogonia complete mitosis and give rise to 

type A spermatogonia, which contribute to the seminiferous tubules’ epithelium, and type B 

spermatogonia, which mature into primary spermatocytes. Following the first meiotic division, the 

primary spermatocytes give rise to secondary spermatocytes, which complete the second meiotic 

division to produce spermatids. Through the maturation process of spermiogenesis, spermatids 

undergo morphological changes and are converted to spermatozoa.80  

Oogonia are female germ cells that stop mitotic proliferation and commence meiosis I in 

the fetal ovary. After entering meiosis, oogonia are known as oocytes. Before birth, oocytes are 

arrested in prophase I. At birth, somatic cells have encircled the developing primary oocytes to 

make primordial follicles.78,81 Upon reaching sexual maturity, female reproductive hormones 

regulate the menstrual cycle, which includes a follicular phase, ovulation and a luteal phase.81  

The process of folliculogenesis describes the growth stages of ovarian follicles. Since the 

development of primordial follicles and the start of meiosis occurs during gestation, new oocytes 
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cannot be generated after birth. Primordial follicles are considered “non-growing” follicles and 

undergo a regular recruitment process for growth.82 Recruited primordial follicles then enter the 

pre-antral growth phase, which includes the primary and secondary follicle developmental 

stages.82,83 Once the fluid in the secondary follicles accumulates into a cavity called an antrum, the 

follicles reaches the tertiary developmental stage and are now known as antral follicles. The oocyte 

in the antral follicle has completed structural development. From these follicles, a dominant follicle 

is selected for ovulation through an unknown mechanism while the remaining follicles and their 

oocytes breakdown and undergo atresia, also known as follicular apoptosis.78,82 Just before 

ovulation, a luteinizing hormone (LH) surge occurs. This completes meiosis I and the female germ 

cells, now called secondary oocytes arrest in metaphase of meiosis II.81 The ovulated mature 

female germ cell called the ovum completes meiosis II after fertilization. In the luteal phase, the 

ruptured follicles develop into an endocrine organ called the corpus luteum, which is degenerated 

through apoptosis in the absence of fertilization.81,82,84 

1.5.2 HIV Antiretrovirals and their Impact on Reproductive Capacity  

 Incorporation of anti-HIV drugs into DNA can affect genetic and chromosomal integrity.85 

Existing studies examining the genotoxicity of anti-HIV drug exposure have observed the 

formation of micronuclei, which are created from improper chromosome segregation during 

anaphase in mitotic or meiotic division.85,86 Micronuclei are associated with pregnancy 

complications like miscarriages and reduced reproductive potential like DNA damage in sperm. 

Not only are micronuclei present in higher concentrations among couples with damaged 

reproductive capacity, but their frequency also correlates with abnormal sperm morphology.86 

Other harmful effects include the shortening of telomere lengths.85 Telomeres are repetitive 

DNA sequences that prevent damage to the ends of chromosomes. During meiosis, telomeres have 
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an important role in the creation of the chiasmata and in managing homologous chromosome 

pairing.87 Germ cell precursors express telomerase which protects telomere length. High 

telomerase activity is observed in early oogenesis to maximize telomere length.87 Reduction in 

telomere length correlates with aneuploidy, reduced chiasmata formation and a higher incidence 

of apoptosis before embryo implantation. All these factors contribute to a lower reproductive 

capacity.87 

 

1.5.3 Histopathology Parameters of Fertility 

Several parameters like hormone levels and ovarian volume have been explored for their 

ability to predict reproductive potential in females. From these biomarkers, antral follicle number 

is considered the best reflection of reproductive age and is also associated with the number of 

primordial follicles available in the ovarian reserve.88,89 For the purposes of histological 

identification, a primary follicle contains an oocyte surrounded by cuboidal granulosa cells 

organized in one layer.82 The oocyte in a secondary follicle is surrounded by an extracellular matrix 

called the zone pellucida, which is encased by at least two cuboidal granulosa cells layers. The 

antral follicle has a structurally developed oocyte coated by the zona pellucida, a characteristic 

fluid-filled antrum and several cuboidal granulosa cells layers.82 The corpus luteum is 

distinguishable for its missing oocyte. Although the histological appearance of the corpus luteum 

can vary depending on its developmental progress, the corpus luteum in mice may have a 

granulated appearance with vascular tissue and large cells.90 

In males, the testes are packed with seminiferous tubules, which are the site of 

spermatogenesis.80 In current literature, a histological assessment of testes includes examining the 

diameter of seminiferous tubules, with smaller diameters being indicative of a low fertility 
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potential due to complications like fewer germ cell numbers and/or loss of seminiferous tubule 

fluid.91–93 Other assessments involve quantifying Sertoli and Leydig cell numbers.91,94–96 Leydig 

cells are in the interstitial space surrounding seminiferous tubules and make testosterone, a sex 

steroid hormone.97 Leydig cells have a polyhedral shape and can be found in clusters.80 Sertoli 

cells are located with developing germ cells inside the seminiferous tubules. They are arranged 

from the tubule wall to the tubule lumen. Sertoli cell functions include facilitating spermatogenesis 

by ensuring germ cells have access to growth factors, nutrients and a healthy niche.97 Sertoli cells 

are tall with a columnar shape and oval nuclei.80 Their activation depends on the follicle-

stimulating hormone (FSH). Sertoli cells secrete seminiferous tubule fluid which contributes to 

lumen formation, androgen-binding protein (ABP) which accumulates testosterone within the 

seminiferous tubule and inhibin which prevents FSH secretion.80,97  

Attached to the testis’ surface, the epididymis links the testis to the vas deferens, another 

organ in the male reproductive system.98 The epididymis has many functions which greatly 

contribute to male fertility potential. Once spermatozoa enter the epididymis from the testis, sperm 

maturation begins. After maturation, sperm are stored in the epididymis until ejaculation. Estrogen 

and androgens like testosterone can regulate gene expression in the epididymis.98 A decline or loss 

in androgen levels adversely affects spermatozoa’s ability to move, fertilize and survive.99 Studies 

examining fertility have used various histopathological markers to characterize the effects of 

external agents and mutations on epididymal health. These markers include the degeneration of 

epithelial cells and the presence of vacuoles in the epithelial cell layer of the epididymal 

ducts.100,101 Other markers are the identification of hyperplasia and sperm granuloma.101 Sperm 

granuloma are formed by immune cells, white blood cells and granulation tissue which all cluster 

around mature spermatozoa released from damaged epididymal ducts. Some of the spermatozoa 
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in this mass may begin degradation, hence reducing the number of available mature sperm.102 All 

of these histopathological markers have been associated with reduced fertility. 
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2.0 RESEARCH OBJECTIVE & AIMS 

The emergence of cART has transformed the HIV diagnosis from a death sentence to a 

more manageable condition. However, while cART’s near elimination of HIV vertical 

transmission is a public health success story, there are increasing concerns about the genotoxic 

effects of in utero cART exposure on the health of HIV exposed but uninfected children.25, 85, 103, 

104 These concerns are particularly pressing given that women living with HIV have a strong intent 

to get pregnant and have improved access to cART.3,42,43 Moreover, due to updated treatment 

guidelines, HIV exposed children are now also exposed to cART right from conception and 

throughout the pregnancy.44,45,48 Given that primordial germ cell development starts before birth, 

early exposure to anti-HIV drugs could not only affect the fertility of children exposed in utero, 

but could also have lasting implications on the reproductive health of future generations.   

The Serghides lab has used a mouse pregnancy model to examine placenta vascular 

changes and progesterone levels after exposure to cART regimens.54,55 The Sabatinos lab has used 

a fission yeast model to show that NRTI-exposure increases the DNA mutation rate (Su, C. In 

Preparation, Ryerson University 2018). Using the expertise of both lab groups, we will investigate 

the effects of in utero NRTI- and cART-exposure on genomic stability and germ cell development. 

Our ultimate goal is to improve our understanding of in-utero cART exposure on the reproductive 

health of offspring.   

 

Aim I: What are the effects of nucleoside analogs on genome stability? 

Rationale: Due to its integration within nuclear and mitochondrial DNA, AZT, a NRTI used in 

some cART regimens, has been linked to genome instability.104,85 While the effects of AZT 

monotherapy are well-studied, AZT’s effects in conjunction with 3TC as well as the effects of 
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newer anti-HIV drugs on the genome are unknown. Characterizing the effect on genome stability 

is important because DNA mutations, cellular toxicity and epigenetic dysregulation like aberrant 

DNA methylation patterns can affect the expression of genes necessary for fetal growth and 

reproductive health. Hence, to determine the effects of nucleoside analogs on genome stability, we 

will calculate the DNA mutation rate and assess cellular toxicity. Our next step will then examine 

changes in DNA methylation patterns after NRTI exposure. 

Methods: A fission yeast mutation rate assay previously established for other nucleoside analogs 

will be used to determine the mutation rate. The web tool FALCOR will be used to calculate the 

mutation rate.105 Cellular toxicity will be assessed using Trypan Blue. Bisulfite-sequencing will 

be used in the future to assess the DNA methylation patterns of mouse sperm collected from mice 

exposed to anti-HIV drugs in utero.  

Hypothesis: Prolonged exposure to combination NRTIs will be associated with increased DNA 

mutations and high cellular toxicity, thus indicating reduced reproductive potential and poor 

fertility. 

 

Aim II: What are the effects of nucleoside analogs on germ cell development? 

Rationale: The genotoxic effects of anti-HIV drugs give rise to micronuclei and shorten telomere 

lengths; both effects may disrupt meiotic division and lower reproductive capacity.85–87 Given that 

primordial germ cell development, meiotic initiation in females, and preparation for meiotic 

initiation in males occur before birth, exposure to anti-HIV drugs in utero could have adverse 

consequences for later fertility.77–79  Hence, to determine the effects of anti-HIV drug exposure in 

utero on the offspring’s reproductive health, we will assess ovarian follicles and testis structure to 

examine the impact on germ cell development. 
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Methods: An immunohistochemical analysis will be conducted using the slides with paraffin 

sections of mice testes and ovaries. These samples will be collected from mice exposed to anti-

HIV drugs in utero. 

Hypothesis: In-utero exposure to anti-HIV drugs will be associated with low ovarian follicle 

numbers and disrupted testis structure, thus indicating reduced reproductive potential and poor 

reproductive health. 
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3.0 MATERIALS AND METHODS 

3.1 Fission Yeast: 

Schizosaccharomyces pombe, also known as fission yeast, is a well-established model 

organism for cell biology and genetic research.106 As a rod-shaped unicellular eukaryote, S. pombe 

is 4 µm wide and measures 7-14 µm in length at various points in the cell cycle.106,107 In contrast 

to the more common brewing yeast Saccharomyces cereviseae counterparts, specific molecular 

and genetic mechanisms of S. pombe are highly comparable to mammals.108 S. pombe’s 

chromosomal structure, including telomeres and origins of replication, parallel that of 

mammals.106,109 Moreover, fission yeast responds to nucleoside analogue drugs at comparable 

concentrations to human cells.105 Hence, fission yeast is an excellent model organism for testing 

genome stability in response to nucleoside analogue drug exposure.  

All fission yeast strains are genetically engineered with transgenes: the Herpes Simplex 

Virus thymidine kinase (hsv-tk+), and the human equilibrative nucleoside transporter 1 (hENT1+) 

(Table 1). These transgenes allow for uptake (hENT1+) and use (hsv-tk+) of nucleoside analog 

drugs.  
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Table 1. The genotype of the fission yeast strains. 

Strain Genotype 

Incorporating wild type (wt) 

FY2317 

h+ leu1-32::hENT1-leu1+(pJAH29) his7366::hsv-tk- 

his7+(pJAH31) ura4-D18 ade6-M210 

Incorporating mrc1∆ 

FY3179 

h+ mrc1Δ::ura4+ leu1-32::hENT1-leu1+(pJAH29) his7-

366::hsv- tk-his7+(pJAH31) ura4-D18 ade6-M210 

Incorporating cds1Δ mutant  

FY5148 

h+ cds1Δ::ura4 leu1-32::hENT1-leu1+(pJAH29) his7-

366::hsv-tk- his7+(pJAH31) ura4-D18 ade6-M210 

Incorporating chk1Δ mutant  

FY5149 

h+ chk1Δ::ura4+ leu1-32::hENT1leu1+(pJAH29) his7-

366::hsv- tkhis7+(pJAH31) ura4-D18 ade-704 

Incorporating rad3Δ mutant  

FY5150 

h+ rad3Δ::ura4+ leu1-32::hENT1leu1+(pJAH29) his7-

366::hsv- tkhis7+(pJAH31) ura4-D18 ade6-M210 

These fission yeast strains were gifted by Dr. Susan Forsburg from the University of Southern 

California, USA. 
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3.1.1 Fission Yeast Cell Cycle Checkpoints: 

Progression through the cell cycle is controlled by cell cycle checkpoints (Figure 2). Upon 

exposure to stress or damage, checkpoints prevent entry into the next cell cycle phase.110 Fission 

yeast’s DNA replication checkpoint stops cell-cycle progression using S-phase checkpoint 

proteins (Figure 3). DNA replication stress such as replication fork stalling causes Rad3-activation, 

and recruitment and phosphorylation of Cds1. A mediator protein Mrc1 is involved in Cds1 

recruitment. The replication checkpoint prevents fission yeast cells from entering M-phase.111,112 

DNA double stranded breaks (DSBs) can be caused by various factors including drugs, radiation 

and other stress-inducing agents.110 DSBs activate the DNA damage checkpoint response through 

Rad3-dependent phosphorylation of Chk1 via the mediator protein Crb2 (Figure 3). Once 

activated, the checkpoint arrests the cell cycle and prevents cells from advancing to M-phase.113,114 
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Figure 2. The fission yeast cell cycle. The four cell cycle stages are G2, M, G1 and S-phases. 

Fission yeast cells spend 70% of the cell cycle in G2. The remaining 30% of time spent in the 

cell cycle is divided equally among the other three phases. 
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Figure 3. Fission yeast checkpoint protein pathways for DNA replication stress and 

damage. Both checkpoint pathways are mediated through Rad3-dependent phosphorylation.  
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3.2 Canavanine Mutation Rate Assay in PMG-UA with Trypan Blue: 

Overnight cultures of all fission yeast strains were made in Pombe Glutamate Media 

(PMG) (Sunrise Science Products, California, USA) supplemented with Uracil (U) and Adenine 

(A). Hereafter, we will refer to this media as incomplete media as it is missing Histidine (H) and 

Leucine (L). The optical density for each strain was recorded using a spectrophotometer set at a 

wavelength of 600 nm. After incubating 2 mL of the overnight cultures in a shaking water bath for 

1 hour, AZT (1 mM) and 3TC (150 µg/mL) was added to each sample to create the 0-hour 

timepoint. From each culture, 500 µL was transferred to Eppendorf tubes, from which 450 µL was 

plated on canavanine plates. Canavanine plates were made by mixing stock canavanine (70 µg/mL) 

in PMG-UA with Phloxine B. An aliquot of 20 µL from each culture was serially diluted in 180 

µL of Yeast Extract with Supplement (YES). The 103 dilution was plated on two YES plates. All 

plates were incubated at 30°C for colony growth. 

An aliquot from each culture was mixed with Trypan Blue in a 1:1 ratio and incubated at 

room temperature for 30 minutes. With light microscopy, a hemocytometer was used to count the 

stained and unstained cells for each strain 

YES plates were scored after 3 days while canavanine plates were scored after 11 days. 

The mutation frequency was calculated by dividing the number of colonies growing on canavanine 

plates with the total number of cells plated. The mutation rate was calculated using the web tool 

known as Fluctuation Analysis Calculator (FALCOR). All steps were repeated for 6- and 24-hour 

timepoints (Figure 4).  
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Figure 4. Schematic diagram of canavanine mutation rate assay. This assay looks for the 

loss of Can1 function in S. pombe, which leads to colony formation on canavanine plates. By 

comparing colony growth to Yeast Extract with Supplement (YES) titre plates, the mutation 

rate can be calculated using the web tool FALCOR. 
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3.3 Canavanine Mutation Rate Assay in PMG-HULA with Trypan Blue: 

All steps from Canavanine Mutation Rate Assay in PMG-UA with Trypan Blue were 

followed with two major exceptions. The canavanine plates were made from PMG-HULA 

(Pombe Glutamate Media supplemented with Histidine, Uracil, Leucine and Adenine) as 

opposed to PMG-UA media. Hereafter, we will refer to this media as complete media as it is 

includes Histidine (H) and Leucine (L) and hence is considered complete media. The 103 

dilution of overnight cultures with drug were also plated on two YES plates for the 0- and 6- 

hour timepoint but the 104 dilution was used for the 24-hour timepoint. The experimental setup 

was modeled after existing mutation rate studies examining nucleoside analogs 5-bromo-2’-

deoxyuridine (BrdU) and 5-ethynyl-2’-deoxyuridine (EdU).105 

 

3.4 Mouse Pregnancy Model and Drug Administration: 

C57BL/6 mice were purchased from the Jackson Laboratories. Before mating, females 

were trained for 7 days on oral gavage with water. This was done to reduce any potential stress 

oral gavage may cause on the pregnancy. Female mice were group housed as 4 dams per cage. 

Males were single housed for 7 days prior to mating. Sexually mature female mice aged 8-10 

weeks old were mated with males. Mating was confirmed the next morning based on the existence 

of vaginal plugs (designated gestational day (GD) 1). While vaginal plugs suggest copulation, they 

do not confirm pregnancy. To verify pregnancy, dams were weighed on gestational day 9 (GD9) 

and gestational day 13 (GD13). Pregnancy was confirmed if the female mice weighed more than 

1.5 g on GD9 and more than 3 g on GD13. 

C57BL/6 mice were divided into a control and treatment group. Using oral gavage, the 

mice in the control group were given water while the treated group received 100/50 mg/kg/day of 
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ABC/3TC with 50 mg/kg/day of the protease inhibitor ritonavir-boosted atazanavir (ATV/r). The 

anti-HIV drug dosages reflect the optimal dosage necessary to achieve plasma concentrations 

equivalent to those seen in pregnant women. All treatments were administered daily starting from 

GD1 until delivery.  

F1 male and female pups were weaned at postnatal day (PND) 21. After PND21, the pups 

were separated by sex and housed until sexual maturation (PND49) was achieved. The F1 

generation was euthanized at 8-weeks. The gonads were dissected and weighed. Sperm were 

collected from the epididymis for DNA methylation analysis.  

 

3.5 Tissue Preparation and Sectioning: 

Mice testes and ovaries were fixed in formalin and embedded in paraffin wax. The 

microtome was set to create 5 µm tissue sections. The paraffin sections were placed on slides and 

stored at room temperature. 

 

3.6 Hematoxylin and Eosin (H&E) Staining: 

Slides with paraffin sections were soaked in Xylene to deparaffinize and then rehydrated 

in decreasing concentrations of ethanol. After immersing in water, the sections were stained in 

Gill’s hematoxylin, washed with water and then dipped in acid alcohol to destain. Following 

another round of water, the sections were stained with eosin. The stained sections were dehydrated 

in increasing concentrations of ethanol and then submerged in Xylene. The slides were mounted 

using xylene based Permount. Using a Leica brightfield microscope with a Nikon camera 

attachment, images were recorded and observed on the NIS-Elements BR software.  
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3.7 Assessment of H&E Stained Ovarian Follicles: 

Ovaries were quantified by counting the phases of folliculogenesis (Figure 5), while being 

blinded to the treatment allocation. Primary and secondary follicles were counted together as one 

group. Antral follicles and corpus luteum were respectively counted as separate groups. One 5 µm 

tissue section on one slide from each ovary was quantified. The proportion of follicles in each 

group was calculated by dividing the number of follicles in each specific group by the total number 

of follicles. 
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Figure 5. Stages of folliculogenesis. Primary follicles, secondary follicles, antral follicles and 

corpus luteum were scored, with primary and secondary follicles being grouped into one category. 

The histological parameters used identify each follicle stage are described in Section 1.6.3. 

 

 

 

 

 

 



 

31 
 

3.8 Assessment of H&E stained Testes: 

 All histometric testes assessments were conducted on one 5 µm tissue section on one 

slide from each testis. The assessor was blinded to the treatment allocation. 

 

3.8.1 Diameter of Seminiferous Tubules: 

The diameter of one seminiferous tubule was calculated at 10X magnification by finding 

the average of two diameter measurements. Both measurements were perpendicular to each other 

(Figure 6).92 To obtain the average diameter of one section in a testis, the mean diameter of 20 

seminiferous tubules was calculated. 

 

3.8.2 Quantification of Sertoli and Leydig Cells: 

All Sertoli and Leydig cells present in one field at 40X were counted (Figure 7). In one 5 

µm tissue section, ten random fields were assessed. The total number of cells from the ten fields 

were plotted for each treatment allocation (Figure 15). 
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Figure 6. Diameter measurement of a seminiferous tubule. The diameter was calculated by 

taking the mean of two perpendicular diameter measurements (shown by white arrows) at a 

magnification of 10X.    
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Figure 7. Identification of testis-specific cells that contribute to germ cell development. A) 

Sertoli cells (black arrow) were identified based on their characteristic tall, columnar shape and dark, 

oval nuclei. Scale Bar = 100 mm B) Leydig cells (black arrow) were found in the interstitial space 

between and around seminiferous tubules. Scale Bar = 0.01 mm. 
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 3.9 Ethics Declarations: 

 All animal experiments were conducted following the Canadian Council on Animal Care 

guidelines and were approved by the University Health Network (UHN) Animal Use Committee.  

 

 3.10 Statistical Analyses: 

 All plots were created using GraphPad Prism version 8.0.115 All statistical analyses were 

performed using VassarStats: Website for Statistical Computation.116 A chi-square test and a two-

tailed Mann-Whitney U test with significance levels of α = 0.05 were used to compare the number 

of follicles at different stages. The two-tailed Mann-Whitney U test at α = 0.05 was also used to 

assess the mean diameter of seminiferous tubules as well as the number of Sertoli and Leydig cells 

between the control and ABC/3TC with ATV/r treatment groups.  
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4.0 RESULTS 

4.1 Effects of nucleoside analogs on genomic stability: 

4.1.1 Canavanine Mutation Rate with complete media: 

To determine the mutation rate of combined AZT/3TC exposure in complete media 

(PMG+HULA), the canavanine mutation rate assay was used with wildtype and cell cycle 

checkpoint fission yeast mutants (Figure 8). This is a well-established assay that has been 

previously used to test for the mutation rate of nucleoside analogs 5-bromo-2’-deoxyuridine 

(BrdU) and 5-ethynyl-2’-deoxyuridine (EdU).105 In fission yeast, canavanine enters the cell 

through an arginine transporter coded by the can1+ gene. Cells with the can1+ gene cannot grow 

on canavanine. Exposure to mutagens can lead to can1- mutants, which can survive on canavanine 

as they are canavanine resistant.105,117 Complete media is considered permissive media as it is 

supplemented with Histidine, Uracil, Leucine and Adenine and is the current standard media used 

to assess mutation rate in S. pombe. The fission yeast strains were plated on nutrient rich titre 

(YES) and canavanine plates after 0-, 6- and 24-hours of exposed to AZT/3TC drug treatment. 

Colonies growing on the YES plates were compared to the number of colonies growing on the 

canavanine plates. The mutation rate was calculated as the mean of 5 experimental replicates and 

plotted with upper and lower 95% confidence intervals (Figure 8). The mutation rate did not differ 

after 0- and 6-hours of drug exposure in all strains except rad3Δ, where the mutation rate increased 

after 6-hours of exposure. A large increase in mutation rate after 24-hours of combined AZT+3TC 

exposure also occurred in wildtype and all checkpoint mutants. This was indicated by the increase 

in colonies growing on canavanine plates, which was due to the loss of the can1 gene function 

(can1-). 
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Figure 8. DNA mutation rate after AZT/3TC exposure with complete media. The mean DNA mutation rate was calculated 

over five experimental replicates by assessing the total number of wildtype and cell cycle checkpoint fission cells growing on 

YES plates with the can1- mutants growing on canavanine plates. The mutation rate after 6-hours of exposure increased in rad3Δ 

mutants and a greater rise in mutation rate was observed after 24-hours of exposure in all strains.  Error bars indicate 95% 

confidence intervals (n = 5).
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4.1.2 Canavanine Mutation Rate with incomplete media: 

The mutation rate of combined AZT/3TC exposure in incomplete media (PMG+UA) was 

calculated using wildtype and cell cycle checkpoint fission yeast mutants (Figure 9). Incomplete 

media was only supplemented with Uracil and Adenine, thus creating conditions that would not 

allow growth of strains that had lost either the his7+ or leu1+ markers. Note that these markers are 

associated with the hsv-tk+ and hENT1+ transgenes. Although the fission yeast strains were 

exposed to 0-, 6- and 24-hours of AZT/3TC drug treatment, only the mutation rate after 24-hours 

of drug exposure could be calculated (Figure 9). Several strains did not grow at all after 0- and 6- 

hours of exposure, resulting in values that did not fit the mutation rate model. After 24-hours of 

AZT/3TC exposure, the rad3Δ mutants had the highest mutation rate. In comparison with the 

mutation rates on complete media, the mutation rates on incomplete media were lower. This 

suggests that his7+ or leu1+ markers, and possibly the associated hsv-tk+ and hENT1+ transgenes, 

were lost at a high frequency. 
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Figure 9. DNA mutation rate after AZT/3TC exposure with incomplete media. The mean 

DNA mutation rate after 24-hours of drug exposure was calculated over five experimental 

replicates in wildtype and cell cycle checkpoint fission yeast mutants.  The mutation rate was 

highest for rad3Δ mutants.  Error bars indicate 95% confidence intervals (n = 5). 
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4.1.3 Canavanine Mutation Frequency with complete media: 

Using the data from Section 4.1.1, the mutation frequency was obtained using five 

experimental replicates and calculated for wildtype and checkpoint fission yeast mutants to assess 

colony growth on canavanine plates in comparison with the total number of cells plated. The 

mutation frequency was plotted on a logarithmic scale with upper and lower 95% confidence 

intervals (Figure 10). A difference in mutation frequency was not observed after 0- and 6-hours of 

AZT/3TC exposure in wildtype and checkpoint mutants. After 24-hours of drug exposure, the 

mutation frequency increased for all wildtype and checkpoint mutants.  
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Figure 10. DNA mutation frequency with complete media. The average DNA mutation frequency was calculated over five 

experimental replicates by dividing the number of colonies on canavanine plates (with PMG-HULA) from the total number of fission 

yeast cells plated after AZT/3TC exposure. The mutation frequency did not differ between 0- and 6-hours of exposure. After 24-hours 

of exposure, the mutation frequency increased in wildtype and all checkpoint mutant cells. The box ranges from the 25th to 75th percentile 

and includes a line indicating the median. Error bars indicate 95% confidence intervals (n = 5). 
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4.1.4 Canavanine Mutation Frequency with incomplete media: 

The mutation frequency was calculated as described in Section 4.1.2. The 

canavanine plates were made using incomplete media. Testing and comparing mutation 

frequencies in complete and incomplete media examines the importance of nutrient 

supplementation in media for a fission yeast model. Wildtype, cds1Δ and chk1Δ mutants 

had low mutation frequency levels at the 0-hour timepoint and then higher mutation 

frequency levels at the 6- and 24-hour timepoints, with no difference between the latter 

timepoints (Figure 11). The mutation frequency for mrc1Δ did not change with time. The 

mutation frequency for rad3Δ decreased after 6-hours of exposure and then increased again 

at the 24-hour timepoint, with no overall changes. The mutation frequencies for wildtype-

0h, cds1Δ-0h, chk1Δ-0h and rad3Δ-6h was 0. 
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Figure 11. DNA mutation frequency with incomplete media. The average DNA mutation frequency was calculated using five 

experimental replicates based on the number of colonies on canavanine plates (with PMG-UA) relative to the total number of cells plated 

after Combivir (AZT+3TC) exposure. The mutation frequency did not differ between strains or timepoints. The box extends from the 

25th percentile to the 75th percentile and includes the median as a line within the box. The whiskers range from the 5th percentile to the 

95th percentile. Error bars indicate 95% confidence intervals (n = 5).
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4.1.5 Assessment of Cellular Toxicity Using Trypan Blue: 

The trypan blue dye stained dead wildtype and checkpoint mutant fission yeast cells a 

shade of blue. The average percentage of dead cells was assessed using ten replicates and was 

calculated by dividing the blue stained cells from the total number of cells observed. With the 

exception of cds1Δ after 6-hours and rad3Δ after 0-hours of AZT/3TC exposure, the average 

percentage of dead cells for all strains was below 30% (Figure 12). For wildtype and all checkpoint 

mutants, the percentage of dead cells after 0- and 6-hours of exposure was comparable, with a 

noticeable decrease observed after 24-hours of drug exposure. Differences were not observed 

between strains and timepoints.  
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Figure 12. Average percentage of dead cells after AZT/3TC exposure. Fission yeast cells were exposed to Combivir (AZT+3TC) 

for 0-, 6-, and 24-hours. The average percentage of dead cells decreased after 24-hours of drug exposure but did not differ between 

strains or timepoints. The box ranges from the 25th to 75th percentile and includes a line indicating the median. Error bars indicate 95% 

confidence intervals (n = 10). 
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4.2 Effects of nucleoside analogs on gonads: 

4.2.1 Assessment of H&E Stained Ovarian Follicles: 

During fetal development, female germ cells enter meiosis and are known as oocytes. At 

birth, the oocytes remain arrested in meiosis I and are encircled by somatic cells making primordial 

follicles, which undergo folliculogenesis in sexually mature females.78 The antral follicle count 

reflects reproductive potential.88 To study the effects of cART exposure on germ cell and ovary 

development, we quantified the stages of folliculogenesis in mice exposed to ABC/3TC with 

ATV/r in-utero (Figure 13). The primary and secondary follicles were counted as one group. 

Antral follicles and corpus luteum were counted in separate groups. Primary and secondary 

follicles were lower in the cART group compared to the control, although this did not reach 

significance (p = 0.123). Antral follicles and corpus lutea were similar between groups (p = 0.281 

and 0.227 respectively. Using chi-square test, a significant difference between the expected and 

observed frequencies of follicles was also not observed (X2= 2.73, p = 0.255). However, to improve 

statistical power, we need to increase our sample size and the number of quantified sections per 

ovary.  
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Figure 13. The effect of ABC/3TC with ATV/r on female germ cell development. A) Folliculogenesis stages were categorized as 

primary or secondary follicles, antral follicle, and corpus luteum. Scale Bars = 100 μm. B) Quantified stages of folliculogenesis are 

shown in a box and whiskers plots, with the line within the box indicating the median, and the box ranging from the 25th percentile to 

the 75th percentile. The whiskers extend from the 5th percentile to the 95th percentile. Differences in median values between treatment 

groups were evaluated using a two-tailed Mann-Whitney U test (p < 0.05). Differences in frequency distribution between treatment 

groups were evaluated using a chi-square test (X2= 2.73, p = 0.255). A significant difference after ABC/3TC with ATV/r exposure was 

not observed using either statistical test (n = 7 in control group; n = 8 in ABC/3TC with ATV/r group). 
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4.2.2 Assessment of H&E stained Testes: 

4.2.2.1 Diameter of Seminiferous Tubules: 

A qualitative assessment of the seminiferous tubules’ histological structures revealed 

irregular lumen structure in testes exposed to ABC/3TC with ATV/r (Figure 14). Some 

seminiferous tubules in the treated samples were either missing a lumen or had a lumen that was 

localized to one end of the tubule. Seminiferous tubules from both control and treatment groups 

were lined with germinal epithelium. The average diameter of seminiferous tubules was not 

significantly different (p > 0.05) in the ABC/3TC with ATV/r treatment group. 
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Figure 14. The effect of ABC/3TC with ATV/r on seminiferous tubule structure. A) H&E stained seminiferous tubules with missing 

and asymmetrical lumen in KIV+ATV/r treatment groups (x10). Bars = 100 μm. B) The average diameter of 20 seminiferous tubules in 

one section of a testis after exposure to ABC/3TC with ATV/r was plotting in a box and whiskers plot. The box extends from the 25th 

percentile to the 75th percentile and includes the median as a line within the box. The whiskers range from the 5th percentile to the 95th 

percentile. A two-tailed Mann-Whitney U significance test at the significance level 0.05 was performed to assess differences between 

groups (n = 12 in control group; n = 13 in ABC/3TC with ATV/r group).
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4.2.2.2 Quantification of Sertoli and Leydig Cells: 

Sertoli and Leydig cells were quantified by counting the respective cell type in ten random 

fields at a magnification of 40X (Figure 15). Sertoli cells were located inside the seminiferous 

tubules and were in direct contact with developing male germ cells. Leydig cells were observed in 

the connective tissue between seminiferous tubules. In the ABC/3TC with ATV/r treatment group, 

the number of Sertoli cells were significantly lower (p < 0.05) while the number of Leydig cells 

did not significantly differ from the control treatment group. 
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Figure 15. The effect of ABC/3TC with ATV/r on testis-specific cells. Number of Sertoli cells (A) and Leydig cells (B) in control 

(grey) and ABC/3TC with ATV/r treated (red) mice. A significant difference in the number of Sertoli cells between the control and the 

treatment group was observed while the number of Leydig cells were not statistically different after exposure to ABC/3TC with ATV/r. 

Data is presented using box and whiskers plots, with the line within the box indicating the median, and the box ranging from the 25th 

percentile to the 75th percentile. The whiskers extend from the 5th percentile to the 95th percentile (n = 11 in control group; n = 18 in 

ABC/3TC with ATV/r group). *Value significantly different than control group (p < 0.05, two-tailed Mann-Whitney U test).
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4.2.2.3 Assessment of Epididymis: 

The epididymis, a male reproductive organ connected to the testes, was qualitatively 

examined for histopathological markers associated with poor male fertility potential (Figure 16). 

The control group included 11 samples and the ABC/3TC with ATV/r treatment group included 6 

samples. In both control and treatment conditions, the epididymal ducts were lined with epithelial 

cells. The epithelial cells did not appear degenerated and vacuoles in the epithelium were not 

detected in testes exposed to ABC/3TC with ATV/r treatment. Other markers like hyperplasia and 

sperm granulomas (masses of escaped spermatozoa lined with immune cells, white blood cells and 

granulation tissue102) were not observed. 
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Figure 16. The effect of ABC/3TC with ATV/r on the epididymis. Sperm were present in epididymal tubules exposed to the ABC/3TC 

with ATV/r treatment (x10). Histopathological markers associated with reduced fertility potential were not observed.  Scale Bars = 100 

μm. 
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4.3 Summary of Findings: 

 For Aim I, the effects of nucleoside analogs on genomic stability were assessed by 

examining DNA mutations and cellular toxicity in a fission yeast model. We reported Rad3 

sensitivity after 6 hours of AZT/3TC exposure which suggested the involvement of both the DNA 

damage and the DNA replication stress checkpoint pathways. We also reported an increase in 

mutation rate after 24 hours of AZT/3TC exposure, thus indicating genomic instability. The 

mutation rate in incomplete media could not be calculated after 0- and 6- hours of drug exposure 

due to lack of cell growth and the mutation rate for 24 hours was lower in incomplete media. 

Furthermore, we observed that cellular toxicity did not increase with long-term exposure to the 

dual NRTI AZT/3TC treatment.  

 For Aim II, we used a mouse pregnancy model to assess female and male germ cell and 

gonad development. We did not observe a significant difference in ovarian follicle numbers after 

exposure to ABC/3TC with ATV/r, which suggested normal female germ cell development. For 

male germ cell development, we reported no significant difference in seminiferous tubule 

diameter, Leydig cell number and epididymal health. However, we did observe low Sertoli cell 

numbers and altered seminiferous tubule morphology which indicated that male germ cell 

development may be affected. Our results for Aim II are limited due to sample size and we will 

improve our understanding by quantifying more sections of both male and female gonads. 
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5.0 DISCUSSION AND FUTURE DIRECTIONS 

5.1 Effects of nucleoside analogs on genome stability: 

5.1.1 Mutation Rate and Mutation Frequency after NRTI-exposure: 

Fission yeast cell cycle regulation models the cell cycle control seen in mammalian cells.106 

Exposure to genotoxic stress like drug exposure can activate DNA damage- or DNA replication 

stress-specific cell cycle checkpoint proteins, which prevent cell cycle progression.110 Given the 

similarity of its molecular and genetic mechanisms, fission yeast is a well-established model 

organism for testing drugs like nucleoside analogues.105  

After exposure to AZT/3TC, canavanine mutation rate assays with complete and 

incomplete media were used to assess genomic stability after 0-. 6- and 24-hours of exposure 

(Figure 8 & 9). On the standard complete media, the mutation rate after 6-hours of exposure was 

only higher for rad3Δ mutants. The mutation rate increased considerably after 24-hours of drug 

exposure for all strains. The higher mutation rate for rad3Δ mutants after a shorter duration of drug 

exposure is expected considering that the kinase Rad3 mediates both the DNA replication stress 

and DNA damage pathways. DNA damage has previously been reported after AZT/3TC 

exposure.33 High mutation rates occur due to activation of the DNA replication stress checkpoint 

pathway in fission yeast.118 Increases in mutations have also been reported after AZT/3TC 

treatment in vitro and in vivo.34 Thus the sensitivity of rad3Δ mutants and the activation of both 

DNA replication stress and the DNA damage pathways in fission yeast are supported by the 

reported genotoxic effects of the AZT/3TC treatment. 

For the canavanine mutation rate assay on incomplete media, the mutation rate could not 

be calculated after 0- and 6- hours of drug exposure due to the lack of colonies detected on 

incomplete media in the concentrations and conditions used. The mutation rate after 24-hours of 
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drug exposure was the highest for rad3Δ mutants but was still lower than the mutation rates 

calculated from complete media. Our results indicate that fission yeast cells plated on media 

without histidine and leucine had mutations impacting histidine and leucine markers causing cell 

death. Considering that histidine and leucine prototrophy may be lost, the mutation rate appears to 

be lower than the complete media mutation rate, as cells are unable to survive on the incomplete 

media and hence cannot become sensitive or resistant to canavanine. Thus, our results emphasize 

the importance of calculating mutation rate from complete media as cells on incomplete media do 

not survive to experience the effects of canavanine.  

Mutation rate (m/Nt) is calculated by dividing the number of mutational events (m) by the 

total number of viable cells (Nt). It predicts the number of mutations in a cell per cell division or 

generation. 119,120 Mutation frequency (r/Nt) is calculated by dividing the number of mutants (r) by 

the total number of viable cells (Nt).
119 The mutation rate model for fluctuation assays was 

originally proposed by Luria and Delbrück and has since been expanded by Lea and Coulson.120 

Its validity relies on several assumptions including the accurate observation and identification of 

all mutants, and an exponential cell growth rate, which is consistent between nonmutants and 

mutants. Reverse mutations and cell death are considered negligible. Furthermore, the likelihood 

of mutational events is considered constant in each generation and independent of earlier 

mutations.120  

Since mutation rate is calculated using a mathematical model that considers fluctuation 

analysis, and as a result, predicts DNA changes with time, it provides a more accurate assessment 

of genome stability than mutation frequency. However, although mutation frequency is less 

accurate and cannot account for spontaneous mutations, it is still considered a useful measurement 

for assessing mutations induced by drugs.119 The mutation frequency was calculated for mutants 
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growing on canavanine plates with complete and incomplete media. For the assay with complete 

media, the mutation frequency significantly increased after 24-hours of Combivir exposure for 

wildtype and checkpoint mutants (Figure 10). This indicates that the dual NRTI treatment activates 

both the DNA damage and the DNA replication stress checkpoint pathways.  

There was a significant difference between the mutation frequencies calculated from 

mutants growing on complete and incomplete media. For the assay with incomplete media, several 

strains had a mutation frequency of 0, as mutants were unable to grow on canavanine plates with 

PMG-UA (Figure 11). Furthermore, there were no significant differences observed between strains 

and timepoints. These results highlight the importance of nutrient supplementation when linked to 

prototrophic markers. Loss of either the his7+ or leu1+ markers during drug exposure would render 

cells unable to grow on the incomplete medium. Since these are functionally linked to the 

transgenes for analogue uptake and processing, this implies that AZT and 3TC impose selective 

pressure during exposure. Overall, our results support the current standard approach to a 

canavanine mutation rate assay which uses a complete permissive media with all supplements 

(HULA) to ensure that environmental stress or drug-induced genetic instability does not affect 

nutrient availability. 

Unpublished work from the Sabatinos lab (Su, C. in preparation, Ryerson University 2018) 

has assessed genomic stability on incomplete media after short-term (0- and 6-hours) exposure to 

AZT and 3TC alone in wildtype fission yeast. An increase in can1 mutations was observed after 

6-hours of AZT exposure while a significant difference in the mutation rate was not observed after 

6-hours of 3TC exposure. Although the mutation rate on incomplete media in wildtype fission 

yeast after 0- and 6-hours of AZT/3TC exposure could not be calculated, the mutation rate after 



 

57 
 

24-hours of drug exposure was the highest for rad3Δ mutants, indicating both DNA damage and 

DNA replication stress genotoxic effects.  

The mutagenic effects of AZT monotherapy in human cells are well-established.32,85 To 

mitigate these effects, the use of a second NRTI, such as 2',3'-dideoxyinosine (ddI)  has been 

investigated. However, a synergistic effect on genomic instability has been reported after AZT-

ddI therapy.32 The effect of AZT monotherapy, 3TC monotherapy and dual-NRTI (AZT/3TC) 

treatment on genomic stability has been studied in the context of the in vivo mutation rate HIV-

1.122,123 In two separate studies, HeLa target cells were respectively pre-exposed to AZT 

monotherapy, 3TC monotherapy and combined AZT+3TC treatment for 2 hours, infected with 

HIV-1, and then treated with the previous respective drug treatment for 24-hours. The HIV-1 

mutation rate increased by a factor of 7 after AZT exposure and by a factor of 3 after 3TC 

exposure.122 These results follow the same trend demonstrated by the Sabatinos lab, where AZT 

monotherapy was established as more mutagenic than 3TC monotherapy. Interestingly, the study 

focusing on combined AZT+3TC treatment reported the greatest increase in mutation rate after 

exposure to the dual NRTI treatment, where the HIV-1 mutation rate increased by a factor of 9.123 

Given our finding of an increased mutation rate on complete media after long-term (24h) of 

AZT/3TC exposure and unpublished work from the Sabatinos lab indicating AZT being more 

mutagenic than 3TC after short-term (6h), it can be inferred that AZT-based NRTI combinations 

promote genomic instability during both short and long-term exposure.  

Considering that our results support the use of complete media for canavanine mutation 

rate assays and that the canavanine mutation rate assays with AZT and 3TC alone (Su, C. In 

Preparation, Ryerson University 2018) were performed on incomplete media, we will repeat the 

assays on complete media to compare the short-term effects of single NRTI regimens with dual-
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NRTI combinations. For future experiments, we will also sequence the can1 mutants to check for 

loss of can1 function. Furthermore, we will use hydroxyurea, an anti-cancer drug that also activates 

fission yeast’s DNA replication stress checkpoint pathway and causes reversible cell cycle arrest 

in early S-phase as a positive control.118,124 By targeting the enzyme ribonucleotide reductase, HU 

reduces the available pool of deoxynucleotide triphosphates (dNTPs), which in turn contributes to 

replication fork instability, damages DNA and ultimately leads to replication fork collapse.118  

5.1.2 Cellular Toxicity after NRTI-exposure: 

The colorimetric trypan blue dye stains dead cells by entering dead cells through their non-

functional membranes. Viable cells remain unstained.125 The average percentage of dead cells after 

AZT/3TC exposure did not significantly differ among strains or timepoint (Figure 12). This is 

inconsistent with reported literature, as low cell survival after in vitro exposure to AZT/3TC has 

been reported.104 A major concern surrounding AZT/3TC’s toxicity is its effect on mitochondrial 

damage,25 with one study reporting high mitochondrial DNA damage after AZT/3TC treatment in 

mice.126 Although our data suggests that AZT/3TC treatment does not increase cellular toxicity 

over time, given the existing literature surrounding mitochondrial damage, this may require future 

investigation in other models. Further, the effect of AZT/3TC on cell viability recognized by 

Trypan Blue might only be visible once membrane disruption is established, and might therefore 

be detected at a later time point. 

 

5.2 Effects of cART on germ cell development: 

5.2.1 Quantification of H&E Stained Ovarian Follicles: 

With primordial germ cell development starting before birth and children being exposed to 

cART since conception, we are concerned about the effects of cART on meiosis.48,78 To study 
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these effects, we completed a histological assessment of male and female gonads from mice 

exposed to ABC/3TC with ATV/r treatment in-utero. In females, we focused on quantifying the 

stages of folliculogenesis. At birth, the ovaries have primordial follicles which contain female 

germ cells, also known as primary oocytes, arrested in Meiosis I.78,83 In sexually mature females, 

reproductive hormones trigger the menstrual cycle, where select primordial follicles undergo 

follicular development.78,82 During this process, the germ cells within the follicles also complete 

meiosis I and arrest in meiosis II.81 The stages of folliculogenesis include antral follicles, which 

are considered a biomarker for ovarian aging, with the number of antral follicles being proportional 

to the rate of fertility.88 In our preliminary analysis, we used a two-tailed Mann-Whitney U test 

and a chi-square test to determine that the number of primary and secondary follicles, antral 

follicles and corpus luteum were not affected after in utero exposure to ABC/3TC with ATV/r 

treatment (Figure 13). Although counting the number of follicle numbers in mice is an established 

experimental system for studying reproductive health, counting protocols and as a result, 

correction factors and the number of reported follicles in each stage of folliculogenesis varies with 

each study.127,128 One study that assessed the variability of reported follicle numbers and studied 

ovaries of wild-type female C57BL/6/128SvEv mice at 100 days of age reported 265 + 32 primary 

follicles, 79 + 5.6 secondary follicles, 40 + 4.8 early antral follicles and 15.6 + 2.3 antral follicles 

per ovary.128 After quantifying more sections within our ovary samples, we will compare our 

follicle numbers from the control group to determine whether they reflect the follicle numbers 

reported in literature.   

The current literature focusing on female fertility primarily examines the effects of  HIV 

viral infection, and not NRTIs, on fertility, with reports of reduced female fertility potential from 

untreated advanced HIV infections.129 Although clinical fertility outcomes of children exposed to 
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NRTIs is lacking, sex steroid hormone levels relevant to fertility have been examined in the context 

of pregnancy. Progesterone is required for maintaining pregnancy and fetal growth, as well as 

regulating ovarian processes like folliculogenesis and ovulation.55,130 The Serghides lab has used 

in vitro and in vivo models to show that single and dual NRTI regimens do not contribute to lower 

progesterone levels and adverse pregnancy outcomes. However, when NRTIs are combined with 

the protease inhibitor Kaletra (ritonavir-boosted lopinavir), clinical outcomes include low 

progesterone levels, low fetal weight and low placental weight.55 Our results examining the effects 

of ABC/3TC with ATV/r are limited by sample size. Thus, determining the effect of NRTIs with 

ATV/r on meiotic development remains an area of active investigation with future studies possibly 

expanding to also look at the effects of progesterone levels and pregnancy outcomes. In these 

future investigations, we will increase our sample size and the number of sections counted per 

sample to improve our overall examination of reproductive and fertility health outcomes after 

cART-exposure.   

 

5.2.2 Assessment of H&E Stained Testes: 

The impact of antiretroviral therapy on male fertility has been studied, although a 

knowledge gap still exists in the context of meiotic development and testicular structure. In the 

testes, seminiferous tubules with smaller diameters are an indication of lower germ cell numbers 

and/or loss of seminiferous tubule fluid.93 Located between seminiferous tubules, Leydig cells 

make the sex steroid hormone testosterone.97 Sertoli cells are activated by FSH and have many 

functions, including being necessary for testis formation and secreting androgen binding protein, 

which in turn directs testosterone to the seminiferous tubule lumen. As a result, testosterone can 

regulate meiotic completion, maintain the blood-testis barrier for nutrient transportation, discharge 
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mature sperm from Sertoli cells to prevent sperm phagocytosis and control the Sertoli cell-specific 

secretion of the seminiferous tubule fluid forming the lumen.97  

A quantitative analysis of testes exposed to ABC/3TC with ATV/r in utero demonstrated 

no significant difference in seminiferous tubule diameter and the number of Leydig cells while the 

number of Sertoli cells were significantly lower in comparison with the control group (Figure 14 

& 15). These preliminary findings suggest that testosterone production may not be impacted but 

testosterone levels within the seminiferous tubules may be affected given the lower number of 

Sertoli cells. Moreover, considering that some seminiferous tubules had missing or irregularly 

localized lumens in the treated testes group, germ cells may have limited access to testosterone, 

which in turn could impair the previously discussed functions of testosterone.  

Other studies assessing the importance of Sertoli cell numbers have found that complete 

ablation or even partial reduction in Sertoli cell population adversely impacts spermatogenesis, as 

well as germ cell and Leydig cell numbers in mice.131,132 Our pilot study has a low statistical power 

as only one section of each testis sample was counted. Hence, improving statistical power by 

increasing the number of quantified sections will improve our understanding of the effects of 

cART exposure on testis-specific cells and overall germ cell development. 

Low testosterone levels, also known as hypogonadism, have been reported in men with 

HIV but a significant difference has not yet been observed between PI, NRTI and NNRTI 

treatments.133,134 Considering that the number of Leydig cells are not affected by ABC/3TC with 

ATV/r exposure, our preliminary results suggest that baseline testosterone production in mice 

exposed in utero may not be affected. To gain more insight about the molecular mechanisms of 

male fertility outcomes, future experiments could examine testicular homogenates using an 

enzyme immunoassay to determine testosterone levels after PI-cART exposure.135 Our preliminary 
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results indicate that testosterone levels in the testes of male mice exposed to ABC/3TC with ATV/r 

in utero would not significantly differ from males in the control group. 

A qualitative assessment of the epididymis for histopathological markers of reduced 

fertility demonstrated no significant difference between the control and the ABC/3TC with ATV/r 

treatment groups (Figure 16). The epididymis was examined for epithelial cell degeneration, intra-

epithelial vacuole formation, hyperplasia and sperm granulomas. These preliminary findings 

suggest a minimal impact on sperm maturation and storage, the main functions of the epididymis.98 

However, to conclusively state the effects of the ABC/3TC with ATV/r treatment on the 

epididymis, we will increase our sample size. Moreover, to further investigate these effects, a 

quantitative assessment can also be conducted by measuring the diameter of epididymal tubules 

and the height of the epithelial cells. A reduction in these quantitative markers is associated with 

androgen deprivation and has been observed after exposure to toxicants that inhibit Leydig cells’ 

ability to synthesize testosterone.136 Thus a quantitative assessment of the epididymis from a larger 

sample size will provide greater insight about the effects nucleoside analogs on male gonad 

development and fertility potential.  
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6.0 CONCLUSIONS  

 With cART being necessary for preventing vertical transmission of HIV and current 

treatment guideline exposing children to cART from conception48, we assessed the effects of in-

utero cART exposure on the reproductive health of offspring. Using our fission yeast model, we 

examined genomic stability in Aim I. We used a canavanine mutation rate assay and reported the 

use of complete media for calculating accurate canavanine mutation rates. We also observed Rad3 

sensitivity, which indicated the involvement of both the DNA damage and DNA replication stress 

checkpoint pathways after short-term AZT/3TC exposure. We reported higher mutation rates 

indicating a greater impact on genomic stability after long-term AZT/3TC exposure. For cellular 

toxicity, we reported that exposure to AZT/3TC does not increase in toxicity over time. For Aim 

I, we hypothesized an increase in DNA mutations and cellular toxicity after NRTI-exposure.  Our 

results partly support our hypothesis as both mutation rate and frequency increased with long-term 

exposure to the dual-NRTI treatment, while cellular toxicity was not increased. Thus, we conclude 

that the AZT/3TC nucleoside analog combination promotes mutagenicity but does not increase in 

toxicity over time. 

 For Aim II, using our mouse pregnancy model, we assessed how in-utero cART exposure 

affects male and female gonad development. We hypothesized low ovarian follicle numbers after 

in-utero exposure to anti-HIV drugs. Our preliminary assessment of female gonads does not 

support our hypothesis as cART exposure did not affect the number of ovarian follicles, thus 

indicating normal female germ cell development and female reproductive health. We also 

hypothesized disrupted testis structure, thus indicating poor male reproductive health after in-utero 

cART exposure. Our preliminary work with male gonads from mice exposed to cART in-utero 

partly supports our hypothesis as we observed no effect on the diameter of seminiferous tubules, 
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on epididymal health or on the number of Leydig cells but lower Sertoli cell numbers and missing 

or irregularly localized lumens in seminiferous tubules were reported. We speculate that this may 

suggest normal testosterone production but altered testosterone levels within the seminiferous 

tubules, which in turn would adversely impact male germ cell development and male fertility.  

 Given our assessment of genomic stability as well as the data reported in existing genotoxic 

studies, we conclude that AZT-based NRTI combinations should not be included in cART 

regimens taken during pregnancy. Our examination of germ cell development concludes that the 

ABC/3TC NRTI combination may have sex-specific effects on the reproductive health of 

offspring, with male offspring reproductive potential being at a greater risk than female. We 

recognize that our assessment of male and female germ cell development effects is limited due to 

sample size and we will improve our understanding by quantifying more sections of both male and 

female gonads. We also aim to expand our study by testing more NRTI combinations to ultimately 

find the safest NRTI combinations for use during pregnancy.  

 Understanding the effects of NRTI-exposure on genomic stability and of in-utero cART 

exposure on male and female germ cell development will lead to a better understanding of how 

older and existing anti-HIV drugs impact fertility. By assessing the impact of historical backbone 

NRTI combinations like AZT/3TC as well as existing cART regimens like ABC/3TC with ATV/r, 

this research lays the groundwork for identifying the safest NRTI combinations for pregnant 

women living with HIV and for determining whether children previously exposed in-utero are at 

risk for fertility issues. Hence, it has implications for HIV treatment guidelines during pregnancy, 

fertility treatments for people living with HIV and family planning for children exposed to anti-

HIV drugs in-utero. 
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7.0 APPENDIX  

 In this appendix, we discuss completed methods as well as a future nested-PCR design that 

will be used to analyze DNA methylation in tail and sperm samples from mice exposed to anti-

HIV drugs in-utero. We hypothesize that in-utero exposure to anti-HIV drugs will be associated 

with aberrant DNA methylation patterns, thus indicating reduced reproductive potential and poor 

fertility. 

 

7.1 DNA Methylation Analysis Using Bisulfite Sequencing: 

 To isolate genomic DNA from mouse tail and sperm samples, SNET lysis buffer was 

prepared by mixing 400 mM of sodium chloride (NaCl), 1% (w/v) of sodium dodecyl sulfate, 20 

mM of Tris hydrochloric acid (Tris-HCl) at pH 8.0, and 5 mM of ethylenediamine tetraacetic acid 

(EDTA) at pH 8.0 (BioShop, Burlington, Canada). The buffer was filter sterilized using a 0.22 μm 

nitrocellulose filter. The lysis buffer with 400 µg/mL of proteinase K was added to each tissue 

sample and then incubated overnight at 55°C. A 1:1 volumetric ratio of phenol:chloroform:isoamyl 

alcohol and the buffered sample was centrifuged at 11,000 revolutions per minute (RPM) for 5 

minutes. Equal volumes of the sample’s aqueous phase and chloroform (BioShop, Burlington, 

Canada) were added to a microcentrifuge tube containing approximately 100 μL of vacuum grease 

(Dow Corning, Michigan, United States) and centrifuged at 11,000 RPM for 5 minutes. In a fresh 

microcentrifuge tube, equal volumes of the sample’s upper aqueous layer and isopropanol were 

combined to precipitate the DNA. The mixture was stored in -20°C for 5 minutes and then 

immediately centrifuged at 13,000 RPM for 10 minutes. After discarding the supernatant, the 

precipitated DNA was washed with 1 mL of 70% ethanol. The samples were centrifuged at 13,000 

RPM for 5 minutes. Once the ethanol was removed, the DNA pellets were air-dried at room 
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temperature for 5 minutes, and then re-suspended in 100 μL of Tris-EDTA (TE) buffer (pH 8.0). 

The samples were stored at 4°C. For nucleic acid quantification a NanoDrop Spectrophotometer 

was used, with 2 μL of TE buffer as a blank (Table S1). 

 CpG methyltransferase (New England BioLabs, Whitby, Canada) was prepared by 

combining 1X NEBuffer 2 with 160 uM of S-adenosylmethionine (50 mM of NaCl, 10 mM of 

Tris-HCl, 10 mM of magnesium chloride (MgCl2) and 1 mM of dithiothreitol) and added to a 

control mouse trail sample. After a 60-minute incubation at 37°C, the enzyme was inactivated via 

heat exposure at 65°C for 20 minutes.  

Using the EZ DNA Methylation Gold Kit (Zymo Research, California, United States), the 

CT Conversion Reagent and the M-Wash Buffer were prepared as outlined by the kit’s protocol. 

The DNA samples were mixed with 130 μL of the CT Conversion Reagent. In a thermal cycler, 

the samples were exposed to 98°C for 10 minutes, 64°C for 2.5 hours and then stored overnight at 

4°C. The DNA samples and 600 μL of the M-Binding Buffer were then added to a collection tube’s 

Zymo-Spin 1C column, mixed and centrifuged at 13,000 RPM for 30 seconds. After disposing the 

flow-through, 100 μL of the M-Wash Buffer was added and centrifuged at 13,000 RPM for 30 

seconds. Following the addition of 200 μL of M-Desulphonation Buffer and a 15-minute 

incubation at room temperature, the samples were centrifuged at 13,000 RPM for 30 seconds. The 

samples were then washed with 200 μL of M-Wash Buffer and centrifuged at 13,000 RPM for 30 

seconds. In a microcentrifuge tube, 10 μL of the M-Elution Buffer was loaded in the column and 

then centrifuged at 13,000 RPM for 30 seconds. All samples were stored at -20°C for polymerase 

chain reaction (PCR). 
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Table A1. The quantification DNA in mouse tail and sperm samples. 

Sample Nucleic Acid Concentration (ng/μL) A260/280 

BD3A 98.6 1.90 

BE3A 184.8 1.87 

BD4A 141.8 1.86 

BD4B 111.1 1.90 

BD3B 87.4 1.86 

BE3B 193.4 1.85 

BR1 46.6 2.05 

BR2 52.8 2.05 

BR3 107.5 2.04 

BR4 75.9 2.03 

BT0 56.8 2.03 

BO2 73.4 2.04 

BE1 67.5 2.10 

BV0 89.5 2.06 

BT4 165.4 2.03 

BV4 36.5 2.09 

BO0 81.8 2.05 

BO4 109.5 1.98 

BO3 88.7 1.98 

BE3 78.9 1.89 

BE2 239.0 1.91 
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BN1 41.9 1.90 

BN3 46.0 1.93 

BE4 144.7 1.92 

BN2 6.60 2.33 

BH4 32.8 2.13 

BH3 72.3 2.19 

BH1 62.5 2.25 

A 62.5 2.67 

B 112.9 2.01 

BV3 98.7 2.11 

BH2 96.5 2.00 

The concentration of DNA from mouse tail and sperm samples in control and ABC/3TC with 

ATV/r treatment groups was quantified. The absorbance ratio of 260 nm and 280 nm was used to 

determine sample purity, with A260/280 ratios of approximately 1.8 considered largely free of 

protein contamination.137
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7.1.1 PCR Primer Design: 

A nested PCR assay will be performed to amplify the imprint control region of H19-Igf2 

(GenBank Accession no. U19619.1).138 Using Primer-BLAST, specific primer pairs were selected 

(Table S2). For the first round of PCR, the reverse primer from primer pair 3 and the forward 

primer from primer pair 10 will be used to obtain the first amplicon (Figure S1). For the second 

round of PCR, the forward and reverse primers of primer pair 5 will be used.  

 

Table A2. Nested-PCR Primers. 

Primer Pair Primer Sequences (5'→3') 

Primer 3 Forward: ACCAGTGCATGTGGTTCGAT 

Reverse: GACGATCTCGGGCTGTGTAG 

 

Primer 5 Forward: GGGGGTCACAAATGCCACTA 

Reverse: CCGGGACAGTGCAAAAACAG 

Primer 10 Forward: AGCCATTGCCTACAGTTCCC 

Reverse: GCCTCATGAAGCCCATGACT 

The reverse primer from the primer pair 3 and the forward primer from the primer pair 10 will be 

used as the outer pair of primers. Both forward and reverse primers of primer pair 5 will be used 

as the inner primers. 
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Figure A1. Schematic diagram of Nested PCR. This assay will use a set of outer and inner primers to improve the specificity of DNA 

amplification in the imprint control region of the IGF2/H19 locus. 
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