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Infertility is a relatively common health condition that affects upwards of 

~15% of couples in the United States. Approximately ¼ of these cases are 

considered idiopathic, but many are believed to have a genetic origin. Over the 

last several years, I have worked on an association- and linkage-free approach to 

identify segregating infertility alleles. With the use of CRISPR/CAS9 genome 

editing, I have modeled nine putatively deleterious, nonsynonymous single 

nucleotide polymorphisms (SNPs) in mouse orthologs of fertility genes. Of the 

nine variants, five cause fertility defects in mice. This dissertation focuses on 

human alleles SPO11 P306T, DMC1 M200V, and SEPT12 G169E. 

SPO11 initiates recombination by creating double-strand breaks (DSBs) at 

several hundred sites across the genome, a fraction of which are repaired by 

crossover recombination, which is essential for proper disjunction at the first 

meiotic division. I found that SPO11P306T/P306T mice are subfertile due to deficient 

SPO11P306T DSB activity. But unlike typical hypomorphs, the activity of 

SPO11P306T occurs around the elusive DSB threshold. This causes an unexpected 



 

array of defects, including some cells surviving quality checkpoints to become 

viable gametes. 

DMC1 initiates repair of SPO11-catalyzed DSBs by mediating homology 

search for and strand invasion of donor duplexes. DMC1 null mutants exhibit 

meiotic failure, which makes DMC1 an obvious candidate for studying infertility. 

Previous publications have implicated the allele DMC1M200V as the causal 

mutation in a case of premature ovarian insufficiency. However, work to 

experimentally validate DMC1M200V fell short of evaluating in vivo effects, which 

proved to be necessary because DMC1M200V/M200V mice are fertile and lack obvious 

meiotic defects. This work underscores the importance of going beyond 

association- and in vitro-based methods to validate potential infertility alleles.  

SEPT12 is a testis-specific GTP-binding protein that is critical for sperm 

formation and motility. Recent studies have implicated multiple SEPT12 alleles as 

the primary factor behind teratozoospermia cases, but again, often lack proper 

experimental validation. Here, I assessed three SEPT12 alleles in mice and found 

that SEPT12G169E/G169E males sired significantly less offspring. Upon closer 

examination of sperm, motility was severely weakened in the mutant. 
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CHAPTER I: 

INTRODUCTION 

 
Significance 

 Infertility is a relatively common health condition that affects ~7% of all 

couples, with higher incidence in the United States at upwards of 15% (Zorrilla 

and Yatsenko 2013; Chandra et al. 2014). It is a highly complex condition with 

many possible etiologies. Primary factors include genetic defects, such as DNA 

mutations that disrupt expression of genes critical for germ cell development 

(Zorrilla and Yatsenko 2013). Secondary factors of human infertility include an 

individual’s systemic or syndromic condition. Lifestyle and environmental factors 

can influence an individual’s fertility and fecundity status, such as smoking 

(Kovac et al. 2015), consuming alcohol in excess (Van Heertum and Rossi 2017), 

and being exposed to toxic chemicals (Hruska et al. 2000; Zeng et al. 2018; Li et 

al. 2018) or radiation (Highland et al. 2018; Loren et al. 2013; Gracia et al. 2012). 

Thus, due to the variety of factors, it is unsurprising that one-fourth of infertility 

cases diagnosed in the clinic lack any known cause. However, it is widely 

regarded that such cases, diagnosed as idiopathic infertility, do have an 

underlying genetic basis (Zorrilla and Yatsenko 2013; Singh and Schimenti 

2015). The work laid out in this dissertation hopes to advance knowledge on such 

genetic factors, with the goal of someday aiding in the diagnosis of infertility in 

the clinic. 
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Known Genetic Factors of Male and Female Infertility 

Fortunately, there are some known genetic causes of male and female 

infertility today. Approximately 20% of clinical cases of men with semen defects, 

such being azoospermic or severely oligozoospermic, arise from chromosomal 

aberrations (Foresta et al. 2001; Zorrilla and Yatsenko 2013). These chromosomal 

aberrations can be changes in copy number, such as XYY karyotype in Klinefelter 

syndrome, or deletions, inversions, or translocations along chromosomes, such as 

microdeletions within the AZF region on the Y chromosome (Reijo et al. 1995; 

Reijo et al. 1996; Foresta et al. 2001; Walsh et al. 2009). In women, copy number 

variations, like trisomy X, are one of the most common causes of premature 

ovarian insufficiency (POF) (Tartaglia et al. 2010). Another disorder, monosomy 

X or Turner syndrome, occurs in 1:2000 female births, and results in infertility as 

well (Simpson and Rajkovic 1999). 

As research into human infertility grows, additional genetic causes have 

been proposed. For example, Yatsenko et al. highlighted post-transcriptional 

modification changes of sperm messenger RNA (mRNA) as a cause for male 

infertility. They reported that mutations in UBE2B mRNA, a protein involved in 

replacing nuclear proteins during spermatid chromatin condensation, were present 

in 4% of patients with severe oligozoospermia (Yatsenko et al. 2013). Similarly, 

many groups have suggested the impact of defective post-translational 

modifications (PTMs), particularly on sperm proteins. For example, 

phosphorylation of kinases ERK-1 and ERK-2 have been found to be required for 

sperm capacitation (Baldi et al. 2000). Likewise, phosphorylation of ERP99 and 

HSP60 is important for triggering the formation of a functional zona pellucida 
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receptor at the sperm head, a structure required for sperm-egg interaction and the 

acrosome reaction (Asquith et al. 2004). Finally, the last decade has embarked on 

understanding miRNAs in the context of human fertility. For example, Wang et 

al. sequenced DNA from semen samples of azoospermic, asthenozoospermic, and 

fertile men. They found lower expression of several miRNAs, such as miR-34c-

5p, miR-122, and miR-509, in the azoospermic and asthenozoospermic groups 

(Wang et al. 2011). Their work suggests that miRNAs play an important role in 

normal sperm production. 

 Although progress had been made towards understanding infertility 

genetics, it has become increasingly apparent how diverse and widespread the 

genetic factors are. The variety of genes and pathways involved, the complexity 

of the networks in which proteins interact— fertility is a daunting biological 

process to understand. However, with new technology and more in-depth studies 

being published regularly, the goal of diagnosing and treating all infertility 

patients has become increasingly realistic. 

 

Current Research Methods and Their Limitations 

One method for determining genetic mutations underlying disorders like 

infertility is quantitative linkage analysis. Linkage analysis assumes that when 

chromosomes undergo homologous recombination (HR) in meiosis, a disease 

locus is more likely identical between two affected individuals than between two 

individuals where only one is affected (Simpson 2002). To perform linkage 

analysis in people, genetic information is collected from the patient(s) and their 

family members, scientists identify candidate DNA regions, then DNA from 
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candidate regions are analyzed by sequencing or gel electrophoresis to identify 

differences specific to the affected patient(s) (Simpson 2002). An advantage of 

linkage analysis is that it does not require prior knowledge on where the mutation 

resides in the genome. A limitation of linkage analysis is its reliance on accurate 

diagnoses of affected and unaffected family members. Furthermore, linkage 

analysis can only identify single mutations that are inherited in a predictable 

manner (Simpson 2002). This rules out the ability to identify causes when there 

are multiple, distal contributing mutations or de novo mutations. 

Increasingly popular methods for determining genetic variants underlying 

infertility includes genome- and exome-wide sequencing. One approach, using 

RNA-seq, compares gene expression profiles of samples from affected versus 

unaffected cohorts (Simpson 2002). Differences in transcript levels can be used to 

determine candidate causal genes, while sequencing of transcripts can hone in on 

potentially causal nucleotide changes (Simpson 2002; Jodar et al. 2013; Krawetz 

et al. 2011). Alternatively, groups have begun studies by focusing on a candidate 

variant identified from DNA of an infertile patient(s) (Lin et al. 2012). The 

suspect variant is then sequenced for in a cohort of normal patients and causation 

of the candidate mutation is suggested if it is unique (or homozygous in) only the 

infertile patient or group (Sato et al. 2018; De Conto et al. 2017; Xu et al. 2013; 

Sato et al. 2006).  

Taken together, sequencing-based methods are advantageous because they 

are relatively uninvasive to patients and fast for researchers to perform. As 

sequencing becomes increasingly available, costs for reagents and equipment also 

decreases. However, caveats exist. For instance, RNA-seq depends on temporal 
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expression of the candidate gene in the assayed cell type or tissue sample 

(Simpson 2002). Furthermore, genes exhibiting differences may undergo changes 

that have little to do with the biological process of interest. These caveats are 

shared with association-based methods, too. For example, Dam et al. found that 

an allele of SPATA16 correlated with individuals suffering from globozoospermia 

(abnormally-shaped sperm) and prematurely concluded that the allele was the 

causative mutation (Dam et al. 2007). However, after introducing the orthologous 

mutation in mice, Fujihara et al. found that the purported allele did not affect 

mouse fertility at all (Fujihara et al. 2017). Studies like these demonstrate that 

correlation is not proof and experimental validation after sequencing is necessary 

for connecting variants and mutations to infertility. 

Finally, evaluating single-gene mutations can be done to identify genetic 

factors underlying infertility. Similar to sequencing methods, this approach starts 

with a candidate allele or mutation; however, instead of high-throughput 

correlative studies, individual mutations and their consequences are evaluated via 

in vitro or in vivo modeling (Simpson 2002). For example, this method has been 

used to study ZPBP1 and FOXL2. The known characteristics of these genes make 

them logical candidates for study— ZPBP1 functions in sperm capacitation while 

FOXL2 is an important transcription factor for ovarian development (Lin et al. 

2007; Schmidt et al. 2004). When knocked out in mice, the loss of ZPBP1 and 

FOXL2 resulted in male and female infertility, respectively (Schmidt et al. 2004; 

Lin et al. 2007). These studies, as well as many others, highlight the major benefit 

of single-gene mutation studies: findings are supported with experimental 

validation (Singh and Schimenti 2015). With that said, limitations include 
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experiments being labor-intensive, time-consuming, and expensive, especially 

when utilizing mammalian models. Furthermore, with ~25,000 genes in the 

mouse genome, studying genes one-by-one is a monumental task (Guénet 2005). 

However, much work has been put towards single-gene mutation studies, and 

today, around half of these genes have been assessed in mouse KO models 

(communication with J.S.). 

 

Introduction to Mammalian Meiosis and Key Differences Between the Sexes 

Meiosis is a reductive cell division where a diploid parental cell undergoes 

two rounds of cellular division, each round equally segregating chromosomes to 

produce haploid gametes (Handel and Schimenti 2010). Meiosis comprises of 

four stages: prophase, metaphase, anaphase, and telophase (Gray and Cohen 

2016). For the purposes of this dissertation, I will focus on prophase I of meiosis 

I. 

The substages of prophase I are: leptonema, zygonema, pachynema, and 

diplonema (Gray and Cohen 2016). I will provide a brief description of each 

substage here and further details will be provided later in the introduction or 

subsequent chapters. During leptonema, programmed double-strand breaks 

(DSBs) occur across the genome. In mice and humans, about 200-300 DSBs form 

during the span of leptonema and zygonema (Gray and Cohen 2016; Romanienko 

and Camerini-Otero 2000; Bellani et al. 2005). In zygonema, DSB formation and 

repair occur concurrently while homologous chromosomes synapse via the 

synaptonemal complex (SC). By pachynema, synapsis is completed, DSBs are 

mostly repaired, and crossovers (COs) begin forming (Gray and Cohen 2016). By 
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diplonema, all of the DSBs are repaired, COs are resolved and become chiasmata, 

and the SC is dissolved.  

The initial steps of germ cell development are similar in male and female 

mammals, where the process begins with diploid parental germ cells 

(differentiated spermatogonia in males and differentiated oogonia in females) 

undergoing DNA replication to roughly double their genomic DNA content (Gray 

and Cohen 2016). After DNA replication, the spermatocyte and oocyte begin 

meiosis and undergo prophase I. At this point, major differences arise (Morelli 

and Cohen 2005; Gray and Cohen 2016). First, the timing of meiosis is different 

between the sexes. Males do not undergo meiosis until puberty, and only then do 

waves of spermatogenesis begin and continue throughout life to produce 

spermatozoa. In contrast, females progress through prophase I of meiosis I while 

in utero, and the oocytes are stalled at a stage called dictyate arrest until puberty. 

At puberty, groups of oocytes are ovulated and cued to resume meiosis, but only 

progress up to the second meiotic division. The second division does not occur 

unless the oocyte is fertilized by sperm (Gray and Cohen 2016). Thus, the timing 

of when meiosis begins differs between males and females. Furthermore, meiosis 

in males is continuous while meiosis in females is “stop-and-go” in nature. 

The second difference is that one spermatocyte in males yields four 

haploid cells. In contrast, one oocyte in females yields only one haploid cell. As 

illustrated in Figure 1, a polar body is extruded after each meiotic division in 

females. Each polar body contains the excess genomic DNA and cellular content 

not needed by the oocyte (Gray and Cohen 2016). Lastly, a key difference 

between the sexes is that males undergo an additional post-meiotic process to 
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transform haploid germ cells to functional gametes, called spermiogenesis 

(O’Donnell 2014). In contrast, females produce viable eggs as a result of meiosis. 

However, oocytes do undergo a process called folliculogenesis concurrently with 

meiosis, which provides the immature oocyte with a shell of somatic cells to aid 

in its maturation (Williams and Erickson 2000). 

 

 

Figure 1. Diagram of meiosis in male and female mammals. Adapted from Gray & Cohen 

(2016).  

 

Known Pre-Meiotic Issues for Male Germ Cells 

In males, germ cell development begins with the differentiation of 

primordial germ cells (PGCs) to spermatogonial stem cells (SSCs), which 

undergo multiple cycles of mitosis before a subset of SSCs further differentiate 

into spermatocytes (Griswold 2016; O’Donnell 2014). The cells that do not 
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differentiate continue dividing to renew the SSC pool, which is essential for 

continuous, life-long sperm production in males (Griswold 2016). Up to this 

stage, there are known genetic defects that can give rise to infertility. Patients 

diagnosed with Sertoli-cell only (SCO) syndrome, where post-pubertal testes are 

devoid of germ cells, have defects in SSC maintenance (Stouffs et al. 2016). In 

these patients, after the first subset of SSCs differentiate into spermatocytes, very 

few to no SSCs remain for subsequent waves of spermatogenesis. Work reported 

by Singh et al. shows a variant allele of CDK2 that causes a SCO-like phenotype 

in 90-day old mice (Singh and Schimenti 2015). Unlike males, PGCs in females 

undergo synchronous differentiation into meiotic oocytes and progress through 

meiotic prophase I until briefly pausing at the dictyate stage (Gray and Cohen 

2016). Dictyate is a stage prior to the first meiotic division and will be discussed 

in detail later. 

 

Meiotic Issues for Male and Female Germ Cells 

Meiosis begins with programmed genome-wide double-strand break 

(DSB) formation primarily catalyzed by a topoisomerase-like protein, SPO11. 

SPO11, the ortholog of subunit A of Archaean topoisomerase VI, and its binding 

partner TOPOVIBL, work together in an evolutionarily conserved topoisomerase-

like enzyme complex to generate DSBs (Baudat et al. 2000; Robert et al. 2016; 

Romanienko and Camerini-Otero 2000; Vrielynck et al. 2016). In addition to this 

complex, SPO11 requires a partially conserved group of auxiliary proteins for 

chromatin recruitment and DSB activity, and in mouse, essential proteins that 

have been identified are IHO1, MEI4, REC114, and ANKRD31 (R. Kumar et al. 
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2018; Kumar et al. 2010; Boekhout et al. 2018; Stanzione et al. 2016; Kumar et 

al. 2015). MEI4 and REC114 are believed to serve as a bridge between SPO11 

and chromatin-bound factors, while chromatin-bound factors, ANKRD31 and 

IHO1, were found to be essential to recruiting the DSB machinery to sites along 

autosome and sex chromosome axes, respectively (R. Kumar et al. 2018; Kumar 

et al. 2010; Boekhout et al. 2018; Stanzione et al. 2016; Kumar et al. 2015). 

 DSB formation begins in prophase I’s substage leptonema, peaks in 

zygonema, and ends in pachynema (Faieta et al. 2016; Baudat et al. 2000; 

Metzler-Guillemain and de Massy 2000; Romanienko and Camerini-Otero 2000). 

Proper formation of DSBs is critical for meiosis and previous studies have found 

that SPO11 knockout (KO) mice and some hypomorphic mice are infertile 

(Baudat et al. 2000; Metzler-Guillemain and de Massy 2000; Romanienko and 

Camerini-Otero 2000; Romanienko and Camerini-Otero 1999). Furthermore, 

sequencing studies have associated variant SPO11 alleles with infertile human 

cohorts (Zhang et al. 2011; Ghalkhani et al. 2014; Ren et al. 2017). 

Although producing DNA damage seems counterintuitive, these breaks 

are essential to promoting homologous chromosome synapsis and formation of 

the synaptonemal complex (SC) (Handel and Schimenti 2010). The SC is a 

filamentous protein structure primarily composed of a transverse element 

(SYCP1) and two lateral elements (SYCP3), which together function as a 

molecular “zipper” to tether homologous chromosome pairs (de Vries et al. 2005). 

Furthermore, synapsis between homologous autosomes occurs along the entire 

length of their axes due to sequence homology. 
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In contrast, sex chromosomes are heterogeneous in male germ cells, with 

one X and one Y chromosome (Kauppi et al. 2011; Smagulova et al. 2013). 

Synapsis between the X and Y occurs at the pseudoautosomal region (PAR), 

which is a short stretch of DNA that is homologous in sequence on both 

chromosomes. In addition, a peculiar event that is specific to males is that around 

the time of XY synapsis, the chromosomes become compartmentalized in a 

nuclear subdomain called the sex body (Turner 2007). The purpose of the sex 

body is mediate transcriptional silencing of genes on the sex chromosomes. This 

process is referred to as meiotic sex chromosome inactivation (MSCI). Although 

details on the process remain to be understood, it has been found that proper 

MSCI is essential for spermatocytes to progress beyond pachynema (Page et al. 

2012; Royo et al. 2010; Turner 2007; van der Heijden et al. 2011). Work done by 

Royo et al. found that leaky expression of certain X and Y genes cause arrest at 

pachynema in mouse models (Royo et al. 2010). 

Furthermore, proper synapsis of homologous chromosomes is critical for 

the continuation of meiosis because it promotes DSB repair processes. Synapsis 

allows lesions on one chromosome to gain proximity to the complementing region 

on the homologous chromosome. The complement region serves as a template for 

various repair processes like nucleotide gap-filling by DNA polymerase or 

homologous recombination of chromosome segments (Handel and Schimenti 

2010; Gray and Cohen 2016).  

After DSB catalysis, several proteins are recruited to release SPO11 from 

the DSB site. The MRE11 complex, comprised of MRE11-RAD50-NBS1, 

initiates this task by binding proximally to SPO11 on DNA and cleaving, 
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ultimately revealing 5’ single-strand DNA (ssDNA) termini (Balestrini et al. 

2016; Neale et al. 2005; Stracker and Petrini 2011; Symington 2014). MRE11 

continues to cleave the ssDNA to expose long 3’ ssDNA tails (Stracker and 

Petrini 2011; Sun et al. 1991). This is followed by the immediate binding of RPA 

proteins, which function to protect the ssDNA ends from aberrant cleavage by 

other cellular nucleases (Ribeiro et al. 2016). 

Further processing of ssDNA ends is mediated by bacterial RecA 

homologs, DMC1 and RAD51 (Bishop et al. 1992; Yoshida et al. 1998; D. L. 

Pittman et al. 1998; Kuznetsov et al. 2007). Both proteins bind to ssDNA termini 

and assist in homology search for an appropriate donor region along the 

homologous chromosome. When the correct donor region is identified, DMC1 

and RAD51 mediate strand invasion with the 3’ ssDNA tail into the donor DNA 

duplex. This action forms intermediate hybrid complexes where sister chromatids 

from each DNA duplex covalently link (Neale et al. 2005). Repair of the break 

site ensues, and resolution of the intermediate yields a repaired chromosome 

(Rogacheva et al. 2014; Neale et al. 2005). An important feature of this process is 

that ~10% of DSBs are ultimately repaired by crossover (CO) mechanisms to 

produce recombined chromosomes, which are genetically different from the 

original chromosomes (Symington 2014; Bishop et al. 1992; Yoshida et al. 1998; 

D. L. Pittman et al. 1998). The other ~90% of DSBs are repaired by non-CO 

mechanisms, such as synthesis-dependent strand annealing, that yield repaired 

chromosomes with their original DNA sequences (Gray and Cohen 2016; Handel 

and Schimenti 2010). 
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Numerous studies have been done to look at mutations in DSB processing 

genes and their effects on meiosis and fertility. As expected, disruption of these 

genes often leads to premature germ cell arrest. For example, KO mice of EXO1, 

HOP2, DMC1 and RAD51 all exhibit synapsis failure and sterility (Schaetzlein et 

al. 2013; D. L. Pittman et al. 1998; Liu et al. 2014). Furthermore, sequencing 

studies have identified potential infertility-causing alleles of these genes in the 

human population (Hikiba et al. 2008; Su et al. 2016; He et al. 2018). 

CO formation, which occurs in early pachynema of prophase I, involves 

the reciprocal exchange of chromosome arms flanking the DSB (Gray and Cohen 

2016). This process is tightly regulated and involves two known CO pathways: 

Class I and Class II. Class I is considered the major pathway and forms 90% of 

COs in the cell. The proteins unique to this pathway are MutL homologs, MLH1 

and MLH3, which are responsible for resolving the COs (Lipkin et al. 2002; 

Rogacheva et al. 2014; Lipkin et al. 2000; Anderson et al. 1999; Manhart and 

Alani 2016). The latter pathway, Class II, is less understood in mammals and is 

believed to account for 10% of COs formed in the cell. Proteins that resolve Class 

II COs are EME1 and MUS81 (Osman et al. 2003).  

Crosstalk between these two pathways allows each meiotic cell to abide 

by three strict rules that govern CO formation (Gray and Cohen 2016). The first 

rule is that the cell must maintain CO homeostasis and form a certain number of 

COs. In some strains of mice, approximately ~26 COs form per cell and there is 

very little cell-to-cell variation (Holloway et al. 2008; Guillon et al. 2005). 

Furthermore, different strains of mice can have different total number of COs, but 

within each strain, the number remains constant (Koehler et al. 2002; Baier et al. 
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2014). The second rule is known as obligate CO formation, which requires each 

homologous chromosome pair to form at least one CO. The third rule is known as 

CO interference, where formation of one CO prevents the formation of a nearby 

CO along the length of the homologous chromosomes. These rules ensure that 

sufficient COs form in each meiotic cell (Gray and Cohen 2016). 

The process of CO formation is first mediated by MutS homologs MSH4 

and MSH5, where both proteins function in stabilizing Holliday junctions during 

strand invasion into the donor DNA duplex (Rogacheva et al. 2014; Baker et al. 

1996; Gray and Cohen 2016). If the site is destined for processing by the major 

Class I CO pathway, the activity by the MutS homologs are followed by the MutL 

homologs, MLH1 and MLH3 (Lipkin et al. 2002; Rogacheva et al. 2014). The 

MutL proteins resolve Holliday junction intermediates to form the final CO 

products, or recombinant chromosomes. Defects at this stage in meiosis are lethal 

for meiocytes, where KO mouse studies of MSH4/5 and MLH1/3 found that 

animals were sterile, due to chromosome synapsis issues (Lipkin et al. 2002; 

Kneitz et al. 2000; Baker et al. 1996; de Vries et al. 1999).  

 In a typical cell, 10% of DSBs are repaired as COs which create 

recombinant chromosomes within daughter cells, making each daughter cell 

unique from the parent diploid gametocyte (Gray and Cohen 2016). Additionally, 

CO events form physical structures, called chiasmata, that are important for 

tethering homologous chromosomes after the dissolution of the SC in late 

prophase I (Gray and Cohen 2016). Sufficient chiasmata formation is critical 

because in metaphase I, homologs need to be pulled to the metaphase plate by 

spindle microtubules that attach to chiasmata. Furthermore, prior to anaphase I, 
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microtubules again require stable tethering to chiasmata to begin pulling 

homologous chromosomes apart, ultimately towing each chromosome to polar 

ends of the cell (Gray and Cohen 2016). Thus, without adequate CO formation, 

improper chromosome segregation, aneuploidy, and premature arrest of germ 

cells can occur, leading to infertility (Eaker et al. 2001; Gorbsky 2015). 

 

Oogenesis Issues 

As previously mentioned, meiosis in females starts during embryonic 

development, where all oocytes synchronously progress through prophase I and 

arrest in dictyate stage, prior to the first meiotic division (Gray and Cohen 2016). 

Dictyate arrest lasts until puberty, when gonadotropin luteinizing hormone 

stimulates a small subset of primary oocytes to be ovulated. Ovulation causes the 

oocytes to wake from dictyate arrest and resume meiosis, complete the first 

meiotic division, and release their first polar bodies, a structure that contains half 

the genomic content of the cell (Zhang 2017; Gray and Cohen 2016). Oocytes will 

again pause in metaphase II and only complete the second division and release 

their second polar body if fertilized by sperm. Thus, unlike males that generate 

four haploid cells, females only produce one haploid oocyte and discard two polar 

bodies (Zhang 2017; Gray and Cohen 2016). 

Due to the stop and go nature of oogenesis, there are many opportunities 

for development to go awry and cause female infertility. After all, premature 

ovarian insufficiency (POI), which is the premature loss of ovarian function or 

premature depletion of the ovarian reserve, occurs in ~1.5% of women worldwide 

(Luborsky et al. 2003). Genetic causes of POI include X chromosome 
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abnormalities and single-gene mutations in genes like FSHR, NOBOX, HFM1, 

MSH4, and MSH5 (Laissue 2018). 

 

Spermiogenesis Issues 

 Approximately 2 out of 3 infertile men have low sperm counts and/or have 

spermatozoa with visibly poor motility (Damani and Shaban 2009). These 

conditions are referred to as oligospermia and asthenospermia, respectively, and 

are often not mutually exclusive. In the clinic, oligospermia is defined as having 

less than 15 million spermatozoa per milliliter of semen (WHO), while 

asthenospermia is defined as sperm not moving at least 25 micrometers per 

second (Anon n.d.). Thus, fertility in males require successful sperm maturation 

as well (O’Donnell 2014; Russell 1991).  

Meiosis in males yields four haploid gametes which are known as round 

spermatids. Spermiogenesis is the process of transforming round spermatids to 

streamlined motile sperm (O’Donnell 2014). First, the haploid spermatids must 

compact their nucleus, which is done by reorganizing chromatin and replacing 

histones with transition proteins, which are ultimately replaced with protamines 

(Zhang et al. 2006; Balhorn 2007; Zhao et al. 2004). As this is occurring, the 

round spermatids transform into elongated spermatids, and cellular cytoplasm is 

reduced, an acrosome cap is formed, and polarization of the nucleus and acrosome 

to one end of the cell occurs (O’Donnell 2014). Elongated spermatids also form 

flagella, which are comprised of the microtubule-based axoneme and other 

structures necessary for motility, like outer dense fibers, fibrous sheath, and 

mitochondrial sheath (O’Donnell 2014). The final stage of spermiogenesis is 
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known as spermiation. During spermiation, the elongated spermatids complete the 

final stages of remodeling to become streamlined spermatozoa. This includes 

further removal of excess cytoplasm, formation and degradation of tubulobulbar 

complexes, loss of adhesive junctions like the ectoplasmic specialization, and 

phagocytosis of the residual body (Saito et al. 2000). Only then will spermatozoa 

be released from the Sertoli cells at the testis’s peripheral epithelium and into the 

lumen, then travel to the epididymides and complete their maturation (O’Donnell 

et al. 2011). 

 Every step of this transformation is highly regulated and abnormalities 

often result in infertility. Protamine genes PRM1 and PRM2 have been shown to 

be needed for murine fertility (Nabi et al. 2018). Likewise, transition proteins 

TNP1 and TNP2 KOs exhibit sperm with severe morphological defects, leading to 

motility issues, decreased litter sizes, and infertility in some animals (Zhao et al. 

2001; Yu et al. 2000). Furthermore, spermiation requires careful coordination by 

endocrine and paracrine factors, such as FSH and testosterone (A. Kumar et al. 

2018). If spermatozoa are not released in a timely manner, they will be 

phagocytized by Sertoli cells. Therefore, perturbations of hormones and disrupted 

spermiation can cause infertility by reducing sperm counts, which has been 

observed in animal models and men (Saito et al. 2000; O’Donnell et al. 2001; 

Zhengwei et al. 1998). 
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CHAPTER II:  

METHODS 

Generation of Mice Using CRISPR-Cas9 Genome Editing 

Details on each mutant’s design strategy can be found in Results. An optimal 

guide sequence was selected by using online software at mit.crispr.edu. To 

generate the sgRNA, we used a previously published PCR overlap method 

(Varshney et al. 2015; Gagnon et al. 2014; Ran et al. 2013). Briefly, overlapping 

PCR primers, together encoding the T7 promoter, 20-nucleotide guide sequence, 

and RNA secondary structure sequence, were ordered from IDT (Table #). Since 

the two primers shared a region of complementarity, by using standard PCR 

methods, the resulting amplicon was a DNA template of the intended sgRNA. The 

DNA template was reverse-transcribed using Ambion MEGAshortscript T7 

Transcription Kit (cat#AM1354) and resulting sgRNA was purified using Qiagen 

MinElute columns (cat#28004). For pronuclear injection, the sgRNA (50 ng/µL), 

ssODN (50 ng/µL, IDT Ultramer Service), and Cas9 mRNA (25 ng/µL, TriLink) 

were co-injected into zygotes (F1 hybrids between strains FVB/NJ and B6(Cg)-

Tyrc-2J/J) then transferred into the oviduct of pseudopregnant females. Founders 

carrying at least one copy of the desired alteration were identified and 

backcrossed into FVB/NJ. Initial phenotyping was done after one backcross 

generation and additional phenotyping was done with mice backcrossed at least 

two or more generations.  
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Purpose Name Sequence (5’-3’) Amplicon (bp) RE Digest  

Genotyping 
SEPT12 

V162M and 
G169E 

SEPT12-
FOR GAGATGGGATGACAGGACTATTG 443 EaeI 

WT = 443bp 
V162M = 328bp, 

115bp 
 

MscI 
WT = 180bp, 138bp 

G169E = 443bp 

SEPT12-
REV GTGGATGAGTGAGGGAAGAAAG 

Genotyping 
SEPT12 
V222I 

V222I-
FOR TGACAGCCTGACCATTGAAG 318 XmnI 

WT = 180bp, 138bp 
V222I = 318bp SEPT12-

V222I-
REV 

GGATTGCAGAGAGGGATCAA 

Genotyping 
DMC1 
M200V 

M200V-
FOR CTAAGCTGCTGTTTGCCACA 208 Hpy188I 

WT = 177bp, 31bp 
M200V = 208bp M200V-

REV CTTGGCTGCGACATAATCAA 

Genotyping 
DMC1 null 

DMC1-
MUT-
FOR 

CCACTGCCCGGCCAGATTACAT 
 

200 Yes/No 

DMC1-
MUT-R 

GACTAGGGGAGGAGTAGAAGGT 
 

DMC1-
WT-F 

GAGGTGGCATTGAAAGTATGG 
 

167 Yes/No 

DMC1-
WT-R 

GCTTGGAATGATCCTGCATT 
 

Genotyping 
MLH3 
R93G 

R93G-
FOR ATGTGTGGCCATCAGAGTGA 404 Sanger Sequence 

R93G-
REV CTGCCCGAACTTTCTCAAAC 

Genotyping 
MLH3 

R1230H 

R1230H-
FOR GAGCACACAGCAAGGAGGTT 414 XmnI 

WT = 350bp, 64bp 
R1230H = 414bp R1230H-

REV TCCTGGATTATTTTGTAGGTGGA 

Genotyping 
MND1 
K85M 

K85M-
FOR GCGTTGAGCCCAAATAAGAA 233 HaeIII 

WT = 233 
K85M = 133bp, 

100bp 
K85M-
REV GTGGATGACGGTATGGTTGA 

Genotyping 
SPO11 
P306T 

P306T-
FOR GTTTCACCATGCCTGGACTT 309 HaeIII 

WT = 247bp, 62bp 
P306T = 125bp, 

122bp, 62bp 
P306T-

REV CCTGTAGCTCAGCCAGGTTC 

Genotyping 
SPO11 null 

SPO11-
MUT-F CTGCAGGTTTGATGATTCTGT 200 Yes/No 

SPO11-
MUT-R CATCAGAAGCTGACTCTAGAG 
SPO11-
WT-F GCAATGCTCATTCTGTGTTG 200 Yes/No 

SPO11-
WT-R GGCACTTTCAGCATACAGGA 

P198L-
FOR GGGGGACTTAACAGACTCCTG 143 HpaII 

WT = 113bp, 30bp 
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Genotyping 
EGR4 
P198L 

P198L-
REV TGCCAGACATGAGGTTGAAG 

P198L = 143 

Genotyping 
Atm null 

Atm-
FOR GACTTCTGTCAGATGTTGCTGCC   

Atm-WT-
R CGAATTTGCAGGAGTTGCTGAG 161 Yes/No 

Atm-
Neo-R GGGTGGGATTAGATAAATGCCTG 441 Yes/No 

Genotyping 
Chk2 null 

Chk2-
MUT-F CCAAAGAAGTCTCCGTTGCT 157 Yes/No 

Chk2-
MUT-R CAAATTAAGGGCCAGCTCATTC 
Chk2-
WT-F CCTTATGTGGTACGCCCACT 150 Yes/No 

Chk2-
WT-R CCACCTCATCCAACCAGACT 

Genotyping 
BRWD1-HA 

Flag 

HAFlag-
FOR TGCATAGTGACACCCTGAAAG WT = 454bp 

HA-FLAG = 600bp 
HAFlag-

REV GCTGTGTAGAGCTAACTGGAAG  

Genotyping 
BRWD1 
repro5 

Repro5-
FOR ATGGCCACTGTAGGTTCAGC 150 Sanger Sequence 

WT = A 
Repro5 = G Repro5-

REV TTAAAGTCCACGACCCCTGA 

CRISPR-
CAS9 

V162M-
sgRNA-F 

GAAATTAATACGACTCACTATAGGGTGTACTTTGTGCCACCCACGTTTTAGA
GCTAGAAATAGC 

G169E-
sgRNA-F 

GAAATTAATACGACTCACTATAGGCCCGTGGGTCACCTCACCAGGTTTTAGA
GCTAGAAATAGC 

V222I-
sgRNA-F 

GAAATTAATACGACTCACTATAGGTCCTCGTCGAAACACTTCTGGTTTTAGA
GCTAGAAATAGC 

V162M-
ssODN 

GATTACCCGCCAGCGCCACATCCCCGACACCCGTGTGCACTGCTGTATGTA
CTTCGTGCCACCGACAGGCCACTGGTGAGGTGACCCACGGGCTTTGGGGA
GGGCTACTTGGGTTGGGTA 

G169E-
ssODN 

AGCGCCACATCCCCGACACCCGTGTGCACTGCTGTGTGTACTTTGTGCCAC
CCACTGAGCATTGGTGAGGTGACCCACGGGCTTTGGGGAGGGCTACTTGG
GTTGGGTAGGGATGGTGAG 

V222I-
ssODN 

TCCTTTATCCTTGGTTCCCCAGATCCAGCAAAACCTGAAAACTCACTGCATC
GATATCTACCCACAAAAATGCTTCGACGAGGATGTCAATGACAGACTTCTCA
ACAGTA 

M200V-
sgRNA-F 

GAAATTAATACGACTCACTATAGGCCCCTCAGGTGAGCATCAGAGTTTTAGA
GCTAGAAATAGC 

M200V-
ssODN 

GAGCACAGCCTCTGCTTCCAGCTTTTATGACATTTTCTCTTTCCCCTCAGGT
GAGCATCAGGTAGAGCTACTcGATTATGTCGCAGCCAAGTTTCATGAGGAA
GCTGGCATTTTCAAACT 

R93G-
sgRNA-F 

GAAATTAATACGACTCACTATAGGGCAAGTATAGCCGACATGGCGTTTTAGA
GCTAGAAATAGC 

R93G-
ssODN 

AGCATTTTATGGCTTCGGAGGAGAGGCCTTGGCAAGTATAGCCGACATGGC
TGGTGCTGTGGAGATTTCATCCAAGAAAAACACAACACTGAAAA 

R1230H-
sgRNA-F 

GAAATTAATACGACTCACTATAGG GCTCCAAACGAATGCGTTCA 
GTTTTAGAGCTAGAAATAGC 

R1230H-
ssODN 

CTTAAATCTCCTCTAACTACAGACAGATACTTACCAGTAATAAGCTGCTCCA
AACGTATGTGTTCATGTGCAGCATGCTGGTCCACCAGGACTAACAGGTTTC
CACCTACAAAATAATCC 
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K85M-
sgRNA-F 

GAAATTAATACGACTCACTATAGGAGCCTCCAACTTGCGCTTCCGTTTTAGA
GCTAGAAATAGC 

K85M-
ssODN 

AAAGCACATCTCTTCATAAGGCGGTGACTTACCTGAGAGTTCAGGGCCTCT
AACATGCGCTTCCTTGCATGAAGAGCCTTGCTCGGAAAAGCCCAATAGTAA
TTGGACGTCCCGA 

P306T-
sgRNA-F 

GAAATTAATACGACTCACTATAGGGACCAAGCCATCTGATTGTTGTTTTAGA
GCTAGAAATAGC 

P306T-
ssODN 

GACAGCAAGTGACTTCAGCACCATCTTACCTCTGGATATCAGAAGGGAGGA
GGCCAAGCCATCTGATTGTTGTGATAGTGAGATTGTGAGCTTCAAAAGACAT
GGACTGAAATAAAGAGCAGAGCTGTGTCGGAGGGTGAGGTGCTCTGG 

P198L-
sgRNA-F 

GAAATTAATACGACTCACTATAGGCGAACACCCGCACGACCCGGGTTTTAG
AGCTAGAAATAGC 

P198L-
ssODN 

CTACAGCGGCAGCTTCTTCATCCAGGCGGTTCCCGAACACCTGCACGACCC
AGAAGCCCTCTTCAACCTCATGTCTGGCATCTTGGGCCTGGCACCCTTCCC
CGGTCCCGAGGCGGCAGC 

FlagHA-
sgRNA-F 

GAAATTAATACGACTCACTATAGGCAGCCTACTCCGAGGTAGaaGTTTTAGA
GCTAGAAATAGC 

FlagHA-
ssODN 

ATCTTAGGCGGTTCAGATCCCGGAAGGAAAAAGCCCAGCCTACTCCGAGG
GACTACAAAGACGATGACGACAAGGGGTATCCCTATGACGTCCCGGACTAT
GCATAGAAAGGTTACCGGGAATTGTCAGCAGCTCCAATGCCTGCCCTGAAG
TC 

sgRNA-
REV 

CAAAATCTCGATCTTTATCGTTCAATTTTATTCCGATCAGGCAATAGTTGAAC
TTTTTCACCGTGGCTCAGCCACGAAAA 

 
Table 1. Sequences of genotyping primers, sgRNA synthesis primers, and ssODNs used in 
this dissertation. 
 

 

Fertility Test 

Wild-type (WT) and homozygous males and females were bred to WT mates 

starting at 2 months until 6-10 months of age. The litter size and sex of pups were 

recorded. 

 

Sperm Quantification 

Both cauda epididymides were collected from 8-week old males and minced in 

MEM media then incubated at 37ºC for 10 minutes. Sperm samples were diluted 

in 10mL of PBS media and quantified using a hemocytometer. 
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Fixing and Sectioning of Gonadal Tissue 

Testes were collected from 8-week males and ovaries were collected from 3-week 

females then fixed in Bouin’s for 24h, washed in 70% ethanol for 24h, then 

embedded in paraffin. Testes were sectioned at 6 µm and ovaries were serial 

sectioned at 6µm. Methods for further processing are below. 

 

Hematoxylin and Eosin (H&E) Staining of Tissue Sections 

Paraffin-embedded tissue sections were de-paraffinized in xylene for 10min and 

gradually rehydrated by being submersed in 100% EtOH for 10min, 95% EtOH 

for 5min, 80% EtOH for 5min, then quickly washed in water. Slides were 

submersed in hematoxylin for 4min and excess stain was removed by dipping 

slides 10x in water. Slides were submersed in decolorization alcohol (750µL 12N 

HCl / 200mL 70% EtOH) for 30sec, dipped in water, and submersed in Scott’s 

Bluing Solution (1% MgSO4 / 0.1% NaHCO3). Slides were dipped in 70% EtOH 

and then submerged in Eosin stain for 5sec, then gradually dehydrated in 80% 

EtOH for 1min, 95% EtOH for 1min, 100% EtOH for 1min, and xylene for 1min. 

Slides were mounted with Shurmount. 

 

Immunohistochemistry of Tissue Sections (Fluorescence) 

For TUNEL-staining, I used Click-IT Plus TUNEL Assay for In Situ Apoptosis 

Detection Alexa FluorTM 488 dye kit (ThermoFisher Scientific, #C10617) and 

followed manufacturer’s protocol. The blocking buffer used was 5% goat serum 

diluted in PBS/0.1% Tween20 and slides were blocked for 1h at room 

temperature. Primary antibodies used were anti-H1t (1:500, gift from M.H.) and 
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anti-phosphorylated histone 3 (1:500, Cell Signaling, #3377S) and incubated at 

4ºC for overnight. Secondary antibodies used were goat anti-guinea pig IgG 

Alexa Fluor 647 (1:1000, ThermoFisher Scientific, A-21450) and goat anti-mouse 

IgG Alexa Fluor 594 (1:1000, ThermoFisher Scientific, A-11032) and incubated 

at room temperature for 1h. DAPI was used to counterstain the nucleus. Slides 

were mounted with Vectashield. 

 

Immunohistochemistry of Tissue Sections (Peroxidase) 

Tissues were deparaffinized in xylene and rehydrated in graded ethanol then heat 

activated antigen retrieval was performed in Tris-EDTA (pH 9.0) for 20 min. 

Endogenous peroxidase activity was quenched with 0.3% hydrogen peroxide in 

distilled water for 10 minutes. The HA-tag and DDX4 IHC detections were 

performed by using ImmPRESS HRP Anti-Rabbit Ig (peroxidase) Polymer 

Detection Kit and ImmPRESS™-AP Anti-Rabbit IgG (alkaline phosphatase) 

Polymer Detection Kit, respectively (Vector Laboratories), by following the kits’ 

instructions. Rabbit anti-HA-tag antibody (abcam, #ab91110) was used at 1:50 

and labelled with DAB; while rabbit anti-DDX4 (abcam, #ab13840) was used at 

1:1000 and labelled with red substrate. Finally, the tissue sections were 

counterstained with hematoxylin and mounted with Permount.  

 

Primordial Follicle Quantification 

Ovaries were collected from 3-week females then fixed in Bouin’s for 24h, 

washed in 70% ethanol for 24h, then embedded in paraffin. Ovaries were serial 

sectioned at 6µm, stained with H&E, and primordial follicles were counted in 
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every fifth section. If a 5th section was missing, I would quantify the following 

section. Final follicle counts per ovary were calculated as previously described 

(Myers et al. 2004). Statistical analysis was done with a two-tailed Student’s t-test 

on Prism 7 (Graphpad). 

 

Meiotic Chromosome Surface Spreads & Immunolabeling 

We used a published protocol (McNairn et al. 2017). In brief, testes from 8-12 

week old males were de-tunicated and minced in MEM media. Spermatocytes 

were hypotonically swollen in 4.5% sucrose solution and lysed in 0.1% Triton X-

100/0.02% SDS/2% formalin. Slides were washed and immediately stained or 

stored at -80ºC. The blocking buffer used was 5% goat serum diluted in 

PBS/0.1% Tween20 and slides were blocked for 1h at room temperature. Primary 

antibodies were incubated for overnight at 4ºC and dilutions used are in the 

following Table 3. Secondary antibodies were incubated at room temperature for 

1h and also listed in Table 3. Slides were washed to remove excess antibody and 

DAPI was used to counterstain the nucleus. Slides were mounted with 

Vectashield. 
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Antibody Manufacturer & Cat. No. Host Dilution 
SYCP3 Abcam (ab15093) Rabbit 1:500 
SYCP3 Abcam (ab97672) Mouse 1:500 
SYCP1 Abcam (ab15090) Rabbit 1:250 
RPA2 Jeremy Wang Lab Rabbit 1:100 
DMC1 Abcam (ab11054) Mouse 1:100 
RAD51 Millipore Sigma (PC130) Rabbit 1:100 

HORMAD2 Attila Toth Lab Guinea Pig 1:500 
MEI4 Attila Toth Lab Guinea Pig 1:200 
IHO1 Attila Toth Lab Rabbit 1:200 

REC114 Scott Keeney Lab Rabbit 1:100 
ANKRD31 Scott Keeney Lab Rabbit 1:100 
ANKRD31 Scott Keeney Lab Guinea Pig 1:100 

MLH1 BD Pharmingen (554073) Mouse 1:100 
RNA Pol II Millipore Sigma (05-623) Mouse 1:500 

Phos. gH2AX Millipore Sigma (16-193) Mouse 1:1000 
H1t Mary-Ann Handel Lab Guinea Pig 1:600 

Phos. H3 (Ser10) Cell Signaling Tech. (9701S) Rabbit 1:500 
Anti-mouse IgG 
AlexaFluor-488 

ThermoFisher Scientific 
(A28175) Goat 1:600 

Anti-rabbit IgG 
AlexaFluor-488 

ThermoFisher Scientific (A-
11008) Goat 1:600 

Anti-mouse IgG 
Alexa Fluor-594 

ThermoFisher Scientific 
(R37121) Goat 1:600 

Anti-rabbit IgG 
AlexaFluor-594 

ThermoFisher Scientific 
(A11037) Goat 1:600 

Anti-guinea pig 
IgG AlexaFluor-

594 

ThermoFisher Scientific 
(A11076) Goat 1:500 

Anti-guinea pig 
IgG AlexaFluor 

647 

ThermoFisher Scientific 
(A21450) Goat 1:500 

Table 2. Antibodies used for immunolabeling meiotic chromosome surface spreads. 

 
Testis and Epididymis Squash Preps and Immunolabeling 

Testes were de-tunicated in fixing solution (2% paraformaldehyde/0.05% Triton-

X/PBS) and seminiferous tubules were teased apart with forceps. Tubules were 

fixed for 10-20min at RT. For each slide, a few seminiferous tubules were placed 



 

26 

onto the glass slide and covered by a coverslip, then carefully with a blunt eraser 

end of a pencil or thumb, tubules were tapped and pushed down to “squash” and 

spread cells. Slides were then placed into liquid nitrogen until bubbles subsided. 

For immunolabeling, the coverslip was removed and slides were blocked with 5% 

goat serum/PBS for 1hr at RT, then the appropriate primary antibody dilution was 

added and incubated at 4° for overnight. Primaries used in this dissertation are 

listed in Table 4. Next day, excess antibody was washed off with PBS-Tween 

(0.01%) and the appropriate dilution of secondary antibody was added and 

incubated for 1hr at RT. Secondaries used in this study are Table 3. Lastly, DAPI 

was added to counterstain nuclei and slides were mounted with Vectashield. 

 

Germinal Vesicle Oocyte Collection and Immunolabeling 

This protocol was  adapted from a previously published protocol (Baumann and 

Viveiros 2015). Adult females, or “oocyte donors”, were given hormone 

injections to cue superovulation, where 5 IU of pregnant mare serum 

gonadotropin (PMSG) was injected interperitoneally (IP) 72hrs prior to oocyte 

collection, followed by IP of human chorionic gonadotropin (HCG) 24hrs prior to 

oocyte collection.  For oocyte collection, ovaries were dissected and placed in 

pre-warmed MEM/5% BSA/0.1% milrinone media. Oocytes were released by 

puncturing the ovary with a 27 gauge needle. Germinal vesicle-staged oocytes 

were collected via mouth pipette and washed 3x in media, fixed in 4% 

paraformaldehyde for 1hr at 37°C, then blocked in 5% fetal bovine serum/PBS-

Tween (0.01%) at 4°C for overnight. Next day, oocytes were incubated in an 

appropriate dilution of primary antibody (Table 4) in 5% FBS/PBST for 1hr at 
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37°C, washed 3x in PBST, incubated with secondary antibody (Table 3) diluted in 

PBST for 30min at 37°C, then counterstained with DAPI for 10min at RT. 

Oocytes were placed on glass slides and mounted with Vectashield. 

 
Antibody Manufacturer & Cat. No. Host Dilution 
ORF1p Alex Bortvin Lab Rabbit 1:400 
DDX4 Abcam (ab13840) Rabbit 1:1000 

 
Table 3. Antibodies used for testis and epididymal squash preps and oocyte staining.  

 

Metaphase Spreads 
De-tunicated testes were placed in a bubble of hypotonic solution (0.5% KCl in 

PBS) on a petri dish. Seminiferous tubules were teased apart with forceps, then 

the solution was transferred into a 15mL tube. With a transfer pipette, the solution 

was gently pipetted up and down (around 20x) to release cells from the tubules. 

Tubules were allowed to settle at the bottom of the tube, then the supernatant 

(containing the cells) was moved into a fresh tube. The cells were pelleted at 180g 

for 10min, supernatant was removed, and cells were resuspended with 3mL of  

fixative solution I (methanol:acetic acid:chloroform, 3:1:0.05). Cells were fixed 

for 10min at RT. Cells were pelleted again at 180g for 10min, supernatant was 

removed, and cells were resuspended with 1mL of fixative solution II (methanol: 

acetic acid, 3:1). To create spreads, 1-2 drops (~40 µL) of cell solutions was 

dropped onto each glass slide from a height of 3+ feet.  Spreads were air-dried 

and stained with Giemsa. Slides were mounted with ShurMount. 

 

Real-time Quantitative PCR 

Total RNA was isolated from tissue using E.Z.N.A. kit (Omega Biotek) according 
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to manufacturer’s protocol. The complementary DNA was synthesized using 

qScript cDNA Supermix (Quanta) and real-time quantitative PCR was performed 

using iTaq Universal SYBR Green Supermix (Bio-Rad), both steps according to 

manufacturer’s protocol. All data was normalized to Gapdh levels in wild-type 

animals. Primer sequences are listed in Table 2. 

 

Protein Detection via Western Blot 

Testes were de-tunicated and placed in T-PER lysis buffer (ThermoScientific, 

#78510) with protease inhibitor added (Sigma, #11836170001). Tissue was 

homogenized and spun down at 14,000 x g at 4°C for 10min to pellet cell debris. 

The supernatant was moved to a fresh tube and 3x loading buffer (0.2M Tris HCl 

pH 6.8/6% SDS/30% glycerol/bromophenol blue/10% beta mercaptoethanol) was 

added. Samples were heat denatured at 95°C for 5min and cooled on ice. Next, 

samples were loaded into a precast polyacrylamide gel (Bio-Rad, #4561096) that 

was set up in a protein gel electrophoresis apparatus (Bio-Rad) according to 

manufacturer’s instructions. The chamber was filled with running buffer (0.15M 

Tris/1M glycine/0.02M SDS) and gel was run at 140V for 1hr or until loading dye 

ran off. For protein transfer, the gel was sandwiched with activated nitrocellulose 

membrane and placed into a transfer apparatus (Bio-Rad) according to 

manufacturer’s instructions. The transfer buffer used was Bolt & Mahoney 

(200mM Tris/100mM sodium acetate/10mM EDTA/0.25% SDS) and the 

apparatus was run at 1 Amp for 45min. After the protein transfer, the blot was 

removed and washed in TBS-Tween (0.01%) and blocked with 5% milk/TBST 

for 1hr at RT. The appropriate dilution of primary antibody was added and 
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incubated at 4°C for overnight. Next day, the blot was washed 3x10min with 

TBST, then the appropriate dilution of HRP-conjugated secondary antibody was 

added and incubated for 1hr at RT. The blot was washed 3x10min with TBST, 

then HRP substrate was added (Millipore, #WBLUR0100) and incubated for 

3min at RT. Blot was scanned by imager using ImageLab software (Bio-Rad). 

 

Antibody Manufacturer & Cat. No. Host Dilution 
Anti-HA Roche (11867423001) Rat 1:500 
Anti-HA Abcam (ab9110) Rabbit 1:500 
Anti-Flag Sigma (F1804) Mouse 1:500 
SEPT12 Abcam (ab66960)  Mouse 1:500 
SEPT12 Novus Biologicals 

(H00124404-B01P) 
Mouse 1:500 

SPO11 Scott Keeney Lab; 
Millipore (mabe1167) 

Mouse 1:500 

Table 4. Antibodies and dilutions used for western blots in this dissertation. 

 

Sperm Motility 
Both epididymides were harvested from adult males, washed in PBS, and placed 

into a puddle of in vitro fertilization media (Cook’s Medical). A slit was cut along 

each epididymis and sperm were allowed to swim out for 2min at 37°C. Next, 

20µL of sperm was moved to a glass slide and movie was captured at 10x using 

Moticam (Motic) attached to an Olympus microscope. 

 

Image Collection and Analysis 

Fluorescent images for meiotic chromosome surface spreads and squash preps 

were captured by Olympus XM10 camera. Bright field images for stained tissue 

cross-sections and sperm were captured by Olympus SC30 camera. Both cameras 

utilized cellSens software by Olympus. Foci were quantified using ImageJ with 
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plugins Cell Counter (Kurt De Vos) and Nucleus Counter. All data was analyzed 

using Prism 7 (GraphPad).  



 

31 

CHAPTER III: 

Human SPO11 P306T allele inefficiently generates double-strand 

breaks during meiosis and impacts gamete levels when modeled in 

mice 
 

INTRODUCTION 

DSBs are essential to meiosis because of their role in recombination 

initiation. SPO11, the ortholog of subunit A of Archaean topoisomerase VI, and 

its binding partner TOPOVIBL, work together in an evolutionarily conserved 

topoisomerase-like enzyme complex to generate DSBs (Baudat et al. 2000; 

Robert et al. 2016; Romanienko and Camerini-Otero 2000; Vrielynck et al. 2016). 

In addition to this complex, SPO11 requires a partially conserved group of 

auxiliary proteins for chromatin recruitment and DSB activity. In mice, essential 

proteins that have been identified are IHO1, MEI4, REC114, and ANKRD31 (R. 

Kumar et al. 2018; Kumar et al. 2010; Boekhout et al. 2018; Stanzione et al. 

2016; Kumar et al. 2015).  

SPO11 has two isoforms, where the primary role of the full-length 

isoform, SPO11-b, is to generate DSBs (Kauppi et al. 2011). The expression of 

SPO11-b is elevated at the beginning of prophase I but dwindles around mid-

prophase, eventually being replaced by SPO11-a, a splice variant that does not 

encode exon 2 (Bellani et al. 2010). Although the role of SPO11-a is not well 

defined, it has been hypothesized that SPO11-a plays a role with resolving 

recombination intermediates  (Bellani et al. 2010). Furthermore, its participation 
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in forming a complex reminiscent of Archaean topoisomerase VI A2B2 suggests a 

role in chromosome condensation necessary for metaphase (Bellani et al. 2010).  

Several mouse mutants of SPO11 have been previously characterized. 

Null SPO11 males are sterile because of complete spermatocyte arrest in late 

zygonema due to severe homologous chromosome asynapsis (Baudat et al. 2000; 

Metzler-Guillemain and de Massy 2000; Romanienko and Camerini-Otero 2000). 

In females, loss of SPO11 permits oocytes to progress through diplonema of 

prophase I, where some oocytes even undergo follicular growth. However, oocyte 

loss occurs rapidly after prophase I and any seemingly mature follicles do not 

support fertilization and embryogenesis (Baudat et al. 2000; Metzler-Guillemain 

and de Massy 2000; Romanienko and Camerini-Otero 2000). 

Furthermore, several hypomorphic SPO11 alleles have been characterized. 

Faieta et al. characterized a SPO11 null mouse with a Cre-inducible transgene of 

SPO11 (Faieta et al. 2016). The SPO11 transgene almost fully complements 

endogenous SPO11 when heterozygous for the transgene. However, upon closer 

examination, the Tg(Spo11)+/- mutants had decreased SPO11 levels, elevated 

apoptosis, and aberrant zygotene cells with synapsis defects (Faieta et al. 2016). 

From this study, authors concluded that decreased SPO11 expression 

detrimentally affected DSB formation timing: one population of spermatocytes 

did not receive adequate levels of early DSBs and arrested in pachynema due to 

asynapsis, while others had sufficient early DSB formation that permitted 

progression beyond the pachytene checkpoint. Furthermore, it appeared that after 

the checkpoint, the latter group was rescued by a late surge of DSBs that 

completed synapsis and CO formation (Faieta et al. 2016). 
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Another SPO11 hypomorph, described by Smagulova et al., fused SPO11 

to a yeast GAL4 binding domain (Smagulova et al. 2013). This fusion protein 

altered where in the genome SPO11 generated DSBs, most notably disrupting 

DSB formation at chromosomal ends and the pseudoautosomal region (PAR) 

between X and Y chromosomes. This resulted in the spermatocytes having too 

few DSBs, lacking sex body formation, and undergoing premature arrest. The 

mice were infertile (Smagulova et al. 2013). 

Due to the importance of SPO11 in meiosis, I reasoned that this gene likely 

had alleles segregating in the human population that were detrimental to fertility.  

I chose to study the human variant, rs185545661, which is a single nucleotide 

polymorphism (SNP) that encodes a proline-to-threonine change at amino acid 

position 306 in human and mouse SPO11 (SPO11P306T). The P306 amino acid 

resides in the protein’s catalytic TOPRIM domain and is highly conserved from 

yeast to mammals and across other related proteins with TOPRIM domains 

(Altschul et al. 1990; Robert et al. 2016). The SPO11P306T allele occurs at 

0.0037% in the Latino population (gnomAD) and is a reasonable frequency for a 

potential infertility allele. Furthermore, this variant was predicted to be highly 

deleterious to protein function (Adzhubei et al. 2013; Kumar et al. 2009), 

altogether making SPO11P306T a promising infertility candidate for study. 

 

RESULTS 

SPO11P306T/P306T mice have reduced gamete production 

I employed CRISPR/Cas9-mediated genome editing to generate 

SPO11P306T mice. As shown in Fig. 2A and 2B, a single-strand 
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oligodeoxynucleotide (ssODN) was used as a template to introduce the P306T 

amino acid change. Founder mice with the correct mutation were identified (Fig. 

2C), backcrossed into FVB/NJ for at least two generations, then intercrossed to 

produce homozygous mice for analysis. 

 

 

Figure 2. CRISPR-Cas9 genome-editing strategy to generate SPO11P306T/P306T mice. 
A) Schematic of human SPO11 with known domains and P306T labeled. Star indicates known 

metal binding sites. B) Schematic of human SPO11’s genomic locus. The SPO11 P306T variant 
occurs in exon 11. Red text indicates P306T codon, blue text indicates HaeIII restriction enzyme 
site, bold text indicates PAM, italicized text indicates guide sequence, and underlined text 
indicates nucleotide changes made to introduce P306T or HaeIII restriction enzyme site for 

genotyping. C) Sanger sequencing chromatograms of wild type and SPO11P306T/P306T mice. 
 

 To assess fertility and fecundity, adult SPO11P306T/P306T males and females 

were bred for up to eight months with wild type (WT) partners. Litter sizes were 

similar to WT, where WT males sired an average of 9.2 ± 0.45 pups/litter whereas 

SPO11P306T/P306T males sired an average of 9.0±0.5 pups/litter (p=0.77). Similarly, 

WT females birthed 8.8 ± 0.51 pups/litter compared to SPO11P306T/P306T females 
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that birthed an average of 8.0 ± 0.44 pups/litter (p=0.26) (Fig. 3A). The sex of 

pups matched expected Mendelian ratios.  

Despite the ability to produce offspring normally, upon closer examination 

I saw that eight-week old SPO11P306T/P306T males had reduced testis size (0.23 ± 

0.006, p=9.2x10-13) and produced significantly less sperm (8.8x106 ± 7.4x105, 

p=1.9x10-12) compared to WT testis size (0.45 ± 0.01) and sperm count (43x106 ± 

3.5x106) (Fig. 3B, 3C). Surprisingly, testis morphology revealed mostly normal 

spermatogenesis, except for the reduced tubule diameter and the prevalence of 

abnormal metaphase cells (Fig. 3D). The metaphase cells in SPO11P306T/P306T 

males appear to have poorly aligned metaphase plates and lagging chromosomes. 

Gross analyses of ovaries reveal generally normal oogenesis (Fig. 3E), but after 

quantification of primordial follicles, I found that SPO11P306T/P306T females had a 

reduced oocyte pool (794±35, p=1.5x10-9) compared to WT (1790±38) at three 

weeks of age (Fig. 3F). Although I did not see significant differences in fecundity 

compared to age-matched WT during my experimental time frame, it is possible 

that older SPO11P306T/P306T mice, especially females, do become prematurely 

infertile due to initially depleted oocyte reserves. 

To confirm findings on germ cell loss in SPO11P306T/P306T mice, I took a 

closer look at apoptotic events in testes via TUNEL labeling (Fig. 3G). As 

expected, SPO11P306T/P306T (0.16 ± 0.029, p=0.034) had more seminiferous tubules 

with multiple apoptotic cells compared to WT (0.024 ± 0.009) (Fig. 3H). 
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Figure 3. SPO11P306T/P306T mice have decreased gamete levels. 
A) Results from fertility tests of 2-9 month old SPO11+/+ and SPO11P306T/P306T mice bred to WT 
mates. Blue symbols indicate pups sired by males and red symbols indicate pups birthed by 

females of respective genotypes. Male WT (n=3, average=9.2 ± 0.45) compared to male 
SPO11P306T/P306T (n=4, average=9.0 ± 0.5) is not significantly (NS) different (p=0.77). Female WT 
(n=3, average=8.8 ± 0.51) compared to female SPO11P306T/P306T (n=4, average=8 ± 0.44) is not 
significantly different (p=0.26). All statistics were done using paired Student T-test. Average ± 
SEM. B) Percentage of average testis mass relative to body mass of 2 month old males. WT (n=6, 

average=0.45 ± 0.01) compared to SPO11P306T/+ (n=8, average=0.42 ± 0.021) is not significant 
(p=0.16), WT compared to SPO11P306T/P306T (n=11, average=0.23 ± 0.006) is significant 
(p=9.2x10-13). One symbol indicates average testis:body ratio per male. All statistics were done 
using paired Student T-test. C) Sperm from epididymis of 2-month old males were quantified. WT 

(n=6, average=43x106 ± 3.5x106) compared to SPO11P306T/+ (n=8, average=41x106 ± 2.8x106) was 
not significant (p=0.74). WT compared to SPO11P306T/P306T (n=11, average=8.8x106 ± 7.4x105) is 
significant (p=1.9x10-12). One symbol indicates average sperm count from one male. All statistics 
were done using paired Student T-test. Average ± SEM. D) Hematoxylin and eosin (H&E) 
staining of testis cross-sections from 2-month old males. Images captured at 20x magnification 

(left, size bar = 75 µm) and 40x (middle, size bar = 75 µm), and metaphase cells (right) were 

zoomed in 200%. E) H&E ovary sections from 3-week old females. Images captured at 10x 

magnification and size bar = 500 µm. F) Quantification of primordial follicles in 3-week old 

female ovaries, where each symbol indicates count from one ovary. WT (n=3, average=1790 ± 38) 
compared to SPO11P306T/+ (n=3, average=1620 ± 122) is not significant (p=0.21). WT compared to 
SPO11P306T/P306T (n=3, average = 794 ± 35) is significant (p=1.5x10-9). All statistics were done 

using paired Student T-test. Average ± SEM. G) Testis cross-sections from 2-4 month old males 
were labeled with TUNEL and DAPI to detect apoptotic cells. Images captured at 20x 

magnification (left, size bar = 75 µm). H) Quantification of tubules with 5 or more TUNEL-

positive cells per testis. Each symbol indicates one testis. WT (n=3, average=0.024 ± 0.009) 
compared to SPO11P306T/+ (n=3, average=0.033 ± 0.019) is not significant (p=0.66). WT compared 
to SPO11P306TP306T (n=4, average=0.16 ± 0.034) and is significantly different (p=0.034). All 
statistics were done using paired Student T-test. Average ± SEM. 

 

SPO11P306T/P306T spermatocytes have poor sex chromosome synapsis 

 SPO11-induced DSBs are critical for initiating synapsis between 

homologous chromosomes, and if synapsis fails, spermatocytes will arrest at early 

pachynema (Romanienko and Camerini-Otero 2000; Baudat et al. 2000; Metzler-
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Guillemain and de Massy 2000). To visualize synapsis in SPO11P306T/P306T mice, I 

immunolabeled spermatocyte surface spreads for the lateral and transverse 

elements of the synaptonemal complex, SYCP3 and SYCP1, respectively, and 

HORMAD1, a protein displaced from chromosome axes upon synapsis (Fig. 4A) 

(de Vries et al. 2005; Yuan et al. 2000; Daniel et al. 2011). I saw that autosomes 

synapsed properly in SPO11P306T/P306T by early pachynema; however, the sex 

chromosomes often did not. I observed that the X and Y chromosomes were 

physically separated in upwards of 50% of cells, increasing in prevalence at later 

stages (Fig. 4B). 

This led me to wonder if meiotic sex chromosome inactivation (MSCI) 

was affected by poor XY synaspsis (Royo et al. 2010; Turner 2007; Fernandez-

Capetillo et al. 2003). To investigate this, I immunolabeled spreads with 

phosphorylated gH2AX to assess sex body formation, which is a peripheral 

subnuclear body that envelopes X and Y around pachynema. The sex body 

indicates general  transcription suppression of the sex chromosomes (Fernandez-

Capetillo et al. 2003). I found that SPO11P306T/P306T spermatocytes formed normal 

sex bodies by pachynema, regardless of X and Y synapsis (Fig. 4C). Furthermore, 

I assessed RNA polymerase II (RNAPII), a major component of the 

transcriptional machinery, on spermatocyte spreads (Fig. 4D). I found that 

SPO11P306T/P306T spermatocytes were negative for RNAPII at the sex 

chromosomes, again suggesting that MSCI does largely occur. 

Despite normal sex body formation and lack of measurable RNAPII, I 

reasoned that these were relatively crude assays and minor failure of MSCI was 

still possible. Thus, I followed up with real-time quantitative PCR (RT-qPCR) to 
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measure endogenous transcript levels of select sex-linked genes in P15 testes. 

This time point was chosen to enrich for first wave pachytene cells that should 

have undergone MSCI.  I found that two lethal Y genes, ZFY1 and ZFY2, 

transcripts were expressed ~8-folds more in SPO11P306T/P306T testes relative to WT 

(Fig. 4E) (Royo et al. 2010). I acknowledge that assaying an unpurified 

population of spermatocytes could lead to inaccurate relative values. However, 

qualitatively, RT-qPCR does show that there are higher ZFY1 and ZFY2 

transcripts in the mutant, which transcription at any level would be lethal for 

spermatocytes (Royo et al. 2010). Taken together, these results indicate that 

SPO11P306T/P306T spermatocytes are capable of producing sufficient DSBs for 

autosome synapsis but not always sex chromosome synapsis. Furthermore, XY 

asynapsis is likely causing immediate consequences, such as MSCI failure in a 

subset of spermatocytes, leading to their arrest in pachynema. 
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Figure 4. SPO11P306T/P306T spermatocytes have poor sex chromosome synapsis and defective 

A) Meiotic chromosome surface spreads immunolabeled with SYCP1/SYCP3 and 
HORMAD2/SYCP3 to analyze homologous chromosome synapsis in pachynema. WT and 

SPO11P306TP306T had n=3 and 30 cells/animal. Size bar = 20 µm. B) Quantification of pachytene 

cells with asynapsed sex chromosomes. WT and SPO11P306TP306T had n=3 and 67-100 cells/animal. 

Size bar = 20 µm. C) Meiotic chromosome surface spreads immunolabeled with phosphorylated 

gH2AX and SYCP3. WT and SPO11P306TP306T had n=3 and 50 cells/animal. Size bar = 20 µm. 

D) Meiotic chromosome surface spreads immunolabeled with RNAP II and SYCP3. WT and 

SPO11P306TP306T had n=3 and 30 cells/animal. Size bar = 20 µm. E) RT-qPCR of testes from P15 

testes relative to WT GAPDH expression. WT, SPO11P306T/+, and SPO11P306TP306T had n=3. 
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SPO11P306T/P306T spermatocytes reveal aberrant DSB formation patterns  

The best characterized function of SPO11 is its role in generating 

programmed DSBs, upwards of 300 DSBs in humans and mice, to initiate 

homologous chromosome recombination (Kauppi et al. 2013). To evaluate the 

ability of SPO11P306T in generating DSBs, I immunolabeled spermatocyte surface 

spreads with RPA2, a component of the heterotrimeric complex that binds and 

stabilizes ssDNA intermediates, a product of DSBs (Fig. 5A) (Moens et al. 2007). 

I found that SPO11P306T/P306T had RPA2 levels similar to WT in leptonema 

(p=0.99), but slightly reduced (albeit not statistically significant) levels of RPA2 

in zygonema (87% of WT, p=0.13) and early pachynema (p=0.70) (Fig. 5B).  

Next, I looked at subsequent steps in DSB processing, which involves 

recruitment of E. coli RecA homologs, RAD51 and meiosis-specific DMC1. Both 

proteins mediate homologous chromosome pairing and strand exchange activity at 

break sites. In this assay, both proteins can be used as proxies for DSB formation 

(Fig. 5C)  (Bishop et al. 1992; Ribeiro et al. 2016; Yoshida et al. 1998). Like 

RPA2, I found that RAD51 levels in SPO11P306T/P306T were similar to WT during 

leptonema (p=0.29) and again observed slightly decreased RAD51 levels in 

zygotene mutant spermatocytes, at around ~94% of WT levels (p=0.045) 

(Fig.5D). Immunolabeling of DMC1 recapitulated these results (Fig. 5E). 

Furthermore, unlike RPA2, I found that SPO11P306T/P306T spermatocytes over-

accumulated RAD51/DMC1 on autosomes and sex chromosomes in pachynema. 

This was in stark contrast to WT, which displaces most RAD51/DMC1 by this 

time point. These findings suggest that SPO11P306T/P306T forms adequate levels of 

DSBs at the start of meiosis (leptonema) and is sufficient for the eventual 
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synapsis of autosomes. However, SPO11P306T defects become detectable in 

zygonema, suggesting molecular issues with later DSB formation and/or DSB 

processing. 
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Figure 5. SPO11P306T/P306T DSB formation is normal at meiosis onset but recombination 
proteins persist through pachynema. 
A) Meiotic chromosome surface spreads immunolabeled with RPA2 and SYCP3 at different 

Prophase I substages. Size bar = 20 µm. B) Quantification of RPA2 levels in substages of 

Prophase I. Leptonema: WT (n=3, cells=22, average=164 ± 3.8) and SPO11P306T/P306T (n=3, 
cells=27, average=164 ± 3.5, p=0.99). Zygonema: WT (n=3, cells=36, average=93 ± 5.9) and 

SPO11P306T/P306T (n=3, cells=27, average=81 ± 3.8, p=0.13). Early pachynema: WT (n=3, cells=87, 
average=37 ± 2.4) and SPO11P306T/P306T (n=3, cells=72, average=35 ± 2.7, p=0.70). Late 
pachynema: WT (n=3, cells=83, average=1.7 ± 0.3) and SPO11P306T/P306T (n=3, cells=31, 
average=2.3 ± 0.5, p= 0.32). C) Meiotic chromosome surface spreads with RAD51 and SYCP3 at 

different Prophase I substages. Size bar = 20 µm. D) Quantification of RAD51 levels in substages 

of Prophase I. Leptonema: WT (n=4, cells=26, average = 220 ± 4.1) and SPO11P306T/P306T (n=5, 
cells=24, average=211 ± 7.8, p=0.29). Zygonema: WT (n=4, cells=43, average=122 ± 2.8) and 
SPO11P306T/P306T (n=5, cells=52, average=115 ± 2.6, p=0.045). Early pachynema: WT (n=4, 

cells=23, average=14.2 ± 2.6) and SPO11P306T/P306T (n=5, cells=70, average 40.8 ± 3.4, p=9.7x10-

5). Late pachynema: WT (n=3, cells=22, average=1.1 ± 0.45) and SPO11P306T/P306T (n=3, cells=25, 
average=3.0 ± 0.83, p=0.70). E) Quantification of DMC1 levels in substages of Prophase I. 
Leptonema: WT (n=3, cells=32, average=194 ± 3.3) compared to SPO11P306T/P306T (n=3, cells=32, 

average=189 ± 3.6) is not significant (p=0.30). Zygonema: WT (n=3, cells=33, average=99 ± 4.6) 
compared to SPO11P306T/P306T (n=3, n=33, average=92 ± 2.8) is not significant (p=0.18). Early 
pachynema: WT (n=3, cells=47, average=8.9 ± 2.0) compared to SPO11P306T/P306T (n=3, cells=32, 
average=27 ± 4.1) is significant (p=2.6x10-5). Late pachynema: WT (n=3, cells=20, average=2.2 ± 
0.89) compared to SPO11P306T/P306T (n=3, cells=20, average=1.6 ± 0.51) is not significant (p=0.60). 

All statistics were done using paired Student T-test. Average ± SEM. 

 

Removal of DNA damage checkpoint rescues SPO11P306T/P306T oocytes 

I immunolabeled P0 oocyte surface spreads with RAD51 to see if a similar 

phenomenon was occurring in females and indeed, I saw a similar trend in DSB 

levels (Fig. 6A, 6B). Although P0 was too late of a time point to assess leptotene 

oocytes, I was able to assay oocytes in late zygotene and beyond. In late 

zygonema, I saw slightly less RAD51 in SPO11P306T/P306T oocytes compared to 

WT (p=0.03), reiterating the defect with late DSB formation. Like spermatocytes, 
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SPO11P306T/P306T pachytene oocytes had higher RAD51 levels relative to WT, 

albeit not statistically significant (p=0.07). 

Since there was some degree of prolonged DNA damage, I wondered if 

this was a factor contributing to the premature oocyte arrest in SPO11P306T/P306T 

females. To assess this, I crossed SPO11P306T/P306T with a mutant harboring a null 

allele of CHK2, a kinase regulating the TRP53- and TRP63-mediated checkpoint 

that culls oocytes with high DNA damage prior to dictyate arrest (Bolcun-Filas et 

al. 2014). I found that removal of the checkpoint in CHK2-/- SPO11P306T/P306T 

females did rescue primordial follicles in three-week ovaries (Fig. 6C). This 

suggested that at least in females, premature germ cell arrest was caused by 

intolerable levels of unrepaired DSBs. In contrast, CHK2-/- SPO11P306T/P306T males 

remained subfertile, with unchanged sperm levels (data not shown). However, this 

was unsurprising because spermatocytes with excessive DNA damage usually 

arrest earlier in prophase due to asynapsis or poor MSCI.  
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Figure 6. Oocytes have elevated RAD51 levels and arrest due to excessive DNA damage 

A) P0 oocyte surface spreads immunolabeled with RAD51 and SYCP3. Size bar = 25µm. B) 

Quantification of RAD51 foci per oocyte. Late zygonema: WT (n=2, cells=18, average=36 ± 4.3) 
and SPO11P306T/P306T (n=2, cells=37, average=23 ± 3.7, p=0.03). Pachynema: WT (n=2, cells=24, 
average= 5.5 ± 1.1) and SPO11P306T/P306T (w=2, cells=70, average=10 ± 1.5, p=0.07). Diplonema: 

WT (n=2, cells=20, average=0.9 ± 0.3) and SPO11P306T/P306T (n=2, cells=48, average=3 ± 0.7, 
p=0.1). C) Quantification of primordial follicles with overlapping data from Fig. 2F. CHK2-/- 

SPO11P306T/P306T (n=3, average=1884 ± 198, p=3.6x10-8 relative to SPO11P306t/P306T) and CHK2-/- 
SPO11P306T/+ (n=2, average= 2170 ± 104, p=0.3 relative to CHK2-/- SPO11P306T/P306T). Statistics 

done by Student’s T-test. Average ± SEM. 

 

SPO11P306T/P306T has defects in Class I crossover formation  

Approximately 10% of SPO11-catalyzed DSBs are repaired as COs, a 

tightly regulated exchange of DNA segments that produces recombined 
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chromosomes and chiasmata, a structure essential for tethering homologous 

chromosomes together for metaphase I (Gray and Cohen 2016). There are two 

known CO mechanisms in mammals, the major pathway being mediated by MutL 

homologs, MLH1 and MLH3, both resolvases that aid in the reciprocal exchange 

of DNA (Guillon et al. 2005; Rogacheva et al. 2014). 

As a proxy for CO formation in SPO11P306T/P306T, I immunolabeled 

chromosome spreads with MLH1 (Fig. 6A). I found that SPO11P306T/P306T had less 

MLH1-mediated COs (19.6±0.2, p=2.8x10-41) compared to WT (23.7±0.1) (Fig. 

7A, 7B). I did further work to quantify how many chromosomes pairs underwent 

obligate CO formation, harboring from 0 to 3+ MLH1 foci per cell (Fig. 7C). I 

found that in WT nuclei, the average number of chromosomes with no foci was 

0.62 ± 0.08, one focus was 13.7 ± 2.5, two foci was 5.1 ± 2.2, and three or more 

foci was 0.5 ± 0.07. In contrast, the average number of chromosomes with foci in 

SPO11P306T/P306T  spermatocytes was reduced, where chromosomes with 0 foci was 

3.9 ± 0.3 (p=1.6x10-27), one focus was 13.1 ± 0.3 (p=0.14), two foci was 3.0 ± 0.2 

(p=1.9x10-9), and three or more foci was 0.1 ± 0.04 (p=5x10-5) per cell.  

The decrease of Class I CO formation in SPO11P306T/P306T led me to 

investigate chiasmata formation, which if disrupted, will cause once-paired 

homologous chromosomes to prematurely separate after synaptonemal complex 

(SC) dissolution in diplonema. In turn, this triggers cell arrest via the spindle 

checkpoint in metaphase I. To assess adequate chiasmata formation in 

SPO11P306T/P306T spermatocytes, I Giemsa-stained metaphase spermatocyte 

spreads to visualize univalent and bivalent chromosomes (Fig. 7D). As I 

suspected, a subset of SPO11P306T/P306T spermatocytes had 1 or 2 univalent 
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chromosomes, which I hypothesize to be the unjoined X and Y. Furthermore, I 

previously noted an abundance of abnormal metaphase cells in H&E stained testis 

cross-sections, many of which contained a lagging chromosome(s). Therefore, it 

appears that at least in males, a population of SPO11P306T/P306T meiocytes do 

succumb to metaphase defects and are subsequently removed by the spindle 

checkpoint (Marston and Wassmann 2017).  
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Figure 7. SPO11P306T/P306T has less MLH1-mediate crossovers and univalent chromosomes 
A) Chromosome surface spreads of pachytene spermatocytes immunolabeled with MLH1 and 

SYCP3. Size bar= 20 µm. B) Quantification of MLH1 foci in pachynema. WT (n=3, cells=118, 

average=23.7 ± 0.12) compared to SPO11P306T/P306T (n=4, cells=108, average=19.6 ± 0.2) is 
significantly different (p=2.8x10-41). All statistics were done using paired Student T-test. Average 
± SEM. C) Quantity of MLH1 foci per homologous chromosome pairs per cell. WT: zero foci 

(n=3, cells=102, average=0.62 ± 0.08), one focus (n=3, cells=102, average=13.7 ± 2.5), two foci 
(n=3, cells=102, average=5.1 ± 2.2), and three or more foci (n=3, cells=102, average= 0.5 ± 0.07). 
SPO11P306T/P306T: zero foci (n=4, cells=58, average=3.9 ± 0.3, p=1.6x10-27), one focus (n=3, 
cells=58, average=13.1 ± 0.3, p=0.14), two foci (n=3, cells=58, average= 3.0±0.2, p=1.9x10-9), 
and three or more foci (n=3, cells=58, average=0.1 ± 0.04, p=5x10-5). All statistics were done 

using paired Student T-test. Average ± SEM. D) Giemsa-stained metaphase spreads of 
spermatocytes, where univalent chromosome is highlighted by arrowhead. WT: n=1 and cells=20. 

SPO11P306T/P306T: n=2 and cells = 25. Size bar = 10µm. 

 

One copy of SPO11P306T exaggerates consequences of decreased DSB activity 

An important feature of SPO11 is its cellular overexpression during 

meiosis (Kauppi et al. 2013; Keeney 2008). For example, instead of 50% DSB 

levels in SPO11+/- spermatocytes due to halved gene dosage, there will be at least 

70% DSB levels (Lange et al. 2011; Cole et al. 2012; Neale et al. 2005; Kauppi et 

al. 2013). Different groups have hypothesized that the lack of correlation is 

attributed to DSB regulatory feedback mechanisms or changes in stoichiometry 

between different SPO11 isoforms and accessory proteins as prophase I 

progresses (Cole et al. 2012; Lange et al. 2011). 

Keeping this in mind, a phenotype similar to SPO11P306T/P306T  has been 

observed in a mutant expressing only the SPO11-b isoform (Tg(Spo11b)+/+) 

(Kauppi et al. 2013; Kauppi et al. 2011). Similar to SPO11P306T/P306T 

homozygotes, Tg(Spo11b)+/+ males have WT levels of autosomal DSBs and 

normal autosomal synapsis and recombination (my mutant does have a general 
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decrease in COs). However, these mutants exhibit a severe XY recombination 

defect, where ~70% of spermatocytes have asynapsed sex chromosomes. 

SPO11P306T/P306T  homozygotes have a less penetrant XY defect, and I observed 

XY asynapsis in ~20% of pre-H1t pachytene cells, ~40% of H1t-positive 

pachytene, and ~50% of diplotene cells (Fig. 3B). H1t is a testis-specific histone 

that is incorporated into chromatin around mid-pachynema and commonly used as 

a marker for staging spermatocytes (Inselman et al. 2003). 

Interestingly, when Kauppi et al. assessed Tg(Spo11b)+/- hemizygotes, 

they observed normal RAD51/DMC1 levels at the start of meiosis but reduced 

levels in zygonema compared to (phenotypically wildtype) SPO11+/- (Kauppi et 

al. 2013). Unsurprisingly, the decreased “late” RAD51/DMC1 foci hinted at 

problems in zygonema, and Kauppi et al. found that a proportion of Tg(Spo11b)+/- 

zygotene cells had severe synapsis defects. The authors ultimately found that 

mutants had a ~50% reduction in normal DSB activity and that the decrease was 

enough to disrupt temporal regulation of DSB formation. They discovered that 

short chromosomes and sex chromosomes were particularly vulnerable to the 

disruption because they were the recipients of the later breaks (Kauppi et al. 

2011).  

These phenotypes are reminiscent of SPO11P306T/P306T mice, so I wanted to 

assess if there were further similarities in SPO11P306T/- hemizygotes. I generated 

hemizygotes by crossing SPO11P306T/P306T with mutants harboring a null SPO11 

gene trap allele (Baudat et al. 2000). Similar to Tg(Spo11b)+/-, the hemizygous 

males were infertile with testes devoid of mature spermatocytes (Fig. 8A-C). In 

contrast to fully fertile Tg(Spo11b)+/+ and Tg(Spo11b)+/- females, the SPO11P306T 
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allele does disrupt female meiosis. Compared to WT ovaries, SPO11P306T/P306T 

females have 50% (Fig. 3F) and SPO11P306T/- females have severely depleted 

oocyte reserves (Fig. 8D, 8E). Furthermore, fertility test breeding revealed that 

hemizygous females were infertile and did not produce pups over the span of 

three months (data not shown).  

Additionally, Kauppi et al. found that Tg(Spo11b)+/- spermatocytes had a 

range in chromosome synapsis that varied from cell-to-cell (Kauppi et al. 2013; 

Kauppi et al. 2011). To assay synapsis, I immunolabeled SPO11P306T/- 

spermatocyte spreads with HORMAD2 and SYCP3, and found defects ranging 

from pachytene cells with 6+ partially synapsed homologous chromosomes to 

diplotene cells with complete synapsis (Fig. 8F). Like Tg(Spo11b)+/- 

spermatocytes, I found that among spermatocytes with synapsis issues, sex 

chromosome were always affected. In these instances, I observed the X 

chromosome as either synapsed with a nonhomologous chromosome or floating 

on its own (data not shown). 

Finally, due to the synapsis defect, I assessed the catalytic activity of one 

copy of SPO11P306T. Since SPO11 protein levels do not have a linear relationship 

with DSB activity, I compared DSBs levels in SPO11P306T/- relative to SPO11+/-. 

First, I quantified RPA2 on spermatocyte spreads (Fig. 8G, 8I). SPO11P306T/- 

spermatocytes revealed a severe reduction in foci at leptonema, around 22% of 

levels found in SPO11+/- spermatocytes. By zygonema, SPO11P306T/- 

spermatocytes only had ~40% of RPA2 levels and remained low at early 

pachynema. A similar trend was observed when immunolabeling spreads with 

RAD51, where SPO11P306T/- spermatocytes had 36% and 30% of RAD51 levels 
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found in SPO11+/- spermatocytes at leptonema and zygonema, respectively (Fig. 

8H, 8J).  

The DSB levels observed in SPO11P306T/- spermatocytes are decreased 

from the 50% DSB levels reported in Tg(Spo11b)+/- spermatocytes, so my 

observations on a more severe phenotype makes sense (Kauppi et al. 2013; 

Kauppi et al. 2011). Furthermore, work done by Faieta et al. suggests that meeting 

a DSB threshold, around ~40% of DSB activity, is required for proper meiotic 

progression in meiocytes (Faieta et al. 2016). My SPO11P306T/- hemizygotes 

achieve around ~30% of DSB levels. Taken together, it appears that SPO11P306T 

has reduced catalytic activity and the activity is below the threshold required for 

adequate synapsis and normal meiotic progression. 
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Figure 8. Hemizygous SPO11P306T/- males and females are infertile with severely reduced DSB 
activity. 
A) Testis relative to body weight with overlapping data from Fig. 2B. SPO11P306T/- was n=5, 

average=0.11 ± 0.0045, p=2.7x10-5. B) Total sperm with overlapping data from Fig. 2C. 
SPO11P306T/- was n=5, average=0 ± 0, p=3.7x10-9. C. H&E stained cross-section of testis from 

eight-week old SPO11P306T/- male. Size bar = 75µm. D) H&E stained cross-section of ovary from 

three-week old SPO11P306T/- female. Size bar = 500µm. E) Quantification of primordial follicles 

with data overlapping from Fig. 2F. SPO11P306T/- (n=3, average=93 ± 18, p=3.6x10-7 relative to 
SPO11P306t/P306T). F) Representative spermatocyte surface spread immunolabeled with SYCP3 and 

HORMAD2 in early pachynema and diplonema from SPO11P306T/-. G) Representative 
spermatocyte surface spread immunolabeled with RPA2 and SYCP3. H) Representative 
spermatocyte surface spread immunolabeled with RAD51 and SYCP3. I) Quantification of RPA2 
with overlapping data from Fig. 4B. Leptonema: SPO11P306T/- (n=2, cells=23, average=39 ± 6.2, 
p=7.1x10-27) compared to SPO11+/- (n=2, cells=20, average=175 ± 6.6). Zygonema: SPO11P306T/- 

(n=2, cells=28, average=37 ± 4.4, p=7.5x10-13) compared to SPO11+/- (n=2, cells=29, average=92 
± 4.7). Early pachynema: SPO11P306T/- (n=2, cells=29, average=24 ± 4.5, p=0.34) compared to 
SPO11+/- (n=2, cells=24, average=20 ± 2.2). J) Quantification of RAD51 with overlapping data 
from Fig. 4D. Leptonema:  SPO11P306T/-(n=5, cells=23, average=70 ± 7.9, p=3.2x10-12) compared 

to SPO11+/- (n=2, cells=17, average=193 ± 4.3). Zygonema: SPO11P306T/- (n=5, cells=59, 
average=30 ± 3.6, p=1.4x10-17) compared to SPO11+/- (n=2, cells=25, average=101 ± 4.7). Early 
pachynema: SPO11P306T/- (n=5, cells=80, average= 15 ± 1.2. p=0.27) compared to SPO11+/- (n=2, 
cells=37, average=8.7 ± 1.5). Statistics done with Student’s T-test. Average ± SEM. 

 
 

Insufficient late DSB formation affects efficiency of synapsis 

Work by Kauppi et al. made another important observation on SPO11 and 

DSB formation: markers indicating DSBs only appear at the PAR after ~70% of 

RAD51 foci are displaced along autosome axes (Kauppi et al. 2011). This 

suggests that most of the “early” DSBs must form and be repaired in order to cue 

DSB formation at the “late” DSB-forming regions, such as the PAR. Furthermore, 

timing is crucial because there must be enough remaining time left in meiosis for 

all of the late breaks to form and be properly repaired. 
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Earlier, I showed that SPO11P306T/P306T spermatocytes have near-WT levels 

of DSBs in leptonema (i.e. early breaks) and slight reduction in DSBs from 

zygonema onward (i.e. late breaks). However, that data quantified total DSBs, as 

indicated by RAD51 and DMC1, on both autosomes and sex chromosomes at the 

different prophase I substages. To assess if displacement of RAD51 on 

autosomes, indicating processing and repair of early breaks, is efficient in 

SPO11P306T/P306T spermatocytes, I re-quantified RAD51 foci on autosomes at early 

pachynema (Fig. 9A). Indeed, SPO11P306T/P306T mice had increased RAD51 levels 

on autosomes during early pachynema. This suggests that breaks persist later into 

meiosis in the mutant than it does in WT, whether it be due to slowed repair or 

continued break formation. Either way, late break formation is delayed in 

SPO11P306T/P306T until adequate repair of early breaks is achieved. 

Furthermore, when quantifying the percent of “normal” cells with RAD51 

foci on both XY chromosomes (PAR included) from each genotype, the majority 

of pachytene spermatocytes from both WT and SPO11P306T/P306T mice had 

detectable XY/PAR DSB formation (Fig. 9B). In contrast, the same quantification 

was done with “abnormal” pachytene spermatocytes, or cells with desynapsed 

XY, in Fig. 9C. These results revealed that the percentage of SPO11P306T/P306T 

pachytene spermatocytes with XY/PAR DSBs dramatically decreased in 

comparison to the distribution found among normal cells. SPO11+/+ males have 

even fewer cells with XY/PAR DSBs, but I hypothesize that these cells have other 

meiotic issues contributing to their severe phenotype. Taken together, these 

findings support my hypothesis that SPO11P306T/P306T meiocytes have prolonged 

DSB formation along autosomes and PAR/late DSB formation is delayed. 
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To look at whether this results in minor issues with synapsis and accessory 

protein displacement, I immunolabeled spermatocyte spreads for several known 

SPO11 accessory proteins that are only displaced from chromosome axes upon 

local synapsis. First, I stained for MEI4 and REC114 in leptotene, early- and late 

zygotene spermatocytes from WT and SPO11P306T/P306T and/or SPO11P306T/- males. 

Similar to previous DSB formation trends with RPA2, RAD51 and DMC1, the 

pattern for MEI4 and REC114 displacement in mutants differed from WT by 

early zygonema (Fig. 9D). Displacement of the accessory proteins were slower in 

the mutants, suggesting that synapsis was also somewhat slower. Furthermore, 

when assessing IHO1 displacement, a protein that has been found to recruit the 

DSB machinery to the PAR, SPO11P306T/P306T spermatocytes again revealed less 

IHO1 displacement compared to WT. Together, these findings show that despite 

the generally normal synapsis observed with SYCP1, SYCP3, and HORMAD2 

immunolabeling—there are small regions of asynapsis or incomplete synapsis in 

SPO11P306T mutants in pachynema. These results are consistent with inadequate 

late DSB formation.   
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Figure 9. Insufficient late DSB formation affects PAR DSB formation and synapsis 

A. Quantification of RAD51 foci on autosomes per pachytene spermatocyte. WT (n=4, cells=40, 

average=10.7 foci/cell), SPO11P306T/+ (n=3, cells=30, average=19.5 foci/cell), SPO11P306T/P306T 

(n=5, cells=61, average=29.8 foci/cell), and SPO11P306T/- male (n=4, cells=70, average=9.1 

foci/cell). Student’s T-test: WT compared to SPO11P306T/+ is p=0.0046, WT compared to 

SPO11P306T/P306T is p=8.4x10-6, and SPO11P306T/P306T compared to SPO11P306T/- is 2.4x10-9. B) 

Percentage of early pachytene cells with synapsed XY that have at least one RAD51 focus on both 

XY chromosomes (blue), only Y chromosome (black), or only X chromosome (red). In WT (n=3, 

cells=142): only X=26%, only Y=0%, and both XY=74%. In SPO11P306T/P306T (n=3, cells=131): 

only X=23%, only Y=0%, and both XY=77%. In SPO11P306T/- (n=3, cells=61): only X=42%, only 

Y=2%, and both XY=56%. C) Percentage of early pachytene cells with unsynapsed XY that have 

at least one RAD51 focus on both XY chromosomes (blue), only Y chromosome (black), or only 

X chromosome (red). In WT (n=3, cells=30): only X=100%, only Y=0%, or both XY=0%. In 

SPO11P306T/P306T (n=3, cells=140): only X=75%, only Y=0%, or both XY=25%. In SPO11P306T/- 

(n=3, cells=18): only X=82%, only Y=0%, or both XY=18%. D) Immunolabeling spermatocyte 

surface spreads with MEI4 and SYCP3 or REC114 and SYCP3. E) Quantification of MEI4 foci at 

leptonema, early zygonema, late zygonema, and early pachynema in spermatocytes. Leptonema: 

WT (n=2, cells=46, average=34±6.6), SPO11P306T/P306T (n=3, cells=44, average=30±6.2), and 

SPO11P306T/- (n=2, cells=40, average=32±7.0). Early zygonema: WT (n=2, cells=47, 

average=37±7.1 foci/cell), SPO11P306T/P306T (n=3, cells=45, average=21±4.1), and SPO11P306T/- 

(n=2, cells=49, average=43±7.9). Late zygonema: WT (n=2, cells=52, average=29±5.1), 

SPO11P306T/P306T (n=3, cells=45, average=22±4.3), and SPO11P306T/- (n=2, cells=35, 

average=35±5.9). Early pachynema: WT (n=2, cells=71, average=1.8±0.26), SPO11P306T/P306T 

(n=3, cells=68, average=41±5.9), and SPO11P306T/- (n=2, cells=58, average=27±4.5). Student’s T-

test: WT compared to SPO11P306T/P306T at leptonema is p=0.26, early zygonema is p=0.45, late 

zygonema is p=0.47, and early pachynema is p=2.8x10-5. F) Quantification of REC114 at 

leptonema, early zygonema, and late zygonema in spermatocytes. Leptonema: WT (n=2, cells=45, 

average=244±32 foci/cell) and SPO11P306T/P306T (n=2, cells=42, average=252±39 foci/cell). Early 

zygonema: WT (n=2, cells=42, average=113±29 foci/cell) and SPO11P306T/P306T (n=2, cells=60, 
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average=118±37 foci/cell). Late zygonema: WT (n=2, cells=49, average=31±13 foci/cell) and 

SPO11P306T/P306T (n=3, cells=65, average=27±20 foci/cell). Student’s T-test: WT compared to 

SPO11P306T/P306T at leptonema is p=0.053, at early zygonema is p=0.041, and at late zygonema is 

p=0.53. G) Immunolabeling of spermatocyte chromosome surface spreads with IHO1 and SYCP3. 

H) Percentage of cells with IHO1 localization at autosomes + XY (gray), autosomes only (blue), 

XY chromosomes only (red), or no IHO1 foci present (black). WT: early pachynema (n=3, 

cells=91), late pachynema (n=3, cells=92), and diplonema (n=3, cells=122). SPO11P306T/P306T: 

early pachynema (n=3, cells=139), late pachynema (n=3, cells=149), and diplonema (n=3, 

cells=118). 
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DISCUSSION 

Novel SPO11 hypomorph with DSB activity that barely meets cellular 

requirements 

Studying meiotic proteins is challenging because gene KOs typically 

result in early germ cell arrest. Although the knowledge gathered up to the point 

of cellular arrest is important, we are often left to speculate on the implications of 

the KO in downstream processes. This has long been the issue with studying 

SPO11. SPO11 forms DSBs very early in meiosis, and the proper execution of 

DSB formation is essential to setting the stage for subsequent, and also essential, 

meiotic events (Baudat et al. 2000; Metzler-Guillemain and de Massy 2000; 

Romanienko and Camerini-Otero 2000). 

Many SPO11 mutants phenocopy the SPO11 KO, where germ cells arrest 

around zygonema to pachynema due to chromosome synapsis defects (Faieta et 

al. 2016; Kauppi et al. 2013; Kauppi et al. 2011). Until now, there has only been 

two SPO11 models that have struck the balance of reducing DSBs, allowing us to 

study SPO11 DSB function, yet maintaining sufficient DSBs levels for meiotic 

progression and/or gamete development, which allows for studying of SPO11’s 

downstream influence. The caveat is that both models have a transgene of SPO11 

in a SPO11 null background, which makes the interpretation of defects less clear 

since SPO11 expression no longer comes from the endogenous locus (Kauppi et 

al. 2011; Kauppi et al. 2013; Faieta et al. 2016). Furthermore, the model with the 

most severe, yet tolerated, DSB reduction (~50%) only has SPO11-b expression, 

leaving us to wonder what SPO11-a could have contributed.  
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This SPO11P306T mutant expresses both SPO11 isoforms and has a severe 

enough reduction in DSB activity to exhibit germ cell arrest at multiple meiotic 

checkpoints. In males, some cells have too few DSBs and succumb to pachytene 

arrest (asynapsis in hemizygotes, MSCI failure in homozygotes), other cells have 

several more DSBs but succumb to metaphase arrest (chromosome segregation 

defects in homozygotes and hemizygotes), and yet somehow, a small subgroup 

manages adequate DSB formation and repair to survive all checkpoints and 

become viable sperm. I hypothesize that a similar phenomenon occurs in females, 

where the decreased DSB activity causes prolonged DSB formation into 

pachynema. This action is too little too late for many oocytes and results in arrest 

by the DNA damage checkpoint around diplonema/dictyate stage. Although I did 

not assay metaphase oocytes, I suspect that a subset of survivors later succumbs to 

the spindle checkpoint, for similar reasons as spermatocytes. Yet, despite all of 

this, SPO11P306T/P306T females still manage to produce viable oocytes. 

This mutant is novel in that the range of DSB activity is “just right” for 

assessing what happens when too few DSBs occur, when enough DSBs occur, 

and when too many DSBs occur. What is surprising is the range of progression 

individual SPO11P306T meiotic cells achieve, which reveals how sensitive the cell 

is to fluctuations in DSB activity. Not only does the overall quantity of DSBs 

matter, but the timing of when DSBs are formed and repaired are just as important 

for determining cell fate. Lastly, since some cells complete gametogenesis, 

downstream effects of defective SPO11 activity can be studied, such as the 

ramifications of altered CO formation in subsequent generations. 
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Ensuring minimum DSB levels are reached for meiotic progression  

Previous studies suggest that 40% of normal DSB activity is required for 

proper synapsis (Faieta et al. 2016). However, it remained unclear if cells could 

tolerate even lower levels of DSBs. Results from our SPO11P306T/- spermatocytes 

show RPA2 and RAD51 levels ranging from 20-40% in leptotene and zygotene 

cells. Due to the presence of some “normal” diplotene cells in SPO11P306T/-, it 

seems possible for spermatocytes to achieve complete synapsis with less than 

40% initial DSB activity. 

Going from initial near-WT DSB levels in SPO11P306T/P306T to ~30% in 

SPO11P306T/- is a dramatic loss in DSB levels, further reiterating that protein levels 

do not correlate with DSB catalysis. This lack of a linear relationship is believed 

to be caused by regulatory mechanisms that mediate DSB activity in an effort to 

achieve DSB homeostasis (Kauppi et al. 2013; Lange et al. 2011; Cooper et al. 

2014). Mechanisms regulating DSB formation include a negative feedback loop 

mediated by the kinase, ATM. Mouse spermatocytes lacking ATM have 

significantly increased levels of SPO11-oligonucleotide complexes, suggesting 

that DSB formation continues unchecked (Lange et al. 2011). Furthermore, 

SPO11 heterozygosity rescues the premature arrest phenotype of ATM nulls, 

where heterozygosity yields enough of a temporal decrease in DSBs that repair 

factors can catch up (Bellani et al. 2005). Therefore, ATM likely plays a major 

role in sensing sufficient DSB formation and inhibiting further DSB formation.  

Another mechanism of SPO11 DSB regulation involves a positive 

feedback loop mediated by the kinase ATR. Work in S. cerevisiae has shown that 

ATR, along with other factors, regulates DSB formation rate under conditions of 
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suboptimal DSB catalysis, such as strains with hypomorphic SPO11 or mutated 

PCH2 alleles. Depending on the ability of the cell to remove SPO11 and initiate 

ssDNA resection, the frequency of DSBs adjusts, where lack of resection cues 

less DSB formation while efficient resection cues greater DSB formation (Gray et 

al. 2013; Argunhan et al. 2013). Details are yet to be defined or be tested in mice, 

but the possibility that ATR, as well as ATM, phosphorylating SPO11 or its 

accessory factors (e.g. REC114) to control DSB formation is likely (Lange et al. 

2011). I hypothesize that in the SPO11P306T mutants, a positive regulatory 

mechanism is acting due to incomplete homologous chromosome synapsis, which 

causes some continued break formation and increased levels of RAD51/DMC1 in 

pachynema. However, these efforts are likely futile for most cells, as in the case 

of Tg(Spo11b)+/+, where sex chromosomes remained asynapsed in 70% of cells 

despite prolonged DSB formation (Kauppi et al. 2013).  

 

Adequate timing of DSB formation is critical in oogenesis 

Like males, female SPO11P306T also show a drastic range in severity of 

defects. The SPO11P306T/P306T has 50% oocyte loss at three-weeks of age, while 

SPO11P306T/- females have almost complete loss, with only ~5% of WT levels, 

rendering them infertile.  

Despite the similar phenotypes in SPO11P306T and Tg(Spo11b) mutant 

males, the Tg(Spo11b)+/+ and Tg(Spo11b)+/- females are much different from 

SPO11P306T females, revealing that intact SPO11-b function alone is sufficient for 

normal meiotic progression and fertility (Kauppi et al. 2013). Furthermore, the 

severe defects exhibited by SPO11P306T females emphasizes how sensitive oocytes 
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are to loss of DSB formation integrity. A majority of SPO11P306T oocytes extend 

DSB formation (in order to complete synapsis) but extending DSB formation 

appears ineffective due to the elimination of most oocytes by the CHK2-mediated 

DNA damage checkpoint (Bolcun-Filas et al. 2014). My works finds that changes 

in DSB formation and processing is poorly tolerated in female meiosis. 

 

Potential defects caused by P306T amino acid change  

 The amino acid and position P306 are highly conserved, residing in the 

catalytic TOPRIM domain of related topoisomerase and topoisomerase-like 

proteins (Robert et al. 2016). The P306 residue is found in yeast to mammalian 

SPO11, which together suggests that the amino acid is important for the protein’s 

function. Characteristics of proline is that it is neutral in charge with a large and 

rigid side chain, so prolines typically lend structure or introduces bends to the 

protein (Betts and Russell 2003). On the other hand, threonine is smaller in 

structure with a side chain containing a hydroxyl group, causing it to be polar and 

uncharged (Betts and Russell 2003). Furthermore, the hydroxyl group makes 

threonine susceptible to PTMs, such as glycosylation or phosphorylation via a 

threonine kinase (Imai et al. 1969; Simanek et al. 1998). Knowing these amino 

acid properties, I hypothesize that defects arising from SPO11P306T is attributed to 

1) decreased structural integrity or 2) increased susceptibility to PTMs. My 

previous experiments that antibody-labeled SPO11 on a western blot did not 

indicate a reduction of protein level in SPO11P306T/P306T testes. This suggests that 

if structural integrity of SPO11P306T was compromised, it does not cause 
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degradation. Future work using protein mobility shift assays could assess if 

SPO11P306T undergoes abberant phosphorylation or other PTMs.  

Decreased structural integrity could inhibit the ability of SPO11P306T to 

physically interact or maintain interactions when forming the DSB machinery 

(e.g. self- or TOPOVIBL heterodimerization). This defect becomes exaggerated 

when only one copy of SPO11P306T is expressed, and as previously published, two 

copies of SPO11 generates the protein in such great excess that defects can be 

ameliorated (Milman et al. 2009; Neale et al. 2005; Kauppi et al. 2013; Lange et 

al. 2011). 

Similarly, P306T could hinder SPO11 interactions with auxiliary proteins 

(e.g. REC114 or MEI4), which is required for SPO11 recruitment to DSB sites on 

chromatin. I showed that SPO11P306T/P306T had modest retention of MEI4 and 

REC114 on autosomes and sex chromosomes during zygonema. Furthermore, I 

have work showing ANKRD31, a chromatin-bound protein necessary for SPO11-

catalyzed DSBs, displaying similar behavior (data not shown). Furthermore, data 

for IHO1, another chromatin-bound protein that specifically promotes DSB 

formation at the PAR, showed that IHO1 is retained on sex chromosomes in 

~40% of SPO11P306T/P306T pachytene spermatocytes (compared to ~5% in WT). 

Previous studies have suggested that retention of these proteins on chromatin is 

due to lack of local synapsis (Boekhout et al. 2018; Papanikos et al. 2018; 

Stanzione et al. 2016; R. Kumar et al. 2018; Kumar et al. 2015). Additionally, 

previous studies have shown that shorter chromosomes and the PAR are more 

susceptible to the consequences of decreased DSB activity, for reasons like 

decreased autosome length means less recruitment sites or the timing sensitivity 
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of PRDM9-independent DSB mechanisms at the PAR (Kauppi et al. 2013). Thus, 

these findings reiterate that SPO11P306T could cause DSB machinery to have 

appreciably less catalytic efficiency, therefore delaying synapsis at sensitive 

chromosome regions. 

Another hypothesis I have entertained is P306T introducing unwarranted 

post-translational modifications on SPO11 and altering its function. As mentioned 

earlier, threonine is susceptible to modifications, especially phosphorylation by 

kinases. There are several known kinases that participate in mammalian meiosis: 

CDK2 (Viera et al. 2009), AURKA/B/C (Nguyen et al. 2018; Bury et al. 2017), 

ATM (Lange et al. 2011; Garcia et al. 2015), and ATR (Cooper et al. 2014; 

Carballo et al. 2013). Thus, my current data cannot rule out the possibility that 

aberrant phosphorylation, or any PTM, has compromised the ability of 

SPO11P306T to heterodimerize, be recruited to chromatin, or form DSBs.  

Finally, it is important to examine the possibility of, specifically, aberrant 

phosphorylation affecting DSB formation. I have previously discussed two 

kinases, ATM and ATR, and their role in sensing and regulating DSB levels in a 

negative and positive feedback loop, respectively. It is possible that ATM and/or 

ATR is more directly causing the defects we see, such as ATM prematurely 

phosphorylating SPO11P306T and causing decreased DSB formation. In 

SPO11P306T/P306T, the initial abundance of cellular SPO11P306T could overcome the 

aberrant phosphorylation of ATM; however, as SPO11-b levels taper off, ATM 

becomes more effective. Likewise, the severe decrease in DSBs observed in 

SPO11P306T/- could be a consequence of reduced cellular SPO11P306T, which 

allows phosphorylation by ATM to be more penetrant.  
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These possibilities will be interesting avenues to pursue in future studies 

of SPO11P306T. Although I cannot distinguish the most likely defect caused by 

P306T on SPO11 function with current data, I can state that P306T is a highly 

important amino acid and location that if changed, compromises SPO11 activity 

just enough to cause a variety of issues in germ cells. 

 

 
Figure 10. Current model of germ cell fates due to altered function of SPO11P306T.  
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CHAPTER IV: 

This is a pre-copyedited, author-produced version of an article accepted for 

publication in Human Molecular Genetics following peer review. The version of 

record Tina N Tran & John C Schimenti. A putative human infertility allele of the 

meiotic recombinase DMC1 does not affect fertility in mice. Human Molecular 

Genetics (2018) 27 (22): 3911-3918 is available online at: 

https://academic.oup.com/hmg/article-abstract/27/22/3911/5063595 and 

https://doi.org/10.1093/hmg/ddy286 

 

A putative human infertility allele of the meiotic recombinase 

DMC1 does not affect fertility in mice 
 

INTRODUCTION 

Surveys estimate that 10–15% of the United States population experiences 

some form of infertility (Chandra et al. 2013), and it is believed that as many as 

half of infertility cases have an underlying genetic basis. Over the past decade, 

candidate gene sequencing and whole-exome/genome re-sequencing have become 

increasingly used clinically for identifying potential causes of presumed genetic 

disorders including infertility. Several studies have employed the general 

approach of identifying a candidate variant/mutation in a sterile patient(s), 

sequencing the suspect gene in a number of normal patients, and then suggesting 

causation of the candidate mutation if it is unique (or homozygous in) only the 

infertile people (Sato et al. 2006; Miyamoto et al. 2008; Miyamoto et al. 2009; 

França et al. 2017). However, such correlation is not proof, as illustrated in the 

case of a purported globozoospermia allele of SPATA16 that was shown by mouse 

modeling to not impact fertility (Dam et al. 2007; Fujihara et al. 2017). 
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A major strategy for identifying and implicating putative disease 

mutations is the use of algorithms designed to predict the impact of mutations on 

protein function. Popular algorithms such as Polyphen-2, SIFT and FATHMM 

utilize direct or machine-learning strategies to assess protein sequence, structure 

and amino acid properties to generate predictions (Kumar et al. 2009; Adzhubei et 

al. 2010). Nonetheless, recent work has found that the predictions of damaging 

alleles are frequently inaccurate, and many predicted null mutations cause subtle 

deficiencies at best (Shihab et al. 2013; Wang et al. 2018). In addition, studies 

specifically aimed at fertility effects in vivo found that as low as 25% of predicted 

high-damaging variants cause any detectable phenotype (Singh and Schimenti 

2015). Although computational approaches can be useful, these studies emphasize 

that current algorithms may not be sufficiently reliable for high-confidence 

assessment of the physiological impact of variants, especially in a clinical context. 

In this present study, we took a closer look at a variant of human DMC1, a 

methionine-to-valine change at amino acid position 200 (Dmc1M200V). DMC1 is a 

meiosis-specific homolog of Escherichia coli RecA and is essential for the repair 

of SPO11/TOP6BL-induced double-strand breaks (DSBs) by homologous 

recombination (Yoshida et al. 1998; Bishop et al. 1992; Robert et al. 2016), a 

process that is essential for pairing of chromosome homologs. DMC1 knockout 

mice are sterile due to arrest of meiocytes stemming from failed homologous 

chromosome synapsis (Yoshida et al. 1998; D. L. Pittman et al. 1998) and 

activation of the meiotic DNA damage checkpoint (Bolcun-Filas et al. 2014). 

DMC1M200V was implicated as being responsible for premature ovarian failure in 

an African woman who was homozygous for this allele (Mandon-Pépin et al. 
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2008; Hikiba et al. 2008). Follow-up studies of this allele including 

crystallographic characterization, enzymatic assays and phenotypic analysis of 

yeast bearing the orthologous amino acid change demonstrated impaired function 

of the protein (Hikiba et al. 2008). We sought to expand upon these findings by 

introducing the M200V allele in the mouse ortholog of DMC1. Here, we report 

that DMC1M200V/M200V male and female mice are fertile, have normal fecundity and 

gamete numbers and have no meiotic defects. Our findings underscore the 

potential difficulties in reliably assessing allele pathogenicity and argue for the 

use of relevant in vivo functional assays to guide therapeutic actions. 

  

RESULTS 

DMC11M200V/M200V mice are fertile  

To generate mice modeling the human DMC1M200V allele, we performed 

CRISPR/Cas9-mediated genome editing in single-celled mouse embryos. As 

diagrammed in Fig. 11A and 11B, an ssODN was used as a template to introduce 

two nucleotide changes into codon 200 via homologous recombination, causing 

the codon to encode valine instead of methionine. Properly edited founder mice 

were identified (Fig. 11C), backcrossed into FVB/NJ for at least two generations, 

then intercrossed to generate heterozygous and homozygous mice for phenotypic 

analysis. 



 

70 

 

Figure 11. CRISPR/Cas9-mediated generation of DMC1M200Vmice.  

A) Diagram of human DMC1 protein labeled with known functional domains and binding sites. 

The M200V amino acid change is encoded by SNP rs2227914. B) CRISPR-Cas9 genome editing 

strategy to introduce the M200V amino acid change. Underlined is the sgRNA sequence, in bold is 

the PAM site, highlighted in yellow are nucleotide changes for Val and italicized is the restriction 

enzyme site for Hpy188I (TCN/GA). C) Sanger sequencing chromatograms from WT (left) and 

DMC1M200V/M200V mouse (right). 

 

 DMC1M200V/M200V mice did not show gross phenotypic abnormalities. To 

assess the fertility status of these mice, eight-week old DMC1M200V/M200V male and 

female mice were housed with WT mates over the course of four to eight months. 

Litter sizes of mutant and controls were not significantly different (Fig. 12A). 

Thus, the DMC1M200V allele does not impair fertility or fecundity in mice. 

 To determine if the mutation caused subclinical gonadal defects, gross and 

histological analyses of testes and ovaries were performed. Eight-week old 
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DMC1M200V/+ and DMC1M200V/M200V testis weights and sperm counts were 

indistinguishable from wild type (Fig. 12B, 12C). Similarly, mutant testis 

histology revealed no abnormalities in spermatogenesis (Fig. 12D).  

 Although females had normal fecundity, it is possible that the mutation 

caused reduction in the ovarian reserve. WT and DMC1M200V/M200V ovaries were 

histologically indistinguishable (Fig. 12E). We serially sectioned WT and 

DMC1M200V/M200Vovaries then quantified the total number of primordial follicles 

and found no significant difference (Fig. 12F). These results are consistent with 

the breeding studies and provide no evidence of any compromise to 

gametogenesis in either sex.
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Figure 12. DMC1M200V/+ and DMC1M200V/M200Vmice are fertile and show no gross 
abnormalities. A) Fertility testing. Mice of each genotype listed were bred to a WT mate starting 
at 8 weeks of age. Litter sizes are shown. The three genotypes on the left (blue) refer to the 

father’s genotype and the three genotypes on the right (red) refes to the mother’s genotype. WT 
males (n = 3) sired an average of 8.3 ± 0.65 (SEM) pups and WT females (n = 3) had average 
litters of 8.6 ± 1.4. The average litters of DMC1M200V/M200V males (n = 3) and females (n = 3) were 
8.2 ± 0.67 and 9 ± 1.52, respectively. The average litters of DMC1M200V/- males (n = 2) and females 
(n = 2) mice were 8.8 ± 0.58 and 8.8 ± 0.66, respectively. P-values were from the Student’s t-tests. 

NS = not significant. B) The mass of 8-week-old testes were measured and averaged, then the 
ratio was calculated relative to the respective animal’s body mass. Average values ± SEM were 
0.41 ± 0.0097 for WT (n = 6), 0.38 ± 0.036 for DMC1M200V/+(n = 5) and 0.42 ± 0.015 for 
DMC1M200V/M200V (n = 4). C) Sperm counts from 8-week-old males. Average values ± SEM were 

53 150 000 ± 802 808 for WT (n = 6); 49 806 667 ± 3 097 300 for DMC1M200V/+ (n = 5) and 50 
025 ,000 ± 2 947 987 for DMC1M200V/M200V (n = 4). D) Testicular histology of WT and mutant. 
H&E stained testis cross-sections were from 8-week-old animals, and imaged at 40x 
magnification. Size bar, 75 μm. E) Ovarian histology of WT and mutant. Paraffin-embedded and 
H&E stained cross-sections were from 3-week-old WT and DMC1M200V/M200V ovaries. The left 

panels were imaged at 10x (size bar, 500 μm). The right panels are higher magnifications from the 
insets in the left panels (size bar, 50 μm). Black asterisks mark primordial follicles. F) 
Quantification of primordial follicles in 3-week-old ovaries. Averages for each ovary are 2516 ± 
144 follicles in WT (n = 3; SEM) and 2581 ± 74.2 follicles in DMC1M200V/M200V (n = 3). 

 

DMC1M200V does not disrupt spermatogenesis in mice 

 Despite having normal fertility, fecundity, and histology, it is possible that 

the M200V amino acid change has a mild effect only detectable at the cellular 

level. DMC1 is a meiosis-specific recombinase that acts at sites of SPO11-

induced double-strand breaks to catalyze D-loop formation and strand exchange 

between chromosomes, ultimately promoting chromosome pairing, synapsis, and 

recombination (Yoshida et al. 1998; Bishop et al. 1992; Schwacha and Kleckner 

1997; D. Pittman et al. 1998).  To detect any abnormalities that could reflect 

defective function of DMC1M200V during murine meiosis, we used 

immunocytological analyses of surface spread chromosomes from WT and 
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DMC1M200V/M200V spermatocytes, using markers diagnostic for certain key events 

of meiosis. 

First, we checked if DMC1M200V was properly recruited to sites of DSBs. 

There was no significant difference in DMC1 focus numbers between WT and 

DMC1M200V/M200V during the peak stages of DSB formation: leptonema and 

zygonema (Fig. 13A, 13B). Normally, as meiotic prophase I progresses and DSBs 

are repaired by recombination, DSBs as marked by DMC1, decrease in zygonema 

and pachynema, ultimately disappearing in late pachynema. This was the case 

with DMC1M200V/M200V spermatocytes. These results indicate that DMC1M200V is 

properly recruited to sites of meiotic DSBs, catalyzes homologous recombination 

repair of these DSBs, which is essential for pairing of homologous chromosomes, 

and is properly released from processed DSBs following repair. 

 Next, we immunolabeled spreads with gH2AX, a histone variant 

phosphorylated at sites of DNA damage, which also serves as a marker of the 

transcriptionally silenced and heterochromatinized XY body that forms in 

pachynema (Burma et al. 2001). Similar to WT, leptotene and zygotene 

DMC1M200V/M200V spermatocytes had high levels of gH2AX along chromosomes 

(data not shown) and by pachynema, gH2AX was exclusive to the X and Y 

chromosomes, indicative of complete DSB repair on autosomes and XY body 

formation (Fig. 13C). We then immunolabeled chromosome spreads for 

synaptonemal complex (SC) transverse element protein SYCP1, which marks 

regions of complete synapsis between homologs and SYCP3, which decorates the 

axial/lateral elements of the synaptonemal complex. In the absence of DMC1, 

repair of meiotic DSBs does not occur, and homologous chromosomes do not 
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synapse (D. Pittman et al. 1998; Yoshida et al. 1998). SC formation occurred 

normally in DMC1M200V/M200V spermatocytes as indicated by SYCP3/SYCP1 

staining of pachytene chromosomes (Fig. 13D). This suggests that DMC1M200V 

does not affect homologous chromosome synapsis.  

 Meiotic DSBs are repaired by one of two mechanisms: the majority 

(~90%) as noncrossovers (NCOs) and the rest as crossovers (COs) (Gray and 

Cohen 2016). While both types of events are important for driving homolog 

pairing and synapsis, chiasmata formed by CO events are essential for proper 

chromosome segregation at the first meiotic division. To test whether crossover 

formation is affected in DMC1M200V/M200V spermatocytes, we quantified MLH1 

foci, a proxy for the predominant class of crossovers in mice, in pachytene 

spermatocyte nuclei (Fig. 13E). Interestingly, whereas WT spermatocytes had 23 

± 2.0 MLH1 foci/cell (mean±s.d., n=3, 96 cells), DMC1M200V/M200V had 22 ± 2.4 

MLH1 foci/cell (mean±s.d., n=4, 120 cells), which is a small but statistically 

significant difference (p= 0.03; Figure 13F).  
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Figure 13. Immunocytological analysis of meiotic chromosomes in 
DMC1M200V/M200Vspermatocytes.  
A) Immunolabeling of WT and DMC1M200V/M200V surface-spread leptotene, zygotene and pachytene 

spermatocyte nuclei with indicated antibodies. Size bar, 20 μm. B) Quantification of DMC1 foci 
from A. L, leptonema; Z, zygonema; P, pachynema. The average numbers of DMC1 foci/cell ± 
SEM were 206 ± 3.2 (25 cells), 79 ± 3.7 (30 cells) and 16 ± 1.4 (30 cells) in leptonema, zygonema 
and pachynema, respectively. The average ± SEM DMC1 foci in DMC1M200V/M200V were 208 ± 2.9 
(45 cells), 83 ± 3.2 (40 cells) and 11 ± 1.9 (38 cells) in leptonema, zygonema and pachynema, 

respectively. The cells scored were from three WT males and three DMC1M200V/M200V males. C) 
DMC1M200V/M200V pachytene spermatocytes exhibit normal-appearing XY bodies (marked by 
intense γH2AX staining). They also lack residual meiotic γH2AX—marked DSB-containing 
regions over autosomes. Testes from three males of each genotype were surveyed. Size bar, 20 

μm. D) DMC1M200V/M200V spermatocytes exhibit complete synapsis. SYCP1, an SC central element 
protein, labels regions of synapsed chromosomes. The only asynapsed region in both genotypes 
corresponds to the non-homologous parts of the X and Y, which are stained red (SYCP3), rather 
than yellow (the composite of SYCP1/3). WT (n = 3) and DMC1M200V/M200V (n = 3). Size bar, 20 
μm. E) Quantification of COs using the surrogate marker, MLH1. Representative pachytene cells 

are stained for MLH1 (green) and SYCP3 (red). Size bar, 20 μm. F) Quantification of MLH1 foci 
in pachytene spermatocytes. Average ± SEM MLH1 foci in WT was 23 ± 2.0 (n = 3; 96 cells) and 
22 ± 2.4 (n = 4; 120 cells) in DMC1M200V/M200V. P-value is from the two-tailed Student’s t-test. 

 

One copy of DMC1M200V is sufficient for normal meiosis 

 Although fertility, fecundity, and meiotic prophase I chromosome 

behavior was normal in DMC1M200V/M200V mice, we considered the possibility that 

the mutant protein might be compromised in a subtle way that would only 

manifest under more challenging conditions. Accordingly, we bred mice 

hemizygous for DMC1M200V (DMC1M200V/-) by crossing our DMC1M200V/M200V to 

mice heterozygous for a functional DMC1 allele (DMC1tm1Jcs).  The testis weights 

and sperm counts of eight-week old DMC1M200V/- males were no different than 

wild type (Fig. 14A, 14B), and testis histology was unremarkable (Fig. 14C). 

Likewise, females at three weeks of age had primordial follicle counts similar to 

WT (Fig. 14D). Lastly, breeding DMC1M200V/- animals to WT mates yielded 



 

76 

normal sized litters; males sired an average of 8.8 pups/litter and females birthed 

8.8 pups/litter (p= 0.55 and p= 0.90, respectively; Figure 9A). These results 

provide further evidence that under in vivo conditions, DMC1M200V has no 

substantial impact on fertility, fecundity, or gametogenesis.

 

Figure 14. One copy of the DMC1M200Vallele is sufficient for normal meiosis and fertility in 
mice.  
A) Testis weight is unaffected by the Dmc1M200V allele in a hemizygous state. The chart includes 
some data from Figure 2B. Mice were 8 weeks old. Average body-to-testis weight values (± SEM) 

not presented in Figure 2 were Dmc1M200V/- (n = 4; 0.39 ± 0.0075) and Dmc1+/- (n = 2, average 
± SEM = 0.42 ± 0.00003). P-values were from the Student’s t-test. B) Sperm count is unaffected 
by the Dmc1M200V allele in a hemizygous state. The chart includes some data from Figure 2C. Mice 
were 8 weeks old. Average values (± SEM) not presented in Figure 2 were Dmc1M200V/- (n = 4; 54 
300 000 ± 703 562) and Dmc1+/-- (n = 2; average ± SEM = 56 100 000 ± 600 000). P-values were 

from the Student’s t-test. C) Representative image of paraffin-embedded and H&E stained testis 
cross-section from an 8-week-old Dmc1M200V/- male. Size bar, 75 μm. D) Primordial follicle counts 
from three-week old Dmc1M200V/- ovaries. The chart includes some data from Figure 2F. The 
average ± SEM for Dmc1M200V/- was 2 416 ± 155 follicles/ovary (n = 3 animals and 6 ovaries).  
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DISCUSSION 

Remarkable advances in genomics capabilities in the past few years are 

revolutionizing medicine. As DNA sequencing costs have dropped precipitously, 

it is becoming more routine to use whole-exome or whole-genome sequencing as 

clinical tests for certain common (namely, cancer) or rare diseases (such as 

undiagnosed developmental disorders). This will certainly become more 

commonplace for identifying potential genetic causes of idiopathic infertility in 

individual patients. Coupled with the advent of genome editing technology, it is 

increasingly plausible (scientifically) to envision genetic correction of infertility-

causing alleles, particularly in males where spermatogonial stem cells are present 

and can be cultured, manipulated and returned into the patient. Of course such 

interventions, should they indeed be deemed as safe and acceptable, are 

absolutely dependent upon unequivocal identification of the infertility-causing 

mutation or variant. 

The work presented here is part of an NIH-funded project we have 

undertaken to specifically address this issue (Singh and Schimenti 2015), and our 

results serve to highlight the serious nature of the problem. The DMC1M200V allele 

was identified as a potentially causative infertility variant 10 years ago (Hikiba et 

al. 2008; Mandon-Pépin et al. 2008) and associated work provided compelling 

evidence that the allele encoded a protein with altered biochemical activities that 

might be consistent with disrupted meiosis (Hikiba et al. 2008). However, our in 

vivo modeling of this allele showed that this allele, in mice, did not impact 

fertility or fecundity at all. 

While we are of the opinion that in vivo modeling in mice is a more 

physiologically relevant biological test than in vitro biochemical assays, there are 
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still potential caveats. One is that it is possible that the M200V alteration is 

tolerated in mice but not humans. We consider this unlikely because the mouse 

and human DMC1 proteins are 97.5% identical, and there are no differences from 

position M200 to the C terminus of both proteins (position 340). The nearest 

difference is conservative (ASP versus GLU), 18 AAs N terminal. Nevertheless, 

we checked the octameric ring crystal structure (Hikiba et al. 2008) to see if 

M200 interacts with a polymorphic distant residue in the folded state. The Met200 

residue on helix alpha-11 of one DMC1 monomer appears to interact with 

MET249 on alpha helix 13 of the adjacent DMC1 monomer. This amino acid, as 

well as the entire AA sequence of both alpha helices are identical between mouse 

and human. Finally, there are no DMC1 paralogs unique to mice, and the mouse 

gene is absolutely required for meiosis and fertility in mice. 

It is also conceivable that the gonadal environment in humans is such that 

the M200V change is catalytically more unstable in human meiocytes than in 

mouse meiocytes. For example, we found that in DMC1M200V/M200V spermatocytes, 

there was a slight decrease (<5%) in the number of MLH1 foci. However, the 

number of MLH1 foci varies among inbred strains (Burma et al. 2001), and since 

the founder mice were of mixed genetic background, it is possible that the 

variation is due to these differences, possibly linked to the Dmc1 locus. 

Nevertheless, the impact, if any, was negligible in terms of all other reproductive 

parameters (e.g. germ cell numbers, litter sizes etc.). 

A final caveat is the possibility that the mixed genetic background used in 

this study somehow suppressed the biochemical consequences of the DMC1M200V 

mutation, and that if placed in other backgrounds (say, a completely inbred 
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background), that a hypomorphic phenotype might be revealed. However, there 

have been no reports of anything but catastrophic germ cell loss in DMC1 null 

mouse studies (Yoshida et al. 1998; D. Pittman et al. 1998) in numerous 

laboratories (including our own, where we produced the first null allele, and have 

maintained it in the C57BL/6J background). 

The case of DMC1M200V is emblematic of the challenges facing genetic 

diagnosis of infertility in a clinical situation. Computational algorithms are useful 

for estimating the potential damage of a variant on protein function, but should 

not serve as an endpoint during the validation process due to their insufficient 

reliability (Wang et al. 2018; Miosge et al. 2015), particularly if the information 

was to be used for treatment actions. The DMC1M200V allele was originally cited as 

being ‘probably damaging’ by the widely used Polyphen algorithm (Mandon-

Pépin et al. 2008). However, the updated Polyphen-2 now predicts the variant as 

benign, as does FATHMM, SNPs & GO and SIFT. In contrast, PANTHER and 

Mutation Assessor score the allele as being ‘possibly damaging’ and ‘medium 

functional impact’, respectively. Current algorithms measure different criteria 

with different emphases, which can result in contradictory conclusions. However, 

technology is dynamic, and with increasing numbers of in vivo studies and 

training data sets, these algorithms may become more accurate with time. Another 

indicator of whether an allele might cause infertility is allele frequency. As noted 

by He et al. (He et al. 2018), the DMC1M200V has a high allelic frequency in 

African populations (12% according to the gnomAD database), which seems 

incompatible with it being an infertility allele. 
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In conclusion, this study highlights the importance of in vivo modeling to 

make accurate conclusions about putative infertility-associated polymorphisms or 

de novo mutations before taking clinical actions. While mice are currently the 

most accurate models for this (Kherraf et al. 2018; Singh and Schimenti 2015; 

Kumar et al. 2009), we anticipate that improvements to in vitro gametogenesis, 

especially with human cells, will be important for development of higher-

throughput and lower-cost analysis for diagnostics of genetic causes of human 

infertility. 
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CHAPTER V:  

Variant SEPT12 G169E causes sperm motility defects in mice 

 

INTRODUCTION  

SEPTINs (SEPTs) belong to a family of GTP-binding proteins that have 

numerous functions in the cell (Weirich et al. 2008). Examples include SEPTs 

functioning as scaffolds for protein recruitment, diffusion barriers for subcellular 

compartmentalization, and as components of the cytoskeleton in eukaryotic cells 

(Mostowy and Cossart 2012). To perform these functions, all SEPTs form higher 

order structures including oligomeric complexes, filaments, bundles, and rings.  

SEPT12, a testis-specific SEPT, is no different, where recent work has 

shown SEPT12 forming octameric rings with combinations of SEPT2, 4, 7, and 

12 to shape the sperm annulus (Kuo et al. 2012; Kuo et al. 2015). Due to the role 

of SEPT12 in forming the annulus, it is unsurprising that studies of chimeric 

SEPT12 KO mice have shown varying degrees of fertility defects. Loss of 

SEPT12 has caused decreased sperm counts, abnormal sperm morphology and 

inhibited locomotor activity, which are consistent phenotypes of defective annulus 

formation (Kuo et al. 2012; Lin et al. 2012; Huang et al. 2018). An additional 

study reports that SEPT12 deficiency severely impacts sperm nuclear 

reorganization during spermiogenesis, to the point that in vitro fertilization with 

mutant sperm will not yield viable embryos (Lin et al. 2011). Lastly, variant 

SEPT12 alleles have been reported in infertility patients. SNPs residing in 

SEPT12 have been implicated as causes of SCO syndrome (Miyakawa et al. 
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2012), teratozoospermia (Lin et al. 2012), and azoospermia (Miyamoto et al. 

2012; Geng et al. 2018).  

 Due to these findings, we prioritized SEPT12 as a candidate for our 

infertility alleles study. According to gnomAD, there are numerous variant 

SEPT12 alleles existing in the human population. We applied our previously 

described parameters for prioritizing candidate alleles, which includes protein 

conservation, allele frequency, and “predicted deleteriousness” scores by 

algorithms, and chose to focus on the SEPT12 alleles listed in Table 1. This study 

is unique from the previous chapters because the SEPT12 alleles were tested in 

vitro (by Robert Fragoza from the Yu Lab at Cornell University, unpublished) 

prior to generating mouse models. My part in this worked involved generating 

and assessing mouse models of variants: SEPT12 V162M (mouse V160M, 

rs144420035), SEPT12 G169E (mouse G167E, rs138628476), and SEPT12 V222I 

(mouse V220I, rs142721632).  

 

RESULTS 

Selection of candidate SEPT12 infertility alleles  

The human SEPT12 alleles assessed in this study were T111K, V162M, 

G169E, V222I, and R311H. We applied several parameters for initial allele 

selection, such as: amino acid conservation, allele frequency (0.01-2%) in the 

human population, as well as the ability for our collaborators (R.F.) to do in vivo 

assays. The in vivo assays include measuring protein stability, which involves 

expressing WT and variant SEPT12 tagged with GFP in HEK293T cells, then 

comparing GFP fluorescence. The second assay was measuring the ability of 
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variant SEPT12 to interact with known interactors via yeast two-hybrid. A 

summary of results for each candidate SEPT12 allele is in Table 1. 

 

 

 
Table 5. SEPT12 alleles and expression results in yeast. 

Listed are the rsID of the human SNP, human allele and orthologous mouse allele, allele 
frequency averaged among populations in gnomAD (accessed 11/6/2018), results from yeast two-
hybrid assay, and result from protein stability assay. 

 

 

SEPT12 alleles do not disrupt spermatogenesis in mice 

Due to poor guide RNA efficiency, I was only able to model alleles 

SEPT12V162M, SEPT12G169E, and SEPT12V222I in mice. To generate these mice, 

CRISPR/CAS9-mediated genome editing in single-celled zygotes was performed. 

The orthologous amino acid changes in mice are SEPT12V160M, SEPT12G167E, and 

SEPT12V220I, respectively, but I will continue referring to variants by the human 

allele in this text. As diagrammed in Fig. 15A, point mutations encoding the 

appropriate amino acid change at the orthologous locus via homology-directed 

repair (HDR) in mouse zygotes were generated. Founders with the desired 

mutation were identified (Fig. 15B), backcrossed into FVB/NJ for at least two 

rsID Human 
Allele 

Mouse 
Allele 

Allele Freq 
(gnomAD) 

Y2H 
Disruption 

Stability 

rs145805283 SEPT12 
T111K 

SEPT12 
T109K 

0.0008 2/2 TBD 

rs144420035 SEPT12 
V162M 

SEPT12 
V160M 

0.00049 2/2 TBD 

rs138628476 SEPT12 
G169E 

SEPT12 
G167E 

0.00023 2/2 TBD 

rs142721632 SEPT12 
V222I 

SEPT12 
V220I 

0.00067 1/1 TBD 

rs754691326 SEPT12 
R311H 

SEPT12 
R309H 

0.000089 1/2 TBD 
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generations, then intercrossed to generate heterozygous and homozygous mice for 

phenotypic analysis. 

 

Figure 15. Diagram of CRISPR/Cas9 genome editing strategy to generate mice carrying 

SEPT12 alleles V162M, G169E, and V222I. A)  Schematic of human SEPT12 and approximate 

location of variants. Below schematic are the amino acid and nucleotide sequences of region 

where SNP resides in the human and mouse genomes, as well as the point mutations introduced by 

the ssODN/HR template. Yellow highlight, red text/underline = nucleotide change(s) to generate 

variant; black text/underline = silent nucleotide changes to prevent CAS9 re-cleavage; bold text = 

PAM site, blue text = restriction enzyme site used for genotyping. B) Chromatograms of WT and 

SEPT12V162M/V162M, SEPT12G169E/G169E, and SEPT12V222I/V222I mice. 

 

Because previous studies have shown that SEPT12 mutations can cause 

male infertility stemming from defective sperm production, several reproductive 

parameters of mutant mice were assessed.  There were no significant differences 

in testis weights in any of the mutant lines compared to WT (Fig. 16A). 

Furthermore, testis histology of mutants appeared indistinguishable from WT, 

indicating that spermatogenesis was grossly normal at this level of analysis, at 

least until the point of spermiation (Fig. 16B). Finally, counts of epididymal 
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sperm from each of the three mutant alleles was not significantly different from 

WT levels. (Fig. 16C). 

 

 

Figure 16. Spermatogenesis is unaffected in SEPT12V162M/V162M, SEPT12G169E/G169E, and 
SEPT12V222I/V222I mice. A) Adult testis weights relative to body mass. SEPT12+/+ (n=10, avg=0.39 

± 0.01), SEPT12V162M/V162M (n=4, avg=0.39 ± 0.01, p=0.67), SEPT12G169E/G169E (n=6, avg=0.40 ± 
0.01, p=0.95), and SEPT12V222I/V222I mice (n=6, avg=0.38 ± 0.01, p=0.061). B) Sperm quantified 
from both epididymides of each mouse. SEPT12+/+ (n=8, avg=41x106 ± 4.3x106), 
SEPT12V162M/V162M (n=4, avg=39x106 ± 1.5x106, p=0.69), SEPT12G169E/G169E (n=6, avg=35x106 ± 

4.5x106, p=0.33), and SEPT12V222I/V222I mice (n=4, avg=39x106 ± 1.7x106, p=0.67). C) H&E 
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stained testis cross-sections from eight-week old mice. Size bar= 75µm. Avg ± SEM. P-value from 

Student’s T-test. 

 

SEPT12G169E allele causes subfertility and sperm motility defects 

The fertility of SEPT12 mutants was assessed by breeding them to age-

matched WT controls. SEPT12V162M/V162M and SEPT12V222I/V222I were fertile, 

having sired pups at the same rate as WT males (Fig. 17A). Interestingly, 

SEPT12G169E/G169E males (n=3) produced a total of 20 pups with three WT females 

over 15 months. This defect does not appear semi-dominant because 

SEPT12G169E/+ sired pups at a rate similar to WT (p=0.81). 

To explore the basis for the reduced fertility, the quality of 

SEPT12G169E/G169E sperm was examined. While the gross morphology of 

SEPT12G169E/G169E epididymal sperm appeared normal (Fig. 17B), a substantial 

fraction of mutant sperm was weakly motile. Individual spermatozoa were scored 

as belonging to one of 3 categories: weakly motile (e.g. minimal or no locomotive 

activity), intermediately motile (some productive movement) or motile 

(progressive motility resembling WT) (Fig. 17C). Homozygous SEPT12G169E/G169E 

males had approximately double the number of poorly motile sperm as WT 

animals, with >75% overall having defective motility.   

Since SEPT12G169E had reduced protein stability when expressed in 

HEK293T cells, I wanted to test if this was the same case in mice and the cause 

for poorly motile sperm. I immunolabeled sperm from WT and SEPT12G169E/G169E 

males with anti-SEPT12 antibody and observed decreased signal across the entire 

length of mutant sperm (Fig. 17D). Furthermore, I saw that the distal midpiece or 

approximate location of annulus, lacked any aggregation of SEPT12 labeling. 
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Figure 17. SEPT12G169E/G169E is subfertile due to poor sperm motility. A) Fertility tests of two-
to-six month old WT (n=2 males, avg=8.9 ± 0.51; n=2 females, avg=8.6 ± 0.61), 
SEPT12V162M/V162M (n=2 males, avg=10.2 ± 0.89, p=0.19; n=2 females, avg=9.6 ±0.6, p=0.28), 

SEPT12G169E/G169E (n=3 males, avg=4.0 ± 1.3, p=0.00052; n=2 females, avg=9.2 ± 0.57, p=0.44), 
or SEPT12V222I/V222I (n=2 males, avg=9.8 ± 0.79, p=0.34; n=2 females, avg=11.3 ± 0.61, p=0.012) 
mice bred to age-matched controls. Litter sizes were recorded. Blue = males. Red = females. All 
comparisons are not significant except for male WT vs male SEPT12G169E/G169E (p=0.00052) 
and female WT vs female SEPT12V222I/V222I (p=0.012).  B) Images of sperm from WT and 

SEPT12G169E/G169E adults captured at 20x and 40x. Size bar = 25µm. C) Assessment of sperm 

motility of WT (n=2, sperm=166), SEPT12G169E/+ (n=4, sperm=484), and SEPT12G169E/G169E (n=3, 
sperm=416) mice. D) Immunolabeling of sperm from WT (n=1, sperm=25) and SEPT12G169E/G169E 

(n=2, sperm=25). Size bar = 25µm. P-value from Student’s T-test. 

 
 

DISCUSSION 

The alleles investigated affected residue positions currently 

uncharacterized. Unfortunately, some of the human variants (SEPT12 T111K and 

R311H) were not modeled in mice due to CRISPR-CAS9 genome editing 

limitations. However, the ones I was successful at generating mice for (SEPT12 

V162M, G169E, and V222I) yielded interesting insight on SEPT12’s in vivo 

function. One allele, SEPT12 G169E, corroborated previous reports on the 

importance of SEPT12 in mammalian sperm development and physiology. 

Notably, all of the variants assessed were initially screened in in vitro 

assays and were found to cause defects in protein stability and/or disrupt known 

interactions (work done by R.F.). However, of the three variants subsequently 

modeled in mice, only one showed detectable effects on fertility. Multiple 

explanations can be attributed to this. 

First, after aligning protein sequences of human and mouse SEPT12, there 

was only 77% similarity (Altschul et al. 1990). Although the regions and residue 
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positions were conserved in all of our variants, the differences in the general 

protein structure could cause more severe defects in human SEPT12 than mouse 

SEPT12. On a similar note, I observed that across all variants tested in my 

dissertation, the most severe phenotypes were associated with SNPs that caused 

changes in amino acid charge. Therefore, it is possible that SEPT12V162M and 

SEPT12V222I alleles do cause minor defects, they are just not detectable using our 

assays. With that in mind, this work is reminiscent of my DMC1M200V study, 

where in vitro results do not always translate to detectable differences in vivo. 

Studying SEPT12 in vivo allows us to assess the variants in their biological 

context, subject to confounding factors like redundancy of other SEPTs, varying 

isoforms, post-translation modifications, and dynamic interactions with other 

proteins. 

The variant that showed a reduction in fertility was SEPT12G169E, but 

interestingly, the defects were not as obvious as other previously published 

SEPT12 mutants (Kuo et al. 2012; Shen et al. 2017; Lin et al. 2011; Lin et al. 

2009). The SEPT12G169E/+ mice were indistinguishable from WT in all assays, 

while SEPT12G169E/G169E males did sire less pups, but sperm quantity and gross 

morphology (e.g. head, midpiece, tail) appear to have formed normally. I cannot 

rule out whether or not proper annulus formation was affected, but 

immunofluorescent labeling of sperm favors the latter. I saw reduced SEPT12 

localization at the head and along the entire length of the tail in SEPT12G169E/G169E 

sperm. Furthermore, where the annulus should be located (between the midpiece 

and tail) lacked any SEPT12 aggregation, which has been used to mark the 

annulus (Kuo et al. 2015; Kuo et al. 2012). 
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SEPT12 G169 is an uncharacterized residue and site that occurs in a 

conserved region of SEPT12. This site could be important for any number of 

functions, such as be a novel GTP-binding site. However, when assessing the 

predicted structure of SEPT12, it appears that G169 is located at an exposed 

interface, unlike V162 and V222 (SwissModel, Q8IYM1). This suggests that 

G169E could inhibit SEPT12G169E interactions with other proteins, such as with 

SEPT2, 4, 7, and 12 to form the sperm annulus (Kuo et al. 2015).  

Introducing G169E causes the site to gain an R group that is negatively 

charged. It is possible that the change in charge alone disrupted SEPT octameric 

ring assembly. Another possibility is G169E affecting how SEPT12 is post-

translationally modified. In Shen et al., a phosphomimetic mouse with the point 

mutation S196E was generated to study the effects of phosphorylation on SEPT12 

function. The SEPT12S196E/S196E males had a similar phenotype as 

SEPT12G169E/G169E: normal testis and epididymal morphology, yet less pups were 

sired and sperm had poor motility (Shen et al. 2017). With electron microscopy, 

Shen et al. found that the phosphomimetic mutant produced sperm that lacked an 

annulus structure, thus suggesting that SEPT12 phosphorylation inhibited SEPT 

ring formation and prevented formation of the annulus. Only for speculative 

purposes, the SEPT12G169E mice has the same resulting amino acid change, an 

introduction of glutamic acid, and it is possible that SEPT12G169E is a 

phosphomimetic as well. 
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CHAPTER VI: 

Preliminary assessment of additional mice harboring candidate 

infertility alleles 
 

INTRODUCTION 

 The work done in this dissertation has two overarching goals: 1) 

scientifically evaluating candidate infertility alleles via mouse modeling and 2) 

determining what traits are unique to infertility alleles so we (and others) can 

improve how we prioritize candidates to test and determine real infertility variants 

in the future. To gain ground on these two goals, Dr. Singh and I generated many 

additional mouse models to assess the fertility status of. This chapter is composed 

of vignettes on additional alleles I have studied in mice. These alleles were chosen 

based on the same parameters as SPO11P306T. I chose genes known to function in 

germ cell development, prior mouse KO studies revealed an infertility phenotype, 

the amino acid and region are mostly conserved, the SNP is predicted to be 

damaging to protein function, and the allele occurred at a reasonable frequency in 

the human population. 
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RESULTS 

 

Brief Introduction to EGR4 

  EGR4 is a member of the EGR family of zinc-finger transcription factors 

that are involved in cellular growth and differentiation. The exact role of EGR4 is 

yet to be determined but it is expressed at low levels during spermatogenesis. In a 

study evaluating an EGR4 KO mice (Tourtellotte et al. 1999), a majority of 

spermatocytes arrest in mid-pachynema, but some cells were capable of becoming 

morphologically abnormal spermatozoa. Nonetheless, KO males were infertile 

while females showed no obvious abnormalities. The allele I evaluated here is 

EGR4P198L (rs35980039) and occurs at 0.03% in the South Asian population 

(gnomAD). 

 
EGR4P198L/P198L males are subfertile 

To generate mice modeling the human EGR4P198L allele, CRISPR/Cas9-

mediated genome editing in single-celled zygotes was performed. As diagrammed 

in Figure 18A and 18B, a ssODN was used as a template to introduce one 

nucleotide change into codon 93 via homologous recombination, causing this 

codon to encode leucine instead of proline. Founder mice with the desired 

mutation were identified (Fig. 18C), backcrossed into FVB/NJ for at least two 

generations, then intercrossed to produce homozygous mice for phenotypic 

analysis. 
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Figure 18. Diagram of CRISPR/Cas9 genome editing strategy to generate mice carrying 

EGR4 P198L. A) Schematic of human EGR4 protein. B) Schematic of the amino acid and 
nucleotide sequences of region where SNP resides in the human and mouse genomes, as well as 
the point mutations introduced by the ssODN/HR template. Yellow highlight, red text/underline = 
nucleotide change(s) to generate variant; black text/underline = silent nucleotide changes to 
prevent CAS9 re-cleavage; bold text = PAM site, blue text = restriction enzyme site used for 

genotyping. B) Chromatograms of WT and EGR4P198L/P198L mice. 

 

Fertility and fecundity are currently being assessed with males and female 

EGR4P198L/P198L mice. Eight-week old adults are housed with age-matched WT 

mates and the number of litters as well as sex of pups will be recorded for 6-8 

months. 

Gonadal morphology was assessed. EGR4P198L/P198L males at 8-weeks had 

~25% reduction in testis size (0.31 ± 0.14, p=0.0038) compared to WT (0.39 ± 

0.016) (Fig. 19A). As expected, sperm counts were also reduced in mutants 

(27x106 ± 96x104, p=0.00013) compared to WT (61x106 ± 2.1x106) (Fig. 19B). 

General analysis of testis cross-sections did not show obvious defects in 
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spermatogenesis (Fig. 19C). However, I did observe that metaphase cells in 

EGR4P198L/P198L were enlarged. Future work needs to look more closely at spindle 

assembly and metaphase plate formation by a more sensitive method, but from 

H&E stained sections, there appears to be abnormal chromosome alignment in 

mutant metaphase cells. 

 

 

Figure 19. EGR4P198L/P198L males are subfertile with abnormal spermatocytes. 
A) Relative body:testis masses measured in WT and EGR4P198L/P198L. N=3 per genotype. B) Total 
sperm quantified from both epididymides of each animal. N=3 per genotype. C) H&E stained 
testis cross-sections from WT and EGR4P198L/P198L males at 8-weeks. From left to right, size bar = 

75µm and 20µm. Right panel is image at 60x. 
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EGR4P198L/P198L has minor retention of DMC1 

Due to the reduction of sperm, I started preliminary work to look at 

meiotic progression in EGR4P198L/P198L males. I first checked for synapsis of 

homologous chromosomes by immunolabeling spermatocyte chromosome 

spreads for synaptonemal complex proteins, SYCP1 and SYCP3 (Fig. 20A). 

Preliminary work shows mostly normal synapsis of homologues; however, I did 

observe more-than-normal early pachytene cells with 1 or 2 homologues 

asynapsed. This observation has not been quantified. Next, I immunolabeled 

spreads for phosphorylated gH2AX, an indicator of DNA damage, and saw 

similar staining patterns to WT (data not shown). Furthermore, by pachynema, I 

observed normal formation of the sex body in EGR4P198L/P198L (Fig 20A). 

 To look at DSB formation and the subsequent recruitment of early 

recombination proteins, I immunolabeled spreads with DMC1, a protein that 

binds ssDNA ends of DSBs (Fig. 20B, 20C). With early data and n=1 per 

genotype, I did not see significant differences in DMC1 levels between WT 

(cells=3, 151 ± 14) and EGR4P198L/P198L (cells=2, 200 ± 5.7, p= 0.076) in leptotene 

cells or in zygotene WT (cells=7, 83 ± 15) and EGR4P198L/P198L (cells=7, 87 ± 10, 

p=0.83) cells. This suggests that EGR4P198L does not affect DSB formation or 

recruitment of early DNA repair proteins. However, I did see a modest difference 

in early pachynema where WT (n=22, 10 ± 2.1) had less DMC1 foci than 

EGR4P198L/P198L (cells=21, 26 ± 6, p=0.018). By mid- to late pachynema, mutant 

spermatocytes had displaced all DMC1 (cells=7, 0 ± 0). Together, this data 

suggests that there is some delay in DSB repair in EGR4P198L/P198L and that it is 

possible for a subset of cells to arrest prior to mid-pachynema due to the defects. 
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Future work will require additional replicates and would benefit from 

immunolabeling spreads with RAD51. 

Lastly, I have preliminary data on EGR4P198L/P198L and its effects on CO 

formation (Fig. 20D, 20E). Currently, numbers are not significantly different 

between WT (n=1, cells=9, 24 ± 0.5) and EGR4P198L/P198L (n=1, cells=12, 25 ± 

0.6). However, not nearly enough cells have been assessed and it does appear that 

a wider range in MLH1 foci counts occurs  in EGR4P198L/P198L males. This data 

hints at potential metaphase defects.  
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Figure 20. Preliminary data on EGR4P198L/P198L shows normal prophase I except minor 
DMC1 retention. 
A) Spermatocyte chromosome surface spreads immunolabeled with SYCP1 and SYCP3 shows 

mostly normal synapsis of homologues (left) (each genotype n=1, cells=20). Spreads 

immunolabeled with SYCP3 and gH2AX showing normal sex body formation. Size bar = 20 µm. 

B) Zygotene and early pachytene spreads immunolabeled with SYCP3 and DMC1. C) 

Quantification of DMC1 foci throughout prophase I. D) Pachytene spreads immunolabeled with 

SYCP3 and MLH1. Size bar = 20µm. E) Quantification of MLH1 foci per cell. 
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Brief Introduction to MND1 

 After DSBs are formed in meiosis, several recombination proteins are 

recruited to process the break for repair and designate CO formation. MND1 

(along with HOP2) are key accessory proteins for mediating these early steps in 

recombination. Together they function in stabilizing RAD51/DMC1 to ssDNA 

ends, facilitate homology search for a donor duplex, and subsequent strand 

invasion. However, loss of MND1 is not as detrimental as loss of HOP2. In Pezza 

et al., MND1 KO spermatocytes showed varying levels of homologous 

chromosome synapsis (from 5% to 100% synapsis), and depending on synapsis 

levels, showed defective to normal RAD51/DMC1 staining patterns (Pezza et al. 

2014). However, despite the ability to repair DSBs, loss of MND1 prevented CO 

formation. In this vignette, the allele I studied (with help from J.M. from 

California Lutheran University) was MND1K85M (rs140107488). This allele occurs 

at 0.02% in the East Asian population (gnomAD). 

 

MND1K85M/K85M mice are fertile but have modest levels of spermatocyte arrest 

To generate mice modeling the human MND1K85M allele, CRISPR/Cas9-

mediated genome editing in single-celled zygotes was performed. As diagrammed 

in Figure 21A, an ssODN was used as a template to introduce one nucleotide 

change into codon 85 via homologous recombination, causing this codon to 

encode methionine instead of lysine. Founder mice with the correct mutation were 

identified (Fig. 21B), backcrossed into FVB/NJ for at least two generations, then 

intercrossed to generate homozygous mice for phenotypic analysis. 
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Figure 21. Diagram of CRISPR/Cas9 genome editing strategy to generate mice carrying 

MND1 K85M. A) Schematic of human MND1 protein and schematic of the amino acid and 
nucleotide sequences of region where SNP resides in the human and mouse genomes, as well as 
the point mutations introduced by the ssODN/HR template. Yellow highlight, red text/underline = 
nucleotide change(s) to generate variant; black text/underline = silent nucleotide changes to 

prevent CAS9 re-cleavage; bold text = PAM site, blue text = restriction enzyme site used for 
genotyping. B) Chromatograms of WT and MND1K85M/K85M mice. 

 

Fertility test breeding with WT and MND1K85M/K85M mice did not show a 

significant difference in litter sizes for adults between 2-7 months of age (Fig. 

22A). However, there was a difference in male versus female pups sired by 

MND1K85M/K85M males, revealing a bias towards male pups (p=0.02). Female 

MND1K85M/K85M birthed pups at expected Mendelian ratio (p=0.8). 

To take a closer look at reproductive capacity in males, I looked at testis 

morphology. Eight-week old MND1K85M/K85M males had testis sizes and 

epididymal sperm levels similar to WT (Fig. 22B, 22C). Furthermore, testis cross-

sections did not reveal obvious abnormalities with spermatogenesis in the 
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homozygotes (Fig. 22D). However, when testis sections were labeled with 

TUNEL, a marker of apoptosis, I found elevated levels of TUNEL-positive cells 

in MND1K85M/K85M seminiferous tubules (Fig. 22E). 

 

Figure 22. MND1K85M/K85M males are fertile but have peculiar abnormalities. 
A) Fertility test of WT and MND1K85M/K85M males and females mated with controls. Interestingly, 
homozygous father sired significantly more male pups. B) Relative body:testis masses measured 
in WT, MND1K85M/+,  MND1K85M/K85M and frameshift mutant MND113nt/+. N=3-5 per genotype). C) 
Total sperm quantified from both epididymides of each animal. N=3-5 per genotype. D) H&E 

stained testis cross-sections from WT and MND1K85M/K85M males at 8-weeks. From left to right, 

size bar = 75µm. E) Quantification of TUNEL-positive cells in 8-week testes. MND1K85M/K85M 

show increased levels of apoptosis (n=2 per genotype). 
 

MND1 is an important binding partner of HOP2, where both proteins 

stabilize DMC1 and RAD51 binding to ssDNA and mediate strand invasion 

during homologous recombination (Tourtellotte et al. 1999). To assess if 

MND1K85M affected DMC1 recruitment and displacement, I immunolabeled 

spermatocyte chromosome surface spreads with DMC1 and SYCP3 (Fig. 23A). 
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Preliminary data on DMC1 levels suggests no difference in leptonema and a 

potential difference in zygonema for DMC1 recruitment and stabilization in 

MND1K85M/K85M. However, unlike MND1 KOs, there was no persistence of DMC1 

in pachynema, suggesting that DMC1 is at least properly displaced in the 

homozygote (Fig. 23B). When DMC1 is displaced, there is recruitment of 

crossover proteins, one of which is MLH1. I immunolabeled surface spreads with 

MLH1 and SYCP3 and found no significant difference between WT and 

MND1K85M/K85M (p=0.13) (Fig. 23C, 23D). These finding suggests that any 

difference in recombination initiation ultimately has little effect on CO formation. 
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Figure 23. Preliminary work on MND1K85M/K85M shows generally normal DSB formation and 
MLH1 crossover initiation. 
A) Spermatocyte chromosome surface spreads immunolabeled with SYCP3 and DMC1. B) 

Quantification of DMC1 shows generally normal DSB formation. Zygonema does show decrease, 
but data is preliminary and requires more cells. N=2 per genotype C) Quantification of MLH1 foci 
in pachytene cells. N=3 per genotype. D) Spreads immunolabeled with MLH1 and SYCP3. Size 

bar = 20 µm. 

 

When generating the MND1K85M allele using CRISPR/Cas9 editing, I also 

had founders carrying an MND1 allele that was repaired by the non-homologous 

end joining pathway. This allele, denoted as MND113nt, had a G>T nucleotide 
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change and a 13-nucleotide deletion adjacent to the PAM targeted by the guide 

RNA (Fig. 24A, 24B). Interestingly, early data on MND113nt/+ F1 crossings show 

lack of male MND113nt/13nt pups (Fig 24C). However, female homozygotes are 

born at expected Mendelian ratios. When analyzing testis histology of 

MND113nt/+, there were no obvious defects in spermatogenesis (Fig. 24D). This 

could hint at potential sex-specific embryonic lethality due to loss of MND1. 

 

Figure 24. Diagram of MND113nt allele. 
A) Nucleotide sequence of region flanking the 13nt deletion in MND1. B) Chromatogram of 
heterozygous MND113nt/+. C) Breeding data from heterozygous F1 crosses to generate 
homozygous F2 pups. Preliminary data shows lack of MND113nt/13nt males being born. D) H&E 

testis cross-sections of 8-week old testes shows normal spermatogenesis. Size bar = 75 µm. 
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Brief Introduction to MLH3 

 MLH3 is part of a conserved family of proteins involved in both DNA 

mismatch repair and meiosis. The role of MLH3 in meiosis is to recruit MLH1 to 

designated CO sites and together resolve double Holliday junctions to form 

crossovers. Loss of MLH3 in mice causes infertility in both sexes, where 

spermatocytes exhibit minor arrest in pachynema but major arrest in metaphase I 

due to missegregating chromosomes and aneuploidy (Lipkin et al. 2002). Females 

have normal ovarian histology and produce oocytes but none are viable after in 

vitro fertilization. The MLH3 alleles I chose to study are MLH3R93G (rs28756978) 

and MLH3R1230H (rs781739661) which occurred at 0.001% in East Asian and 

0.01% in Latino populations, respectively (gnomAD). 

 

MLH3R93G/R93G mice are fertile 

Mice modeling the human MLH3R93G allele were generated with 

CRISPR/Cas9-mediated genome editing in single-celled zygotes. As diagrammed 

in Figure 225, an ssODN was used as a template to introduce one nucleotide 

change into codon 93 via homologous recombination, causing this codon to 

encode glycine instead of arginine. Founder mice with the SNP were identified 

(Fig. 25B), backcrossed into FVB/NJ for at least two generations, then 

intercrossed to generate heterozygous and homozygous mice for phenotypic 

analysis. 
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Figure 25. Diagram of CRISPR/Cas9 genome editing strategy to generate mice carrying 
MLH3 R93G allele. A) Schematic of human MLH3 protein and schematic of the amino acid and 
nucleotide sequences of region where SNP resides in the human and mouse genomes, as well as 
the point mutations introduced by the ssODN/HR template. Yellow highlight, red text/underline = 
nucleotide change(s) to generate variant. B) Chromatograms of WT and MLH3KR93G/R93G mice. 

 

Fertility test crosses for WT and MLH3R93G/R93G were conducted with two 

to six-month old mice. After six months, there was no significant difference in 

litter sizes between WT and MLH3R93G/R93G males (p=0.44) and females (p=0.81) 

(Fig. 26A). Sex and genotypes of pups born matched expected Mendelian ratios 

(data not shown).  

Even if fertility was normal, it remained possible that there were minor 

gametogenesis defects in MLH3R93G/R93G mice.  Therefore, I assessed gonad 

histology in male and female mutants. The testis weight of MLH3R93G/R93G was 

similar to WT at eight-weeks (p=0.39) (Fig. 26B) and testis cross-sections showed 
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normal spermatogenesis and were indistinguishable from WT (Fig. 26C). 

Furthermore, quantification of sperm from the epididymides of WT and 

MLH3R93G/R93G males revealed similar levels of sperm production (Fig. 26D), 

reiterating retained fertility in MLH3R93G/R93G. I also evaluated oocyte reserves in 

three-week old females and found that levels in WT and MLH3R93G/R93G were 

similar (p=0.80) (Fig. 26E). Together, these results suggest that human allele 

MLH3R93G does not alter fertility in mice. 
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Figure 26. MLH3R93G/R93G mice are fertile with normal spermatogenesis 
A) Fertility test of WT and MLH3R83G/R93G males and females mated with controls. N=3 per 
genotype and sex. B) Relative body:testis masses measured in WT, MLH3R83G/+, and 

MLH3R83G/R93G in 8-week old males. N=3-6 per genotype). C) H&E stained testis cross-sections 

from WT and MLH3R83G/R93G males at 8-weeks. From left to right, size bar = 75µm and 25µm. D) 

Total sperm quantified from both epididymides of each animal. N=3-6 per genotype. E) 

Quantification of primordial follicles in WT and MLH3R83G/R93G ovaries at 3-weeks. N=2 in WT 
and n=3 in MLH3R83G/R93G. 
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Human allele MLH3R1230H causes male-specific sterility in mice 

Mice modeling the human MLH3R1230H allele were generated using 

CRISPR/Cas9-mediated genome editing to single-celled zygotes. As depicted in 

Figure 27A, a ssODN was used as a template to introduce one nucleotide change 

into codon 1224 via homologous recombination, causing this codon to encode 

histidine instead of arginine. Founder mice with the SNP mutation were identified 

(Fig. 27B), backcrossed into FVB/NJ for at least two generations, then 

intercrossed to generate heterozygous and homozygous mice for phenotypic 

analysis. 
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Figure 27. Diagram of CRISPR/Cas9 genome editing strategy to generate mice carrying 
MLH3 R1230H allele. A) Schematic of human MLH3 protein and schematic of the amino acid 
and nucleotide sequences of region where SNP resides in the human and mouse genomes, as well 

as the point mutations introduced by the ssODN/HR template. Yellow highlight, red text/underline 
= nucleotide change(s) to introduce variant, black text/under = silence mutations to prevent CAS9 
re-cleavage, blue text = RE site for genotyping. B) Chromatograms of WT and MLHR1230H/R1230H 

mice. 

 

Similar to MLH3 knockouts, the MLH3R1230H/R1230H males were sterile. I 

found that that eight-week old males had severely reduced testis weights and 

lacked sperm in epididymides (Fig. 28A, 28B). As expected, analysis of testis 

cross-sections revealed seminiferous tubules lacking mature spermatocytes and 

absence of haploid germ cells (Fig. 28C). Furthermore, metaphase cells were 

abnormal, showing abnormal metaphase plates and poorly segregating 

chromosomes. 
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Figure 28. MLH3R1230H/R1230H male mice are sterile. 
A) Relative body:testis masses measured in WT, MLH3R1230H/+, and MLH3R1230H/R1230H in 8-week 
old males. N=3-5 per genotype). B) Total sperm quantified from both epididymides of each 

animal. N=3-5 per genotype. C) H&E stained testis cross-sections from WT and MLH3R1230H/R1230H 

males at 8-weeks. From left to right, size bar = 75µm and 25µm. 
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Surprisingly, MLH3R1230H/R1230H females did not reflect the expected MLH3 

null phenotype of being infertile, rather, fertility tests to control mates showed a 

reproductive rate similar to WT (Fig. 29). Primordial follicle quantification still 

needs to be done to confirm whether female MLH3R1230H/R1230H have normal or 

reduced fertility compared to WT. Regardless, analysis of this mutant can yield 

interesting differences in MLH3 function required by the sexes.  

 

 

Figure 29. MLH3R1230H/R1230H females birthed pups at a normal rate with expected Mendelian 
ratios. 
A) Fertility test of WT and MLH3R1230H/R1230H females mated with controls. N=2 per genotype. 

 

 Preliminary work was done to look at meiotic progression in 

MLH3R1230H/R1230H spermatocytes. Immunolabeling spermatocyte surface spreads 

with synaptonemal complex proteins, SYCP1 and SYCP3, found that synapsis of 

homologous chromosomes was generally successful and unhindered by 

MLH3R1230H (Fig. 30A). To look at DSB formation and recruitment of early 
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recombination proteins, I also immunolabeled spreads with DMC1 (Fig. 30A). 

Preliminary work shows reduced recruitment of DMC1 during leptonema, 

suggesting a role for MLH3 prior to CO formation (Fig. 30B). Preliminary data 

shows little difference in DMC1 during zygonema; however, there is persistence 

of DMC1 at pachynema in MLH3R1230H/R1230H. Unsurprisingly, early data on 

surface spreads with MLH1 reveals that a subset of MLH3R1230H/R1230H 

spermatocytes lack MLH1 foci. (Fig. 30C, 30D), This suggests that MLH3R1230H 

might have poor recognition and/or binding ability to MLH1. 
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Figure 30. MLH3R1230H/R1230H spermatocytes have decreased DSB formation and inefficient 
repair of formed DSBs. 
A) Spermatocyte surface spreads immunolabeled with SYCP3 and SYCP1 shows generally 

successful synapsis of homologues. Spreads immunolabeled with SYCP3 and DMC1 shows 

reduced formation but persistence of DMC1. Size bar = 20 µm. B) Quantification of DMC1 foci 

per cell. N=1 for WT, n=3 for MLH3R1230H/R1230H. C) Spreads immunolabeled with MLH1 and 

SYCP3 shows absence or reduced MLH1 in MLH3R1230H/R1230H. D) Quantification of MLH1 foci 
per pachytene cell. N=1 for WT, n=2 for MLH3R1230H/R1230H. 
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Other Alleles Not Successfully Modeled in Mice 

 Listed in Table 2 are additional variants I attempted to generate mice for 

but was unsuccessful. Either the founder animals lacked the correctly edited allele 

or the allele was not transmitted through the germline to F1 offspring.   

 
SNP & 
GENE 

Guide (5’-3’) ssODN (5’-3’) PNI Results 

STX2 
P32V 

TCAGGTGG
GTATTTAAT
GAC 

ACGATGGAGACACTGCTGTCGT
CATTGTGGAGAAGGATCATTTC
ATGGACGGTGTCTTTCATCAAG
TAGGT 
ATTTAATGACGCATGGCCTCAG
ACTTTACCTCTGGCCACAGTTAC
CTCA 

3 chimeric F0, no 
transmission 

SYCP1 
P860S 

ACTAAAAA
GAGTATAT
ATCA 

ACTACGTTAAGTACTCATATAT
GTTTCTTTTCTTTTTACCTAGGA
ATATACAGTGAAAACATCAACT
AAGAAAAGTATATATCAAAGAG
AAAACAAGTATATACCTACTGG
AGGAAGTAA 

1 chimeric F0, no 
transmission 

SGOL2 
I916M 

CATTAATA
GTCTCATAT
ATT 

CTTTTAAAGCCATTTCCATCTTC
ATTAATAGTCTCGTAGATTTGAT
TCATCTGAGAAATCATTTTTGAT
ATATTAACCTTCTGACAGAGCTT
CTTATTTAATGAGTCATGTGTAC
TTCCT 

1 chimeric F0, no 
transmission 

HFM1 
C1157Y 

TGGCTACC
TGCAAAAA
ACC 

TTTATAATAGTATTTATATTAAC
AAATGGATTTCTTTCTTACATTA
ATTTAGGAATGGCCACCTGCAA
AAAACCTGGGAACAGAGAATGC
CATCATCACTGTAAAAATAAAC
ACGCATGTGGACATGACTACTG
TGAGTGTTGTTAGGGTTACCTCA
AAGTCCTTGCAGAGGGCTGAGT 

No F0 

SEPT12 
T110K 

TTGATCTG
GTCTCCAA
AGCCAGG 

TTCATGTCTCTCCTTCTGCAGTC
ATCGAGGAGAAGGGATTGAAGC
TGAAGCTGACAGTGAAAGACAC
ACCCGGGTTCGGAGACCAGATC
AACAATGACAAGTGGTGAGTCC
CTGGGTGGG 

2 chimeric F0, no 
transmission 

 

Table 6. Variants attempted but CRISPR-CAS9 genome editing failed to yield viable mice or 
transmission of allele through germline failed. 
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CHAPTER VII: 

CONCLUDING THOUGHTS 
 

The goal of this dissertation was not only to determine existing alleles that 

cause fertility problems in people, but to explore better methods for how we go 

about identifying deleterious alleles existing in the population. In this dissertation, 

I assessed nine candidate infertility alleles in mice. The details in how each allele 

was chosen slightly varies, but common guidelines include: 

• Occurred in germ cell development gene 

• Mouse KO study of gene shows infertility 

• Residue and locus are conserved between human and mouse 

• Allele frequency between one individual < x < 2% of population 

• Predicted damaging by existing algorithms 

These parameters let me prioritize the most promising candidates for 

further study. Among the nine alleles, I observed measurable fertility defects in 

five, or 56%. This was much improved from our lab’s previously published 

identification rate of 25% (Singh and Schimenti 2015). 

There are several reasons for the improved success. First, my work begun 

a couple years after the original publication, which means more people had their 

genomes and exomes sequenced; therefore, databases qwew larger, more diverse, 

and SNPs were more confidently identified. Similarly, algorithms to predict 

damaging versus benign residue changes were also updated, resulting in better 

predictions on protein impact. Lastly, I included more in-depth phenotyping of 

mice in my pipeline. Instead of solely relying on fertility test breeding and gross 

histological defects, I assayed for molecular changes by immunolabeling 
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chromosome surface spreads and more. These extra assays were critical to 

recognizing defects in some of my mutants because the defects were so subtle.  

 With that said, ~56% accuracy means that our pipeline for determining 

infertility alleles is still a work in progress. We have collaborated with the Yu and 

Alani labs to screen candidate alleles in yeast and mammalian somatic cells prior 

to mouse modeling. Of the alleles I worked with, only two out of five (~20%) 

with a defect in vitro showed a measurable defect in mice. Somehow, I had better 

luck picking infertility variants with only our parameters listed above (three out of 

four, ~75%). This could be explained by mere luck and that numbers will shift 

with the inclusion of more mouse studies. However, this could reflect the reality 

of our current methodology, where testing in irrelevant cell types leads to 

irrelevant results. Our lab is currently working on culturing murine germ cells, 

which would serve as a better proxy for what the variants will do in mice and 

hopefully in humans. 

What has surprised me most throughout this project is how sensitive germ 

cell development is to perturbations, despite the heterogeneity and plethora of 

proteins involved. Gamete development does not often have the luxury of 

redundant pathways, so whether the protein was significantly defective, like 

MLH3R1230H, or minutely affected, like MND1K85M, there will always be a 

measurable difference in germ cell death, quantity of aneuploid cells, or ratio of 

pups born. The tight regulation involved in gamete development suggests that 

quality gamete production is priority over the ability to reproduce. With that said, 

there will be cases with women who have recurring miscarriages and babies being 

born with genetic abnormalities. Biological processes are dynamic and imperfect.   
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My hope is that our findings in mice will be translatable to humans and 

someday help explain the cause of a patient’s infertility. As discussed previously 

in this dissertation and in other publications, mice are currently the best model for 

assaying potential genetic factors underlying human infertility without studying in 

humans (Kherraf et al. 2018; Kumar et al. 2009). Most meiotic proteins and 

processes are conserved, and regarding my work, the initial phenotyping used 

founder mice with mixed genetic backgrounds. Observing a phenotype in these 

mice required protein defects to be somewhat severe, which supports my opinion 

that results are likely translatable.  
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APPENDIX I:  

Epitope-tagging BRWD1 to investigate its dual regulatory role in 

murine gametogenesis  
 

Preliminary Data from BRWD1Flag-Ha  

 

Generation of BRWD1Flag-HA mice 

 
Figure 31. Diagram of CRISPR/Cas9 genome editing strategy to generate mice with Flag-HA 
epitope at C-terminus of BRWD1.  

A) Screenshot of BRWD1 sequence from UCSC Genome Browser. The epitope sequence of 
1xFlag-GGG-1xHA was added to the C-terminus of the last exon. B) Chromatograms of WT and 
BRWD1Flag-HA mice. 
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Figure 32. Epitope-tagged BRWD1 is expressed and does not affect protein function.  
A) Complementation test shows BRWD1Flag-HA complements the null allele (BRWD1repro5). B) 
Relative testis:body mass of epitope-tagged animal are similar to WT. N=2-3. C) BRWD1 

transcript levels in testes. Lanes 1-4 was cDNA amplified by common BRWD1 primers. Lane 
1=WT, Lane 2=BRWD1FlagHA/+, Lane 3= BRWD1FlagHA/FlagHA, and Lane 4 = water control. Lanes 5-
8 was cDNA amplified by epitope-specific primers. Lane 1=WT, Lane 2=BRWD1FlagHA/+, Lane 3= 
BRWD1FlagHA/FlagHA, and Lane 4 = water control. D) Western blot of testis protein probed with 
Roche anti-HA. Lane 1 and 2= BRWD1FlagHA/+, Lane 3 = BRWD1FlagHA/FlagHA, Lane 4 and 5= WT. 

E) Immunolabeled testis cross-sections from 8-week old males. DDX4 labels cytoplasm, HA 
labels epitope-tagged BRWD1, and hematoxylin couterstains the nucleus. BRWD1 is localized in 
nuclei of spermatocytes. 
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Figure 33. BRWD1 null females do not have increased levels of LINE-1 expression.  
A) Germinal vesicles at non-surrounded nucleolus stage collected from WT and BRWD1repro5/repro5 

ovaries immunolabeled with ORF1p, a protein utilized by LINE-1 to retrotranspose. N=3, oocytes 
= 5-10. B) Results from RT-qPCR measuring LINE-1 transcripts on germinal vesicles isolated 
from WT and BRWD1repro5/repro5 females.  
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Rank Motif/Gene p-Value Relevant Characteristics 

1 ATF7 1e-42 Cell cycle progression; cancer 

2 ATF2 1e-37 Promotes  ubiquitination; cancer 

3 c-JUN 1e-36 Specification; bone cell fate 

4 ATF1 1e-35 Cell cycle progression 

5 JUND 1e-32 Proto-oncogene 

7 OCT2 1e-12 Proto-oncogene 

8 SOX10 1e-10 Neural syndromes, Kallman 

syndrome 

9 BRN1 1e-10 Chromatin condensation 

10 RFX5 1e-9 MHC transcriptional activator 
 
Table 7. Top hits for known motifs found to be less accessible in BRWD1repro5/repro5 via ATAC-
seq. 

 

Rank Motif/Gene p-Value Potential Interest 

1 GRE 1e-21 Prolactin release hormone receptor 

2 NR5A2 1e-17 TF for embryonic development 

3 PGR 1e-13 Progesterone receptor, pregnancy 

4 SF1 1e-11 Sex determination activator 

5 GATA6 1e-9 Embryonic development 

6 GATA4 1e-9 Embryonic development 

7 GATA2 1e-8 Embryonic development 
 

Table 8. ATAC-seq top hits for known motifs with increased accessibility in BRWD1repro5-

repro5 P27 testes. Work done with Roman Spektor from Soloway Lab. 
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