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The ability of organisms to pass their genetic information onwards to 

subsequent generations is crucial for survival and propagation of a species.  In 

mice, embryonic germ cells are set aside very early in development to become 

the germline lineage.  During development, these germ cells rapidly migrate 

and proliferate to the location of the future gonads over the course of only a 

few days.  Importantly, while DNA replication associated with rapid cell 

proliferation is often subject to spontaneous errors, the germline has been 

shown to be highly refractory to mutation accumulation in comparison to 

somatic cells. To begin understanding the extent to which primordial germ 

cells (PGCs) are similar, or dissimilar, to other well-studied cell types in their 

response to altered genomic integrity, I developed a transgenic mouse strain 

which expresses a DNA double strand break (DSB) sensor specifically in 

PGCs.  This strain provided me with a tool to monitor DNA DSB repair 

dynamics in vivo.  Using this strain, I assessed the impact of ionizing radiation-

induced DNA damage on PGCs and examined the impact of this damage on 

the downstream post-natal germ cell reserve (Chapter 2).  

Additionally, to better understand the DNA damage response (DDR) 
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in these cells, I exposed pregnant mice to ionizing radiation (IR) at specific 

gestational time points and assessed the DDR. Our results show that PGCs 

prior to sex determination lack a G1 cell cycle checkpoint. Subsequent to sex 

determination, the response to IR-induced DNA damage differs between 

female and male PGCs. IR of female PGCs caused uncoupling of germ cell 

differentiation and meiotic initiation, while male PGCs exhibited repression of 

piRNA metabolism and transposon de-repression (Chapter 3).  

I also used whole genome single-cell DNA sequencing to assess 

whether genetic rescue of DNA repair-deficient germ cells leads to increased 

mutation incidence and biases. I generated Fancm and p21 null mutations on 

an isogenic strain background and observed that loss of p21 in Fancm null 

mutants leads to a partial, but significant rescue of germ cells in males. With 

this Fancm-/- PGC-proliferation defective mutant, I examined how mutation 

burden is impacted when DNA damage checkpoints are abrogated. 

Importantly, I observed an increase in the incidence of complex mutations in 

double mutants, highlighting that rescuing germ cell quantity through 

checkpoint bypass leads to a decrease in germline genome quality.  

Lastly, in Chapter 4, I examined how genome integrity is maintained 

in mouse meiocytes which either have unrepaired meiotic DSBs (Trip13Gt/Gt) or 

unsynapsed chromosomes (Spo11-/-). I show that signaling through p53 and 

TAp63, is responsible for elimination of oocytes with asynapsis or unrepaired 

DSBs. I also show that checkpoint kinase I (CHK1) becomes activated by 
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persistent DSBs in oocytes and to an increased degree when CHK2 is absent. 

Taken together, the work described uncovers novel insights into how germ 

cells with DNA damage can become developmentally defective, leaving only 

those genetically fit cells to establish the adult germline. 



  iv 

BIOGRAPHICAL SKETCH 

 

Jordana Corinne Bloom was born in New York, New York in 1991 to 

loving parents, Leslie Weiss-Bloom and Michael Bloom. She grew up in 

Tenafly, New Jersey and graduated from Tenafly High School in 2010. She 

obtained her undergraduate degree from Haverford College in Haverford, 

Pennsylvania where she majored in Biology and minored in Psychology. In 

2014, she was awarded the school’s Marian Koshland Prize in Biology for  

“demonstrating outstanding contributions to the Department in the areas of 

academics, research and service.” Also, during her time at Haverford, she 

played for the school’s Division III Varsity Tennis Team. 

Jordana moved to Ithaca, New York in the summer of 2014 to begin 

graduate school at Cornell University in the Biochemistry, Molecular and Cell 

Biology (BMCB) PhD program housed in the Department of Molecular Biology 

and Genetics. She joined the lab of Dr. John C. Schimenti in the Spring of 

2015 to conduct her thesis research. 

   



  v 

 

 

 

 

 

 

 

 

 

 

 

Dedicated to all those individuals who supported and encouraged me along 

the way.  



  vi 

ACKNOWLEDGMENTS 

 

I would like to first thank my thesis advisor, Dr. John Schimenti. John’s 

mentorship over the years has been crucial to my development as a creative, 

independent scientist. He gave me a lot of freedom to pursue ideas and 

experiments that I thought were interesting and was always available to 

provide crucial guidance when I needed it. While, John once jokingly 

described his mentorship style in a lab meeting as “survival of the fittest,” I 

think a better analogy is more to one of a “lifeguard/guardian angel,” who, 

while allowing you to grow from the disappointments and successes of 

graduate school, science and life, is always watching out for your well-being. 

Thank you for being part of my scientific journey.  

Next, I would like to thank my thesis committee members, Dr. Robert 

Weiss and Dr. Tudorita Tumbar. Their feedback and guidance over the years 

always helped to improve my research and scientific scholarship. In addition to 

my committee members, I would also like to thank Drs. Paula Cohen, Jen 

Grenier, and Rebecca Williams who have all been scientific mentors and 

friends.  

Additionally, I would like to acknowledge all the members of the 

Schimenti lab (past and present) who I overlapped with during my time at 

Cornell; I learned something from each and every one of you. Notably, I want 

to especially thank Dr. Vera Rinaldi and Dr. Adrian McNairn who were both 

always willing to discuss projects and share their experimental protocols. Also, 

a special thanks to Regina Chase who befriended both me and my mice. 

Lastly, I want to thank my family and close friends. My parents and 

brother have always been my unwavering supporters and their love has been 



  vii 

incredibly valuable throughout my PhD. I am also thankful for the friends I met 

here in Ithaca, including: Catalina Pereira, Adam Bisogni, Alexandra Hinck, 

and Aaron Joiner. Thank you for all the laughs and memories (including some 

serious discussions about how we hope to improve academia some day!)  

And finally, a special acknowledgement to my fiercest champion, best 

friend and better half, Robert Battaglia. I am incredibly grateful that our paths 

crossed here at Cornell and I am looking forward to continuing our life together 

as a married couple. 
 

 



  viii 

TABLE OF CONTENTS 

 

ABSTRACT                                                                                                         i 

BIOGRAPHICAL SKETCH                                                                                iv 

DEDICATION                                                                                                     v 

ACKNOWLEDGMENTS                                                                                    vi 

 

CHAPTER 1 – Introduction                                                                                 

1. Germ Cell Development                                                       1 

The Embryonic Origins of Germ Cells                               1 

The Sexually Dimorphic Developmental Trajectory of 

Embryonic Germ Cells                                                      2 

Female Meiosis                                                                 4 

2. DNA Damage                                                                         8 

Types of DNA Damage                                                     8 

Responses to DNA DSBs                                                  9    

 Cell Cycle Checkpoint Activation                            9           

 DNA DSB Repair                                                  12 

 Senescence, Differentiation and Cell Death         17 

Sensitivity of Stem Cells and Germ Cells to DNA           20 

  Damage  

3. Mutation Accumulation and the Germline                        23 

Ramifications                                                                   23 

Comparison of Germline and Somatic Cell Mutation      24 

  Rates 

Factors Effecting Germline Mutation Rate                      25 



  ix 

4. Research Focus and Goals of this Dissertation              27 

References                                                                                                      28 

 

CHAPTER 2 – A Reporter Mouse for In Vivo Detection of DNA Damage in 

Embryonic Germ Cells                                                                                     50 

1. Abstract                                                                               50 

2. Introduction                                                                         51 

3. Materials and Methods                                                       53 

4. Results                                                                                 57 

5. Discussion                                                                           66 

6. Acknowledgments                                                              67 

References                                                                                            67 

 

CHAPTER 3 – Sexually Dimorphic DNA Damage Responses and Mutation 

Avoidance in the Mouse Germline                                                                   72 

1. Abstract                                                                               72 

2. Introduction                                                                         73 

3. Results                                                                                 77 

4. Discussion                                                                           99 

5. Materials and Methods                                                     103 

6. Acknowledgments                                                            109 

References                                                                                          110 

 

CHAPTER 4 – Oocyte Elimination through DNA Damage Signaling from 

CHK1/CHK2 to p53 and p63                                                                          120 

1. Abstract                                                                             120 



  x 

2. Introduction                                                                       121 

3. Materials and Methods                                                     124 

4. Results and Discussion                                                   126 

5. Acknowledgments                                                            137 

References                                                                                          138 

 

CHAPTER 5 – Discussion and Concluding Remarks                                    145 

1. A Reporter Mouse for In Vivo Detection of  

DNA Damage in Embryonic Germ Cells                         145 

2. Sexually Dimorphic DNA Damage Responses  

in PGCs                                                                              147 

3. Preventing Mutation Accumulation in the  

Germline through G1 Checkpoint Activation                 152 

4. Oocyte Elimination through DNA Damage  

Signaling                                                                            155 

5. Final Summation                                                               157 

References                                                                                          158 

 

Appendix I   Whole Mount Immunofluorescence and Follicle  

Quantification of Cultured Mouse Ovaries                               163     

 

 

 

 

 



  1 

CHAPTER 1 

INTRODUCTION 

 

1. Germ Cell Development 

The Embryonic Origins of Germ Cells 

Zoologists realized over a century ago that cells during embryogenesis 

segregate into germline and somatic lineages (McLaren 2003). In mammals, 

this dichotomy is first evident during gastrulation, when primordial germ cells 

(PGCs), the embryonic precursors of both male and female gametes, are 

specified (Lawson et al. 1999; Ohinata et al. 2009). Mouse PGCs begin as a 

group of ~45 cells in the epiblast 6-6.5 days post fertilization (E6-6.5) (Saitou 

et al. 2002). Interestingly, induction of germ cell precursors during this period 

of development has been shown to be position-dependent based on cell 

transplantation experiments where cells relocated from distal areas of the 

epiblast to the appropriate proximal-posterior region are also capable of germ 

cell specification (Tam and Zhou 1996). Once specified, expression of 

pluripotency-associated genes Oct4, Sox2, and Nanog become increasingly 

restricted to PGCs and by E8.0 expression of these genes become PGC-

specific in the embryo (Yamaguchi et al. 2005; Yabuta et al. 2006; Rosner et 

al. 1990). After specification, PGCs simultaneously migrate and proliferate to 

the location of the future gonads where they undergo roughly 9 population 

doublings over the course of 7 days to reach a peak population of ~25,000 

cells (Nikolic et al. 2016). These PGCs located in the genital ridge/fetal gonad, 
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form the founding germ cell population from which the entire adult germline in 

both females and males is established (Tam and Snow 1981).  

 

The Sexually Dimorphic Developmental Trajectory of Embryonic Germ Cells 

 Once PGCs begin to reach the developing gonad around E10.5 (Tam 

and Snow 1981), they exit their pluripotent, migratory state and become 

capable of initiating sexual differentiation and meiosis. During this licensing 

period, which takes ~2 days, expression of the RNA-binding protein, Dazl is 

required. Mutants lacking Dazl expression fail to express markers of female or 

male differentiation and are not capable of meiotic entry (Lin et al. 2008; Gill et 

al. 2011). Under normal conditions, sex determination begins once licensing is 

complete and it is during this time that female and male gonads begin to 

appear morphologically distinct from one another (Koubova et al. 2006). In 

males, PGCs are located within primitive testis cords, while in females, PGCs 

are spread throughout the fetal gonad (Ewen and Koopman 2010).  

At E13.5, the cellular fates between male and female PGCs begin to differ. 

Female germ cells begin to undergo meiotic initiation, while male germ cells 

continue on a mitotic cell cycle program before undergoing quiescence ~2 

days later (Western et al. 2008; Soh et al. 2015). Meiotic entry in both sexes 

requires the protein stimulated by retinoic acid gene 8 (STRA8) (Anderson et 

al. 2008). Expression of this protein is induced by an anterior to posterior wave 

of retinoic acid (RA) signaling in the fetal gonad (Koubova et al. 2006). Both 

male and female fetal gonads encounter RA signaling, but male embryos 
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express the cytochrome P450 enzyme CYP26B1, which degrades RA and 

inhibits meiotic induction (Bowles et al. 2006). Importantly, this mechanism of 

meiotic initiation, rather than requiring activating signals to begin meiosis in the 

female germline, requires inhibition of meiotic signaling in the male germline.  

 

 

 

Figure 1.1. Diagram summarizing the sexually dimorphic developmental 

trajectory of embryonic germ cells. In response to retinoic acid signaling, 

E13.5 female germ cells begin meiotic entry in an anterior to posterior wave 

(left). Expression of CYP26B1 leads to retinoic acid degradation and the 

suppression of meiotic entry in E13.5 male germ cells (right).  

 

Meiotic initiation in male gonads begins postnatally through repression of 

Cyp26b1 (Bowles et al. 2006; Koubova et al. 2006; Anderson et al. 2008). 

Once Cyp26b1 is no longer expressed, spermatogenic precursors gain the 
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ability to respond to RA, express Stra8, and initiate meiosis in regularly 

interspersed waves throughout the lifetime of the male (Endo et al. 2017). 

Recently, in male germ cells, STRA8 was shown to bind to promoters and 

induce the expression of thousands of genes, including those related to 

meiotic prophase I, G1/S cell cycle transition and inhibitors of the mitotic cell 

cycle (Kojima et al. 2019). A comparison of gene expression in wild-type, 

Stra8-deficient and Dazl-deficient fetal ovaries also showed that induction of 

many genes associated with meiosis directly depend on STRA8 activity (Soh 

et al. 2015). 

 

Female Meiosis 

 The female germline is comprised of a finite number of oocytes which 

arise during embryonic development (as described above). These germ cells 

begin meiotic prophase I in a semi-synchronous manner based on when they 

are exposed to RA signaling (Bowles and Koopman 2007). These cells arrest 

prior to birth only to resume meiosis I upon ovulation, and progress to meiosis 

II only if fertilized (Zhang et al. 2014).   

After the initiation of meiosis, meiotic prophase I begins. Prophase I, the 

longest stage of meiosis, is divided into five sub-stages based on the 

morphological appearance of the chromosomes (Cobb and Handel 1998). 

Importantly, the progression through meiotic prophase I sub-stages under 

normal conditions correlates with meiotic DNA double strand break (DSB) 

repair dynamics (Handel and Schimenti 2010). Once pre-meiotic DNA 
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replication is complete, entry into the first sub-stage of prophase I, leptonema, 

is marked by the presence of ~200-300 endogenously programmed DSBs. In 

the next stage, called zygonema, pairing between homologous chromosomes 

initiates through synaptonemal complex assembly (Lesch and Page 2012). In 

pachynema, homologous chromosomes are fully synapsed and DSBs get 

repaired through homologous recombination (crossing over) (Mézard et al. 

2015). In the diplotene stage, the synaptonemal complex breaks down and 

homologous chromosomes are only held together at sites of recombination. 

And lastly, in diakinesis, the meiotic spindle begins to form and chromosomes 

condense further in preparation for the first meiotic division (Gray and Cohen 

2016).  

The first meiotic arrest, often referred to as dictyate arrest, occurs in 

diplonema. In the first few days following birth, the oocytes undergo 

folliculogenesis where they become surrounded by characteristic flattened 

granulosa cells (Peters 1969). Oocytes in these follicles are termed 

“primordial” and it is these primordial follicles which constitute the finite oocyte 

pool, often referred to as the “ovarian reserve,” present in females of 

reproductive age (Findlay et al. 2015). Poor ovarian reserve is a crucial limiting 

factor in any treatment aimed to improve fertility (Jirge 2016). Sensitive 

mechanisms have evolved to eliminate oocytes which have sustained DNA 

damage (Heyer et al. 2000; Suh et al. 2006; Bolcun-Filas et al. 2014). Under 

normal conditions, this system works well to ensure effective elimination of 

defective oocytes, but because the pool of oocytes is limited, loss of too many 
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primordial follicles can lead to primary ovarian insufficiency (POI), sterility and 

ovarian failure (Welt 2008; Oktay 2006). Approximately 40% of all female 

breast cancer survivors experience POI/premature ovarian failure and the 

health ramifications of this condition can be quite severe including, but not 

limited to, menopause-like symptoms, bone loss, and increased risk of heart 

disease (Jankowska 2017; Woodruff 2015; Oktay 2006).   

Mechanistic insights into how oocytes detect DNA damage (and, by 

extension, how to prevent loss of the ovarian reserve) have made significant 

progress in recent years (Suh et al. 2006; Bolcun-Filas et al. 2014; Rinaldi, 

Hsieh, et al. 2017; Winship et al. 2018; Livera et al. 2008). In Chapter 4, the 

lab’s most recent contribution to this field is described. Using two mouse 

models of oocyte loss, we show that the removal of both p53 and TAp63 

rescues oocytes to wild-type levels. The two mouse models used in the study 

include a homozygous null mutant of Spo11 and a homozygous gene-trap 

mutant of Trip13.  

SPO11 is a widely conserved meiosis-specific topoisomerase type II-

like protein which catalyzes DSB formation in leptonema through transient, 

covalent protein-DNA intermediates (Keeney and Kleckner 1995; Liu et al. 

1995; Keeney et al. 1997). Meiotic DSB formation in mouse also requires 

additional accessory proteins such as MEI4 (Kumar et al. 2015), MEI1 (Libby 

et al. 2002), and IHO1 (Stanzione et al. 2016), but once DSBs are formed, 

SPO11 is removed from DNA and 5’ strands are resected to yield 3’ single-

stranded tails (Keeney 2008). These 3’ single-stranded tails can then invade 
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homologous DNA duplexes and give rise to recombination products (Keeney 

2001). SPO11-induced DSBs are repaired to form either crossovers or non-

crossovers. Tight regulation of crossovers ensures that only ~10% of these 

DSBs are resolved as crossovers (Gray and Cohen 2016). SPO11 is also 

required for efficient homolog pairing. When SPO11 is absent, meiotic DSBs 

do not form and there is a failure of homologous chromosomes to synapse 

(Romanienko and Camerini-Otero 2000; Baudat et al. 2000; Boateng et al. 

2013). Due to the widespread asynapsis, Spo11-/- females are born with a 

severely reduced oocyte pool which becomes exhausted within a few weeks 

after puberty (Di Giacomo et al. 2005).  

The second mutant we examined in Chapter 4 was Trip13Gt/Gt. Trip13 is 

the mouse ortholog of pachytene checkpoint 2 (PCH2) present in 

Saccharomyces cerevisiae and Caenorhabditis elegans. In S. cerevisiae and 

C. elegans, the “pachytene checkpoint” monitors two features of meiotic 

chromosome biology: 1) DSB repair and 2) chromosome synapsis (Bhalla and 

Dernburg 2005; Wu and Burgess 2006). In mice, Trip13Gt/Gt mutants were 

shown to undergo synapsis normally, but exhibited extensive unrepaired DNA 

damage due to failed recombination (Li and Schimenti 2007). Often 

phenotypic analysis of meiotic mutants (such as Dmc1-/- and Msh5-/-) reveal 

defects in both synapsis and DSB repair (Di Giacomo et al. 2005).  Therefore, 

the identification of a mutant defective in meiotic DNA repair, but capable of 

synapsis is useful for distinguishing the cellular responses toward these two 

defects. Oocytes defective for either DSB repair alone (as in Trip13Gt/Gt) or in 
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both synapsis and DSB repair are almost all eliminated by late gestation and 

prior to puberty (Di Giacomo et al. 2005; Li and Schimenti 2007), yet genetic 

removal of meiotic DSB formation in DSB repair mutants manifests in an 

oocyte loss phenotype more similar to that of Spo11 mutants (Di Giacomo et 

al. 2005; Reinholdt and Schimenti 2005; McNairn et al. 2017; Li and Schimenti 

2007). 

Previous work from the Schimenti lab has revealed that CHK2 

(checkpoint kinase 2) signaling to TRP53/TAp63 is important for eliminating 

the majority of Trip13Gt/Gt mutant oocytes (Bolcun-Filas et al. 2014), but 

deletion of Chk2 only rescued Spo11-/- to ~25% of wild type levels (Rinaldi, 

Bolcun-Filas, et al. 2017). Therefore, the experiments described in Chapter 4 

aimed to test whether there is a another pathway either complementary to or 

distinct from CHK2, but which also signals to TRP53 and TAp63, is present in 

Spo11-/- oocytes. 

 

2. DNA Damage  

Types of DNA Damage 

Each cell within a multicellular organism is estimated to experience tens 

of thousands of DNA lesions per day (Lindahl and Barnes 2000). These 

lesions, if not repaired, can block genome replication and transcription 

(Jackson and Bartek 2009). DNA damage primarily arises from three sources, 

including environmental agents, reactive oxygen species (ROS) generated by 

oxidative phosphorylation, and spontaneous hydrolysis of nucleotide residues 
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(Lindahl 1993; Friedberg et al. 2005). Approximately 75% of lesions 

encountered by cells under normal conditions are single-strand DNA (ssDNA) 

breaks arising from either oxidative damage during metabolism or base 

hydrolysis (Giglia-Mari et al. 2011). Notably, when two single-strand breaks 

(SSBs) arise in close proximity or when the DNA replication machinery 

encounters a SSB, DSBs are formed. DSBs, while not nearly as common as 

SSBs, have the potential to be extremely cytotoxic because an undamaged 

complement is not available to repair the DNA break (Jackson and Bartek 

2009).       

Environmental agents that can cause DNA damage include ultraviolet 

light (UV), ionizing radiation (IR) and chemotherapeutics (Barnes and Lindahl 

2004). The research presented in Chapters 2-4 of this dissertation focuses on 

the effect of IR-induced DNA damage on germ cells. IR-induced DNA damage 

has been studied in many contexts and is known to cause primarily DSBs in 

DNA (Ciccia and Elledge 2010; Featherstone and Jackson 1999). The 

following section will describe various approaches cells use to respond to DNA 

damage and will include a particular focus on how cells respond to DNA DSB 

lesions.   

 

Responses to DNA DSBs 

  Cell Cycle Checkpoint Activation 

Cell cycle checkpoints are surveillance mechanisms that monitor cell 

growth, DNA replication, chromosome integrity and chromosome segregation. 
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In eukaryotes, the cell cycle is divided into four phases. DNA replication 

occurs in “Synthesis” or S-phase and chromosome segregation occurs at 

“Mitosis” or M-phase. Two “Gap” phases, G1 and G2, separate S-phase and 

M-phase, respectively (Barnum and O’Connell 2014). The proteins that drive 

cell cycle progression are called cyclin-dependent kinases (CDKs). These 

serine/threonine kinases are only able to promote S-phase and M-phase when 

bound by their appropriate cyclin partner. In contrast to CDKs, cyclins are 

tightly controlled at the level of translation and ubiquitin-dependent proteolysis 

(Lim and Kaldis 2013). 

Many of the mechanisms regulating cell cycle checkpoint response are 

highly conserved from yeast to mammals. Some of the first studies in 

eukaryotes examining cell cycle arrest induced by DNA damage were 

performed in S. cerevisiae. In these studies, IR was shown to induce a cell 

cycle delay proportional to the severity of the DNA damage exposure (Weinert 

and Hartwell 1988; Hartwell and Weinert 1989). Subsequent studies have 

shown that the cell cycle can be arrested at the G1/S transition, within S-

phase or at the G2/M transition depending on which stage of the cell cycle the 

DNA damage-induced lesion is detected (Zhou and Elledge 2000). Activation 

of these checkpoints allows time for DNA repair pathways to operate before 

entry into the next phase of the cell cycle (Khanna and Jackson 2001).  

While there are many different lesion-specific responses for DNA repair, 

the common goal of DNA damage-induced cell cycle checkpoint responses is 

to maintain CDKs in an inactive state until the damage is fixed (Ciccia and 
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Elledge 2010). The checkpoints can broadly be defined as those involving the 

transcription factor and tumor suppressor p53 and those involving checkpoint 

kinase Chk1 (Barnum and O’Connell 2014). G1 checkpoint activation is 

mediated by post-translational modifications on P53. P53’s N-terminal serine-

15 site can be phosphorylated by a number of DNA damage sensing kinases 

including ATM (Ataxia Telangiectasia Mutated), ATR (Ataxia Telangiectasia 

and Rad3-related) and DNA-PKcs (Kitagawa and Kastan 2005). Once 

activated via ATM and CHK2, P53 becomes stabilized, forms a tetramer and 

acts as a transcription factor for many genes, including the cyclin-dependent 

kinase inhibitor, Cdkn1a (which encodes P21) (Karimian et al. 2016). P21 

induces a G1 arrest by inhibiting the CDKs present at this cell cycle stage until 

the DNA damage is repaired. Additionally, P53 is involved in inducing a 

prolonged G2 arrest in response to the presence of persistent DNA damage 

(Giono and Manfredi 2006). 

 Recruitment of CHK1 to sites of DNA damage during S- and G2-phase 

leads to arrest at these stages of the cell cycle. Complexes of checkpoint 

proteins, including ATR, assemble on exposed single-stranded DNA coated by 

Replication Protein A (RPA) (Maréchal and Zou 2013). Once activated, ATR 

can phosphorylate CHK1. CHK1 then, in turn, phosphorylates proteins which 

inhibit the formation of cell cycle phase-specific cyclin/CDK complexes 

(Shiotani and Zou 2009). Importantly, there are instances throughout the cell 

cycle where CHK1 and CHK2 act redundantly (Bartek and Lukas 2003). In 

Chapter 4 of this dissertation, we show evidence of this phenomenon in the 
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oocyte DNA damage response (DDR) where loss of CHK2 signaling leads to a 

subsequent increase in CHK1 phosphorylation. As highlighted throughout this 

section, the purpose of DNA damage-induced cell cycle checkpoint activation 

is to give cells time to repair DNA lesions. The section immediately following 

this one goes on to describe what is known about DNA repair with a specific 

focus on repair of DNA DSBs.    

 

  DNA DSB Repair 

 DSB repair can be completed by a number of different pathways. 

Pathway choice depends on the extent of DNA end processing and when 

during the cell cycle the lesion is identified. Broadly speaking, DNA repair 

pathways can be divided into two categories: non-homologous end-joining 

(NHEJ) and homologous recombination (HR). While HR is often referred to as 

an “error-free” repair mechanism, NHEJ is error-prone (Jackson and Bartek 

2009). Classical NHEJ does not require DNA end resection and involves the 

ligation of broken DNA ends without the use of a homologous template (Davis 

and Chen 2013). HR, in contrast, requires a homologous sister chromatid, but 

is limited to acting in S- and G2-phases of the cell cycle (Ciccia and Elledge 

2010). 

 Post-mitotic cells and G1-phase cycling cells repair DSBs through 

NHEJ. During classical NHEJ, the ends of DNA breaks are quickly recognized 

by the Ku70/Ku80 heterodimer. The dimer loads onto DNA and activates the 

catalytic subunit of DNA-PK (DNA-PKc) (Mahaney et al. 2009). DNA-PKc 
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stabilizes DSB ends and prevents end resection through a series of 

phosphorylation reactions. Once DNA-PKc is loaded, re-ligation of the broken 

ends is performed by XRCC4/LIG4 (Meek et al. 2008). The balance between 

end stabilization and end processing is regulated by many factors, but DNA 

breaks that contain ends incapable of ligation are regulated in an ATM kinase-

dependent manner (Macrae et al. 2008; Matsuoka et al. 2007). 

More recently, an alternative NHEJ pathway has been identified which 

occurs when there is limited DSB end resection (on the scale of 5-25 

nucleotides) (Sfeir and Symington 2015). This alternative NHEJ pathway (also 

known as microhomology-mediated end joining/MMEJ) functions as a backup 

to the classical NHEJ pathway described in the previous paragraph. In this 

pathway, PARP1 competes with Ku binding to promote HR (Wang et al. 2006). 

Interestingly, both PARP1 and ATM recruit factors needed for HR but lesions 

where only a small amount of resection occurs undergo MMEJ. During MMEJ 

repair, micro-homologous sequences align internal to the broken end leading 

to deletions of sequence flanking the DSB prior to ligation (Mateos-Gomez et 

al. 2015; Sfeir and Symington 2015).   

  DSBs can also be recognized by the MRE11-RAD50-NBS1 (MRN) 

complex. This complex promotes ATM activation and preparation for HR 

repair. Like KU and PARP1, the MRN complex also associates with DNA 

ends. In addition to end stabilization, MRE11 has endo- and exo-nuclease 

activity that catalyze the initial steps for HR DSB end resection. NBS1, the “N” 

of the MRN complex, associates with the C-terminal region of ATM to recruit 
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the kinase to DSBs. End resection is regulated by ATM through CtIP and 3’ 

ssDNA ends formed via resection are coated by RPA. As described in the Cell 

Cycle Checkpoint Activation section earlier, RPA-coated ssDNA plays a critical 

role in activating the ATR kinase. However, if RAD51 filaments replace RPA 

on ssDNA then strand invasion into homologous sequences of the sister 

chromatid can occur resulting in HR events. 

 The regulation of DSB repair pathway choice has important 

ramifications with regards to genome fidelity and stability. One protein involved 

in pathway choice is the tumor suppressor P53-binding protein, 53BP1. 53BP1 

is continuously expressed in the nucleus and forms foci at sites of DNA 

damage (Schultz et al. 2000). The protein binds exposed histone H4 lysine 20 

dimethylated (H4K20me2) sites on chromatin via its Tudor domain (Botuyan et 

al. 2006). DSB resection by ATM-CtIP is inhibited by 53BP1 and 53BP1 has 

been shown to promote NHEJ by increasing the stability and mobility of DSB 

ends to find each other and ligate (Dimitrova et al. 2008; Difilippantonio et al. 

2008). Famously, 53BP1 and BRCA1 have been shown to be antagonistic to 

one another in mediating repair pathway choice (Daley and Sung 2014). 

Hypomorphic alleles of Brca1 skew repair pathway choice towards 53BP1-

mediated NHEJ repair. In mouse, Brca1 single mutants are embryonic lethal 

but if repair pathway balance is restored with co-deletion of 53bp1, then 

BRCA1 deficiency becomes compatible with viability (Cao et al. 2009).  

In Chapter 2 of this dissertation, the generation and validation of a 

transgenic mouse model to detect DNA damage in PGCs is described. This 
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mouse model combines a PGC-specific promoter with a fluorescently tagged 

fragment of 53BP1’s Tudor binding domain generated by Titia de Lange’s lab 

(Dimitrova et al. 2008). Even though the reporter generates foci at sites of 

DNA DSBs, Chapters 2 and 5 expand on the idea of repair pathway choice 

and the caveats of a 53BP1-based reporter. 

A portion of Chapter 3 describes research performed examining 

germline mutation accumulation in a DNA repair deficient mouse model. The 

model we used contained a frameshift mutation in the gene, Fancm. Fancm is 

the largest subunit of the Fanconi Anemia Core Complex, which consists of a 

number of proteins that, when mutated, cause the disease Fanconi Anemia 

(FA). FA is a chromosomal instability syndrome which leads to cancer 

predisposition, bone marrow failure, congenital abnormalities and infertility 

(Joenje and Patel 2001). Studies in cell culture systems have shown that 

Fancm facilitates cell cycle checkpoint activation at sites of arrested DNA 

replication forks, particularly in the contexts of interstrand crosslinks (ICL) 

(Deans and West 2009). Additionally, Fancm has also been reported to 

mediate fork reversal when the lagging strand template is partially single-

stranded and bound by RPA (Gari et al. 2008). 

FANCM initiates repair pathway activation by forming a heterodimeric 

complex with FAAP24 (FA associated protein 24 kDa). Together, the dimer 

recognizes DNA lesions and recruits the FA core complex (Xue et al. 2015). 

Eight of the FA proteins (FANCA/B/C/E/F/G/L/M) form a multi-subunit ubiquitin 

E3 ligase core complex, which mono-ubiquitinates FANCD2 and FANCI in 
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response to genotoxic stress (Moldovan and D’Andrea 2009; Deans and West 

2009). During pathway activation, multiple FA proteins undergo 

phosphorylation by ATR-CHK1 signaling kinases (Grompe and D’Andrea 

2001), which demonstrates the interconnection between the FA and ATR 

pathways. FA pathway associated DNA lesions must be excised and repaired 

prior to the reactivation of DNA replication. Lesion bypass often requires the 

creation of a DSB followed by translesion synthesis (TLS) to repair the 

damage. TLS DNA polymerases can be highly error-prone, leading to the 

generation of mutations during DNA repair (Harfe and Jinks-Robertson 2000; 

Stone et al. 2012). Additionally, formation of a DSB during this process can 

lead to stimulation of the ATM kinase, thereby adding another layer of 

connectivity and crosstalk between DDR pathways (Lukas et al. 2004).  

The reduction of germ cells in Fancm male mutants has been 

previously shown to be partially rescued by co-deletion of the cell cycle 

checkpoint associated cyclin-dependent kinase inhibitor, p21 (Luo et al. 2014). 

In Chapter 3, we used this genetic system to test the hypothesis that germ 

cells rescued due to DNA damage checkpoint bypass may have a higher 

germline mutational burden than their counterparts with intact checkpoints. By 

examining this relationship, we sought to increase our understanding of the 

connection between cell cycle checkpoint activation and DNA damage repair.  

What happens if, after a prolonged period of time, the DNA damage 

present in the cell cannot be repaired? Or, what happens if the extent of 

damage is too overwhelming to be repaired effectively? The next, and final, 
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section of “Responses to DNA DSBs” discusses the mechanisms employed by 

cells in these situations. 

 

  Senescence, Differentiation and Cell Death 

  The response to DNA damage often depends on the cell type and the 

severity of damage. Mild DNA damage can be repaired during a transient cell 

cycle arrest, but more severe and irreparable injury can lead to senescence or 

cell death (Surova and Zhivotovsky 2013). 

 Cellular senescence is a condition in which cells exit the cell cycle, 

remain viable and metabolically active, but become permanently arrested. 

Senescence was first described in fibroblast cell lines where a state of 

permanent cell cycle arrest occurred after serial passaging in culture (Hayflick 

and Moorhead 1961). The limited proliferative lifespan of non-transformed cell 

lines is known specifically as “replicative senescence.” Every time a normal 

cell proliferates, telomeres at the ends of chromosomes shorten (Harley et al. 

1990; Kim et al. 1994). These telomere ends are capped by proteins which 

protect them from activating the DDR (Denchi and de Lange 2007; Wu et al. 

2006). During replicative senescence, telomeres reach a critically short length 

and stimulate DDR activity (d’Adda di Fagagna 2008). Notably, the DDR plays 

an essential role in both senescence initiation and maintenance. Studies have 

shown that inactivation of CHK2, P53 and P21 extends the proliferative 

capacity of cells grown under normal culture conditions (Gire et al. 2004; 

Brown et al. 1997; Bond et al. 1994). 
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 More pertinent to this dissertation, is the observation that senescence 

can also occur in the absence of critically short telomeres and in response to 

DNA damage of either a persistent or extensive nature (Di Leonardo et al. 

1994; Robles and Adami 1998; Chen et al. 2004). This “premature 

senescence,” although induced by different stressors than replicative 

senescence, shares an underlying induction of the DDR. While cellular 

senescence permanently arrests the cell cycle of damages cells and therefore 

blocks proliferation, cell death leads to destruction and removal of the 

damaged cell (Matt and Hofmann 2016). Senescent cells also actively secrete 

pro-inflammatory cytokines (Burton and Faragher 2015) thus, in some cases, 

cell death may be a better alternative. 

 Cells can trigger both apoptosis and necroptosis in response to DNA 

damage. A hallmark feature of apoptotic signaling is the activation of 

caspases. Caspases are aspartate-specific cysteine proteases that function to 

process and activate pro-inflammatory cytokines as well as cleave numerous 

proteins during the apoptotic response (McIlwain et al. 2013). Caspases 

involved in apoptosis can be divided into initiator caspases and effector 

caspases. Both classes are present in the cell at all times, but as inactive 

zymogens. In response to cellular stress, the caspases get activated via 

proteolytic cleavage (Li and Yuan 2008). Mitochondria also play a role in 

apoptosis and key initiators of this pathway belong to the B cell lymphoma-2 

(BCL-2) family of proteins which includes PUMA, NOXA and BAX (in addition 

to many others). Members of the BCL-2 family which contain BH (BCL-2 
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homology) domains regulate the release of mitochondrial cytochrome c and 

serve an anti-apoptotic function (Youle and Strasser 2008).  

 BAX and members of the BAX-like subfamily of proteins promote 

apoptosis by poking holes in the mitochondrial outer membrane. NOXA and 

PUMA are members of the pro-apoptotic BH3-only subfamily which become 

transcriptionally upregulated by P53 following DNA damage. Exposure to 

significant levels of DNA damage induces expression of BH3-only subfamily 

members which then bind and inhibit the activity of pro-survival proteins 

leading to apoptosis (Czabotar et al. 2014; Youle and Strasser 2008).  

 Necroptosis is a form of regulated necrosis that can also be stimulated 

in response to DNA damage (Vandenabeele et al. 2010). Morphologically, 

necroptosis resembles necrosis in terms of loss of membrane integrity and 

release of cellular components into the extracellular space, but importantly the 

response is regulated rather than uncontrolled (Vanden Berghe et al. 2014). 

Necroptotic cell death is characterized by lack of caspase activation and the 

involvement of cell death receptor ligands, like TNF-a (Surova and 

Zhivotovsky 2013). Notably, there are still gaps in our understanding about 

how distinct cell fates are determined in response to genotoxic stresses. While 

it is generally appreciated that the extent of DNA damage has a large 

influence on cell fate choices, there is also evidence that cell fate decisions 

are influenced by the type of lesion present and type of cell exposed. 

 In addition to senescence and cell death, DNA damage can induce 

some non-terminally differentiated cell types to differentiate (Sherman et al. 
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2011). One important example of this outside the immune system includes 

neuronal stem and progenitor cells (NSPCs). In these stem cells, IR-induced 

p53-mediated DNA damage promotes axon regeneration in vivo and loss of 

p53 leads to impaired glial lineage differentiation (Di Giovanni et al. 2006; 

Zheng et al. 2008). DNA damage-induced cellular differentiation is relevant to 

the research described in Chapter 3 where the DDR in developing germ cells 

is examined. In this chapter, IR-induced DNA damage leads to an increase in 

RA signaling in both female and male PGCs. The connection between RA and 

differentiation has a long history that includes the establishment of retinoid-

based “differentiation therapy” as a treatment for Acute Promyelocytic 

Leukemia (APL) (Fenaux and Degos 1997; Weiss and Ito 2015). RA treatment 

has also been used to induce differentiation in ESC culture systems and 

evidence for RA pathway stimulation in response to DNA damage has been 

reported in mESCs (Kim et al. 2009; Serio et al. 2019).     

 

Sensitivity of Stem Cells and Germ Cells to DNA Damage 

 Most studies examining the impact of exogenous genotoxic stressors 

on germ cells have focused on post-natal germ cell development (Russell et 

al. 1981; Favor 1999; Rinaldi, Hsieh, et al. 2017; Enguita-Marruedo et al. 

2019; Singh et al. 2018). Yet, there have been some studies which showed 

that mutations in several DNA repair genes impact PGC development, but 

have subtle effects on other embryonic- and post-natal cell types (Agoulnik et 

al. 2002; Luo et al. 2014; Luo and Schimenti 2015; Nadler and Braun 2000; 
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Hamer and de Rooij 2018). Additionally, germ cells in gastrulating mouse 

embryos were shown to readily undergo apoptosis in response to low doses of 

IR, leading to a depletion of the PGC pool, however the underlying 

mechanisms were not delineated (Heyer et al. 2000). Taken together, these 

studies indicated that PGCs are hypersensitive to DNA damage, but also 

revealed gaps in our understanding about the DNA damage response and 

repair mechanisms active in the mammalian fetal germline.   

 PGCs have several properties resembling mESCs, including rapid 

proliferation, low mutation rate, and similar transcriptomes (Hong et al. 2007; 

Cervantes et al. 2002; Grskovic et al. 2007). Using proper culture conditions, 

mESCs can even be differentiated into PGC-like cells (PGCLCs) in only a few 

days (Hayashi et al. 2011). mESCs also have a highly sensitive DDR when 

compared to other cultured cell types such as mouse embryonic fibroblasts 

(MEFs) (Hong and Stambrook 2004; Chuykin et al. 2008; Suvorova et al. 

2016; Tichy and Stambrook 2008). As described in the “Cell Cycle Checkpoint 

Activation” section, the canonical DDR in most cell types involves the 

activation of a G1 cell cycle arrest, but induction of this checkpoint in response 

to DNA damage is absent in mouse and primate ESCs in response to IR 

(Hong and Stambrook 2004; Hong et al. 2007; Fluckiger et al. 2006). Although 

the lack of a G1 cell cycle arrest response would appear to be in conflict with a 

highly effective DDR, the speculated reason for this strategy is that rather than 

attempting to repair damage otherwise sufficient to arrest the cell cycle at G1, 

ESCs sustaining this level of damage would simply get culled from the 
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population. Interestingly, NSPCs also do not activate a G1 cell cycle block in 

response to DNA damage (Roque et al. 2012).  

 

 

 

Figure 1.2. Comparison of responses to DNA damage in differentiated 

somatic cells vs. germ cells, pluripotent stem cells. (A) In response to 

DNA damage, somatic cells are more likely than germ cells/ES cells to 

undergo cell cycle arrest and attempt DNA repair, including utilization of error-

prone repair mechanisms such as non-homologous end joining. (B) Germ cells 

and pluripotent stem cells are predisposed to apoptosis in response to DNA 

damage and when DNA repair mechanisms are activated in these cells, error-

free mechanisms such as homologous recombination are favored. (Figure 

adapted from Bloom et al. 2019). 
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Taken together, the similarities between PGCs and mESCs led us to 

explore what, if any, features of the DDR observed in cultured stem cells might 

be active in the fetal germline with the overarching goal being to gain a better 

understanding of DDR mechanisms in PGCs (see Chapter 3 for the results 

related to this work).   

 

3. Mutation Accumulation and the Germline 

Ramifications 

Germline mutations are the source of all heritable diseases and 

evolutionary adaptations. Perturbations to PGC development, and the 

accumulation of mutations, would have the potential to profoundly impact the 

function and quality of the germline at all subsequent stages of development. 

In particular, early mutational events in PGCs would be expanded clonally, 

thus pervading the adult germ cell population. Importantly, the spontaneous 

mutation rate of ESCs and the germline is remarkably low, further suggesting 

that PGCs, and subsequent stages of gametogenesis, have a highly effective 

DDR.  

In order to assess how germline mutational burden is impacted when 

DNA damage checkpoints are abrogated, we examined mutation incidence in 

a PGC proliferation-defective mouse model. Using whole genome single cell 

DNA sequencing of germ cells, we were able to highlight the potential 

ramifications of manipulating DNA damage checkpoints to facilitate increased 

germ cell survival (Chapter 3). The following two sections of the Introduction 
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describe differences between germline and somatic cell mutation 

accumulation and discuss factors known to impact mutation rate in the 

germline.  

 

Comparison of Germline and Somatic Cell Mutation Rates 

 Even prior to the next-generation sequencing (NGS) genomics era, 

researchers were able to observe that the mutation frequency differed 

between ESCs and fibroblast cell lines. These studies utilized selectable loci 

and compared the frequency of resistant clones arising between different cell 

types. The mutation rate of ESCs at the time was considered a proxy for 

germline mutation rate because of their totipotency. What they observed was 

that mutation frequencies are approximately two orders of magnitude lower in 

ESCs than MEFs and tail-tip fibroblasts (Cervantes et al. 2002; Hong et al. 

2007).  More recently, however, comparisons between germline and somatic 

mutation rates have also supported these earlier studies (Milholland et al. 

2017). For mice, the germline mutation frequency is estimated to be between 

4.6-6.5 x 10-9  mutations per base pair per generation (Uchimura et al. 2015; 

Ohno et al. 2014) and whole genome sequencing of parent-offspring trios in 

humans has estimated an average rate of 1.2 x 10-8  (Conrad et al. 2011; 

Besenbacher et al. 2015). 

   In addition to the unique features of germ cell DNA damage sensitivity 

which may help explain how the germline mutation rate is lower than that of 

somatic cells, transcriptome analyses have revealed that testicular tissue 
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expresses the most genes of any mammalian organ (~90% of all genes are 

expressed) (Soumillon et al. 2013; Melé et al. 2015). A possible explanation to 

account for this finding eluded scientists for a while, but recently it has been 

suggested that this widespread transcription evolved as a mechanism to keep 

the germline mutation rate low. In a groundbreaking study, researchers found 

that genes on transcribed DNA strands during spermatogenesis have lower 

mutation rates than those on un-transcribed strands, supporting this possibility 

as a broad-based mechanism to reduce mutation accumulation in germ cells 

(Xia et al. 2020).  

 

Factors Effecting Germline Mutation Rate 

 More than three-fourths of de novo point mutations are inherited from 

the paternal allele (Rahbari et al. 2016). This bias towards paternally 

originating mutations arises from differences between oogenesis and 

spermatogenesis. After puberty, spermatogonial stem cells (SSCs) divide 

mitotically every few weeks to both maintain the SSC pool and generate 

differentiated spermatogonial cells to produce sperm throughout the lifetime of 

males. In contrast, oocytes only undergo one round of DNA replication prior to 

maturation and remain arrested until ovulation. Therefore, the opportunity to 

accumulate mutations due to DNA replication errors in the male germline is 

significantly higher than in the female germline and is reflected in the biased 

inheritance of paternal originating mutations (Goldmann et al. 2016; Conrad et 

al. 2011). Further indication supporting DNA replication associated errors on 
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the male germline comes from observations correlating an increase in the 

number of inherited de novo mutations in offspring with advanced paternal age 

(Kong et al. 2012).   

Studies examining factors influencing germline mutation rate have not 

been limited to examining paternal age though. Maternal age is also a 

contributing factor. A study of sequenced Icelanders and their parents, 

determined that the number of maternally inherited de novo point mutations 

increases by ~0.37 per year of maternal age, whereas mutations of paternal 

origin increase by ~1.5 per year (Jónsson et al. 2017). An explanation for an 

increase in maternal age-related mutations has been attributed to the 

accumulation of DNA lesions or damage-induced mutations during prolonged 

meiotic arrest (Goriely 2016; Ségurel et al. 2014; Gao et al. 2016). However, a 

less appreciated explanation for maternal age effect may be related to the 

reliance of zygotes on oocyte-derived protein and transcript reserves until the 

four-cell stage (Braude et al. 1988). The first few post-zygotic cell divisions 

have been found to be relatively mutagenic (Huang et al. 2014; Acuna-Hidalgo 

et al. 2015) and if replication or repair machinery deteriorates with maternal 

age, then this could lead to de novo mutations of non-parental origin trending 

with maternal age (Gao et al. 2019). 

Interestingly, while the average number of de novo mutations found in an 

offspring’s genome increases with both paternal and maternal age, the rate of 

mutation accumulation was found to vary significantly across different families 

of similar ancestry, ranging from 0.19 to 3.24 de novo mutations per year. In 
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some families, an increase in parental age of one year was associated with 

extra mutations, while in other family lineages the number of new mutations 

barely increased at all with age (Sasani et al. 2019). While the factors 

accounting for this variability are not yet understood, a recent article found that 

the germline mutation rate in young adults is predictive of both reproductive 

lifespan and longevity (Cawthon et al. 2020).  

 

4. Research Focus and Goals of this Dissertation 

The ability of organisms to transmit their genetic information to subsequent 

generations is crucial for the survival and propagation of a species. In this 

dissertation, I examined genome maintenance mechanisms present in the 

developing mammalian germline with the aim to systematically explore how 

these cells respond to DNA damage using both environmental and genetic 

perturbations.  

During my PhD research, I developed an embryonic germ cell-specific 

DNA DSB-sensing transgenic reporter mouse and validated that it can be 

used as a tool to visualize PGC DSB dynamics in an antibody-independent 

manner (Chapter 2). I observed that rapidly proliferating PGCs prior to sex 

determination have a cell cycle checkpoint response similar to mESCs, that 

the DDR between female and male PGCs is dimorphic post-sex determination, 

and that genetically ablating germline checkpoint responses during PGC 

proliferation leads to germ cells with a higher mutational incidence (Chapter 3). 

And lastly, I showed that checkpoint proteins CHK2 and CHK1 work 
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redundantly to remove post-natal oocytes with unrepaired DSBs (Chapter 4). 

In the final chapter of the dissertation (Chapter 5), I will describe some 

limitations of the work described and suggest potential avenues for future 

related studies. 
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CHAPTER 2 

 

 

A REPORTER MOUSE FOR IN VIVO DETECTION OF DNA DAMAGE IN 

EMBRYONIC GERM CELLS 

 

*This chapter is a reprint with minor reformatting of the manuscript: Bloom, 

J.C. and Schimenti, J.C. A Reporter Mouse for In Vivo Detection of DNA 

Damage in Embryonic Germ Cells. genesis. 2020;e23368. 

https://doi.org/10.1002/dvg.23368 

 

 

1- Abstract 

 

Maintaining genome integrity in the germline is essential for survival 

and propagation of a species.  In both mouse and human, germ cells originate 

during fetal development and are hypersensitive to both endogenous and 

exogenous DNA damaging agents.  Currently, mechanistic understanding of 

how primordial germ cells respond to DNA damage is limited in part by the 

tools available to study these cells.  We developed a mouse transgenic 

reporter strain expressing a 53BP1-mCherry fusion protein under the control of 

the Oct4DPE embryonic germ cell-specific promoter.  This reporter binds sites 

of DNA double strand breaks (DSBs) on chromatin, forming foci.  Using 
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ionizing radiation as a DNA double strand break-inducing agent, we show that 

the transgenic reporter expresses specifically in the embryonic germ cells of 

both sexes and forms DNA damage induced foci in both a dose- and time-

dependent manner.  The dynamic time-sensitive and dose-sensitive DNA 

damage detection ability of this transgenic reporter, in combination with its 

specific expression in embryonic germ cells, makes it a versatile and valuable 

tool for increasing our understanding of DNA damage responses in these 

unique cells. 

KEYWORDS: primordial germ cells, DNA damage, DNA repair, fertility, double 

strand breaks 

 

2- Introduction 

 

In most contexts, DNA double strand breaks (DSBs) are damage-

induced lesions which can arise as a by-product of normal cellular processes 

or from exogenous damaging agents (Featherstone and Jackson 1999). If not 

repaired correctly, DSBs can be mutagenic and lead to deletions, 

translocations, and other chromosomal rearrangements. If left unrepaired, they 

can trigger cell death (Cannan and Pederson 2016).  The most common 

method of detecting DSBs is by immunolabeling with an antibody against 

different markers of DNA damage, such as gH2AX (Podhorecka et al. 2010). 

While frequently used, this method requires cell fixation and depends on 
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antibody specificity and sensitivity.  More recently, a number of labs have 

begun to use fluorescent reporters of p53 binding protein 1 (53BP1) to 

quantify DSBs in individual living cultured cells (Karanam et al. 2012; Miwa et 

al. 2013). A major advantage of this method is that fixation and subsequent 

immunohistochemistry are not required for DSB visualization.  Forgoing 

fixation enables visualization of DNA repair dynamics over time.  

  Preserving genome integrity in germ cells is essential for successful 

transmission of hereditary information to future generations and survival of a 

species. In many organisms, including mice and humans, germ cells are first 

specified during embryonic development (Tam and Snow 1981; Ginsburg et al. 

1990; Gomperts et al. 1994). These primordial germ cells (PGCs), arising from 

a small progenitor pool, migrate and proliferate to subsequently form the entire 

adult germline (Tam and Snow 1981; Gomperts et al. 1994). Perturbations to 

PGC development and growth, including those affecting genomic integrity of 

PGCs, can lead to a severe reduction or complete loss of germ cells in 

sexually mature adults (Hamer and de Rooij 2018).  Notably, mutations in a 

number of genes involved in DNA repair cause depletion of PGCs and 

consequently a reduction of germ cells post-natally, while having very subtle 

effects in the soma (Nadler and Braun 2000; Agoulnik et al. 2002; Luo et al. 

2014; Luo and Schimenti 2015). Furthermore, mouse PGCs are particularly 

hypersensitive to ionizing radiation (IR)-induced DSBs, but the basis for this 

sensitivity remains unknown (Heyer et al. 2000), in part due to the limited 

accessibility and numbers of fetal germ cells.  Improvement to our current 
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understanding of the mechanisms responsible for hypersensitivity of these 

cells to exogenous and endogenous DNA damage would benefit substantially 

from new research-enabling experimental tools. Here, we describe a 

transgenic mouse model for in vivo DSB detection specifically in fetal germ 

cells, alleviating technical barriers for studying DNA damage and repair in this 

difficult-to-access embryonic cell population. 

 

3- Materials and Methods 

All graphing and statistical analyses in the study were performed using 

GraphPad Prism8.  

 

Vector construction and generation of Tg(Oct4DPE-53BP1mCherry)1Jcs 

mice 

  The Oct4DPE-53BP1mCherry construct was produced by replacing the 

GFP portion of the Oct4DPE-GFP plasmid (Addgene plasmid #52382) with a 

53BP1-mCherry fragment (Dimitrova et al. 2008) (Addgene plasmid #19835).  

The GFP fragment was removed via AfeI and FseI restriction enzyme 

digestion of the Oct4DPE-GFP plasmid.  Re-introduction of an ~200bp 

conserved portion of the Oct4 promoter adjacent to the excised GFP 

sequence was performed via PCR amplification (see Table 1 for a list of 

primers used).  During this step, a PacI restriction site was also added.  Next, 

the 53BP1-mCherry reporter was PCR amplified with primers designed to add 

PacI and FseI restriction sites to the 5’ and 3’ ends, then ligated into the 
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recipient Oct4DPE plasmid lacking GFP to make the final construct for 

pronuclear injection.  

  Prior to pronuclear injection, the construct was linearized and gel 

purified to remove plasmid backbone. Following gel purification, the linearized 

Oct4DPE-53BP1mCherry reporter was injected at a concentration of 1.5 ng/ul 

into FVBxB62J F1 hybrid embryos and transgene positive animals were 

genotype as described below.  The use of mice in this study was approved by 

Cornell’s Institutional Animal Care and Use Committee.   

 

Genotyping strategy  

  Crude lysates for PCR were prepared as described (Truett et al. 2000).  

Genotyping primers are provided in Table 1.  PCR conditions were as follows: 

initial denaturation at 95°C for 4 minutes, then 30 cycles of 95°C for 30 

seconds, 62.5°C for 50 seconds, 72°C for 40 seconds, and a final elongation 

at 72°C for 5 minutes.  For identification of transgene positive animals, the 

presence of a 131 bp PCR product was assessed on an agarose gel. 

 

Table 1. Oligonucleotides used in this study 
   
Name Sequence 5' to 3'  Purpose 

Oct4consF gatcagcgctcgcctcagtt 

Re-introduction of conserved 
portion of Oct4deltaPE-GFP 
plasmid   

Oct4consR atataGGCCGGCCcagctTTAATTAAtgcccaccttccccatga 

Re-introduction of conserved 
portion of Oct4deltaPE-GFP 
plasmid+addition of PacI 
restriction site  
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DSB-Oct4 
F tacttaattaaCCACCATGGTGAGCAAG 

53BP1-mCherry reporter 
amplification 

DSB-Oct4 
R atatggccggccCTCATTCACCGGTGTTG 

53BP1-mCherry reporter 
amplification 

DSBgenoF catcaaggagttcatgcg Genotyping primer 
DSBgenoR ccttggtcaccttcagc Genotyping primer 

 

 

Fertility assessments 

  Transgene positive and negative mice (at 8 weeks old) were housed 

with C57BL/6J wild type animals of the opposite sex.  Litter sizes were 

determined by counting pups on the day of birth.  

  To quantify sperm, cauda epididymides from 8 week old mice were 

minced in 2 mL of 1X PBS and then incubated for 15 minutes at 37°C to allow 

spermatozoa to swim out.  Sperm were then diluted 1:5 in 1X PBS and 

counted with a hemocytometer. 

 

Histology 

  Testes were collected from 8 week old males, fixed in Bouin’s 

overnight, washed with 70% ethanol for 24 hours and then embedded in 

paraffin.  Testes were sectioned at 6 µm and stained with hematoxylin and 

eosin (H&E). 

 

Irradiation exposure  

  Mice were placed in a 137cesium irradiator with a rotating turntable and 

exposed to the doses of radiation specified.   
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Whole mount staining 

  Whole mount staining was conducted as described (Rinaldi et al. 2018).  

Genital ridges were stained using primary antibody rabbit anti-DDX4/MVH 

(1:500, ab13840; Abcam) and anti-rabbit Alexa Fluor 488 secondary antibody 

(1:1000).  P0 ovaries and testes were labeled with rat anti-Tra98/GCNA 

(1:500, ab82527; Abcam) and anti-rat Alexa Fluor 488 secondary antibody 

(1:1000).  Samples were imaged on an upright Zeiss LSM880 confocal 

microscope using an either 10X NA 0.45 water immersion C-Apochromat 

objective (for the P0 ovaries and testes) or a 40X NA 1.1 water immersion C-

Apochromat objective (for the genital ridges). 

 

Foci quantification 

  Foci quantification was performed using Arivis Vision4D 3.1.1 analysis 

software.  The following parameters were used and applied to all images: 

puncta diameter=3 µm (threshold=5), nuclei diameter 14 µm (threshold=10; 

split sensitivity 63%), volume without holes 200 µm3 to 10000 µm3. 

 

Germ cell quantification 

  Germ cells from the 3 medial optical sections of each P0 ovary and 

testis collected were quantified as described in Rinaldi et al. 2018. 

 

Resource Availability 
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  The Tg(Oct4DPE-53BP1mCherry)1Jcs mouse-line is available upon 

request. 

 

4- Results 

 

Functional Validation of the Oct4DPE-53BP1mCherry Reporter 

Transgene  

  To better understand DSB response dynamics in embryonic germ cells, 

and to eliminate the need for dual antibody labeling with both a germ cell and 

DNA damage response marker, we a built a reporter construct in which the 

Oct4DPE embryonic germ cell promoter (Yoshimizu et al. 1999) drives an 

established DSB-sensing reporter (Figure 2.1A) (Dimitrova et al. 2008). This 

promoter fragment (which lacks a proximal enhancer element) has been well 

characterized for its ability to drive specific expression in primordial germ cells, 

later stage fetal germ cells, and in the germ cells of juvenile postnatal testes 

(Sabour et al. 2011; Yeom et al. 1996; Szabó et al. 2002; Yoshimizu et al. 

1999). The reporter is composed of mCherry fused to the Tudor binding 

domain of the 53BP1 protein and functions by binding to the H4K20me2 

chromatin mark which becomes exposed adjacent to DNA DSBs (Dimitrova et 

al. 2008). In the absence of DSBs, the reporter is expressed in the nucleus in 

a diffuse pattern, but once DSBs are induced, the reporter forms foci at the 

sites of damage. 
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  The Oct4DPE-53BP1mCherry reporter construct (Figure 2.1A) was 

microinjected into single cell mouse zygotes, and founder transgenics were 

identified via PCR with transgene-specific primers. Following germline 

transmission of the transgene, sexually mature transgene positive males and 

females were paired for timed matings.  Gonads from male and female 

transgene positive embryos were collected at embryonic day 13.5 (E13.5), 

fixed, and co-labeled with the germ cell marker MVH (mouse vasa homolog; 

formally, DDX4) to assess if transgene expression was specific to germ cells 

in both sexes (Figure 2.1B).  After confirming PGC-specific expression of the 

transgene, we validated that its expression does not have a detrimental impact 

on the fertility of transgene-positive adult female and male animals (Figure 

2.2A-E).  
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Figure 2.1. Creation of a mouse line expressing an Oct4DPE-53BP1-

mCherry transgene specifically in male and female embryonic germ 

cells. (A) Schematic diagram of transgene construct with the Oct4DPE 

embryonic germ cell specific promoter and the 53BP1-mCherry DNA double 

strand break sensing reporter. (B) Whole mount immunofluorescence images 

of E13.5 transgenic male and female genital ridges with panels on the left 

showing endogenous mCherry reporter localization, middle panels showing 

antibody labeling of the cytoplasmic germ cell marker MVH (DDX4), and 

panels on the right showing the corresponding merged image. Scale bar= 50 

µm 
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Figure 2.2. Expression of the Oct4DPE 53BP1-mCherry transgene does 

not alter fertility. (A) Litter sizes from transgenic and transgene-negative 

males mated to wild type females. Average litter sizes (± SD) produced by 
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transgene-negative and –positive males were 10.3±1.3 and 10.6±1.3 

respectively. (B) Litter sizes from transgenic and transgene-negative females 

mated to wild type males. Average litter sizes (± SD) produced by transgene-

negative and –positive females were 8.1±1.8 and 9.1±2.5 respectively. (C) 

Testes weights of transgenic and transgene-negative males.  Average testes 

weights (± SD) of transgene-negative and –positive males were 0.12g±0.04 g 

and 0.1g±0.02 g respectively. (D) Caudal epididymis sperm counts of 

transgenic and transgene-negative males. Average sperm counts (± SD) of 

transgene-negative and –positive males were 9.37x106±3.27x106 and 

8.03x106± 3.52x106 respectively. (E) Hematoxylin and eosin (H&E) staining of 

testis cross-sections from 8 week old males. Top row: scale bar=500 µm; 

bottom row: scale bar=100 µm. 

 

 We next sought to determine whether the DSB sensing reporter portion of 

the transgene was functional.  To examine this, we exposed pregnant mice at 

13.5dpc to a single low dose of IR (1Gy) and quantified focus formation 1 hour 

later compared to unirradiated transgene-positive counterparts (Figure 2.3A).  

Quantification of foci revealed that the reporter functions in both a dose-

dependent (Figure 2.3B, C) and time-dependent manner with damage-induced 

foci being undetectable 24 hours after IR (Figure 2.4).  While tissue fixation 

was performed here, the fluorescent reporter is also amenable to live cell 
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imaging applications, which should provide even greater signal (Joosen et al. 

2014).   

 

Figure 2.3. Primordial germ cells of Oct4DPE 53BP1-mCherry transgenic 

mice form radiation-induced foci in a dose-dependent manner.  (A) Whole 

mount immunofluorescence images of E13.5 transgenic male and female 

genital ridges 1 hour after exposure to 0, 0.5, or 1 Gy of radiation. Scale 
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bar=10 µM. (B) Foci quantification of transgenic male PGCs at the doses 

shown in A; p-values derived from a non-parametric Mann-Whitney U test 

where p<0.0001 for all comparisons shown. (C) Foci quantification of 

transgenic female PGCs at the doses shown in A; p-values derived from a 

non-parametric Mann-Whitney U test where p=0.018 for the 0.5 vs. 1 Gy 

statistical comparison and p<0.0001 for the 0 vs. 0.5 Gy and 0 vs. 1 Gy 

comparisons. (D) Table of reporter induction metrics in response to radiation 

including mean number of foci formed, mode, number of nuclei quantified per 

condition and the percentage of nuclei with more than one focus.  

 

 

 

Figure 2.4. Oct4DPE 53BP1-mCherry transgene responds to DNA damage 

dynamically, in a time-dependent manner.  Whole mount 

immunofluorescence images of E13.5 transgenic genital ridges given 1 Gy of 

radiation and collected 1 hour and 24 hours after exposure. Leftmost image is 

from an un-irradiated control. Scale bar=10 µm. 

 

A
Control 1 Gy, 1 hour 1 Gy, 24 hours

Figure S2. Oct4DPE 53BP1-mCherry transgene responds to DNA damage dynamically, in a 
time-dependent manner. Whole mount immunofluorescence images of E13.5 transgenic genital 
ridges given 1 Gy of radiation and collected 1 hour and 24 hours after exposure. Leftmost image is 
from an un-irradiated control. Scale bar=10 µm.
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Radiation-induced Reporter Foci Dynamics Differ Between Male and 

Female E13.5 PGCs 

  While IR cause both female and male PGCs to form mCherry foci in a 

dose-dependent manner, the average number of induced foci differed 

between the sexes (Figure 2.3B, C).  At E13.5, female germ cells had fewer 

foci than males, and the percentage of nuclei with >1 focus in response to 

increasing IR doses remained fairly constant.  In contrast, the percentage of 

nuclei with >1 focus steadily increased in male germ cells with increasing IR 

dosages (Figure 2.3D).  We speculate that these differences might be due to 

the different developmental trajectories of the sexes at this time point. At 

E13.5, female germ cells begin to enter the leptotene stage of prophase I in 

meiosis I (Speed 1982).  Upon meiotic entry, the germ cells produce 

endogenously programmed DSBs that induce, and are required for, meiotic 

homologous recombination (HR) and pairing of homologous chromosomes 

(Handel and Schimenti 2010). While repair of DSBs in meiosis occurs 

exclusively via HR pathway components, 53BP1 is associated primarily with 

the non-homologous end joining (NHEJ) DSB repair pathway.  Therefore, its 

activity as a DSB responsive element may be down-regulated during early 

meiosis (Enguita-Marruedo et al. 2019; Singh et al. 2018), resulting in less 

53BP1-based reporter foci detection in the female germ cells at this time.  

Additionally, since the transgene promoter is downregulated in female germ 

cells upon meiotic entry (Sabour et al. 2011), this may contribute to the 

difference in foci dynamics.  
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An Acute Dose of Radiation During Fetal Development Leads to a 

Reduction of Germ Cells in Males and Females at Birth 

  In order to assess the ramifications of DNA damage on PGCs, we 

performed the same experimental treatment conditions as previously 

described, but collected female and male gonads at birth rather than at E13.5 

(Figure 2.5A).  Quantification of postnatal germ cells indicated that both IR 

doses used were sufficient to cause a reduction in germ cells at birth in both 

sexes (Figure 2.5B, C).   

Figure 3

A

B C

Fe
m

al
e

M
al

e

0 Gy

0 Gy

0.5 Gy

0.5 Gy

1 Gy

1 Gy

0 0.5 1.0
0

200

400

600

P0 ovary germ cell quant.

Irradiation Dose (Gy)

# 
o

f g
er

m
 c

el
ls

0 0.5 1.0
0

500

1000

1500

2000

P0 testes germ cell quant.-B

Irradiation Dose (Gy)

# 
of

 g
er

m
 c

el
ls

Male Female

0 Gy

0.5 Gy

1 Gy

1 Gy

Fe
m

al
e

M
al

e

0.5 Gy

0.5 Gy

p=0.009

p=0.0001

p=0.007

p=0.001
p=0.02



  66 

Figure 2.5. Acute radiation-induced DNA damage during fetal 

development leads to a reduction in germ cells at birth. (A) Whole mount 

maximum intensity immunofluorescence images of P0 testes and ovaries 

labeled with germ cell marker Tra98/GCNA in which the irradiation dose noted 

corresponds to the amount of radiation exposure the samples experienced in 

utero at E13.5. Scale bar=200 µM.  (B) Germ cell quantification of P0 testes at 

the doses shown in A.  Number of germ cells quantified from the 3 centermost 

sections of each sample is graphed; p-values derived from a non-parametric 

Mann-Whitney U test. (C) Germ cell quantification of P0 ovaries at the doses 

shown in A and quantified as in B; p-values derived from a non-parametric 

Mann-Whitney U test. 

 

5- Discussion 

 

 Here, we validate and demonstrate the functionality of a mouse transgenic 

reporter line designed to aid the study of DNA damage induction and 

responses in embryonic germ cells.  The reporter, like the parental vector 

designed for generic expression in cultured cells (Dimitrova et al. 2008), was 

responsive to both the dose of DNA damage and time after DNA damage 

exposure.  While numerous techniques can provide a static read-out of DNA 

damage, the dynamic nature of reporter allows for the examination of DNA 

repair activity in real time and under various different contexts, such as during 

ex vivo culture of fetal gonads (Coveney et al. 2008). Additionally, the 
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sensitivity of the reporter to low doses of DNA damage is conducive to further 

studies aimed at understanding the unique sensitivity of primordial germ cells 

to DNA double strand breaks.   
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CHAPTER 3 

 

 

SEXUALLY DIMORPHIC DNA DAMAGE RESPONSES AND MUTATION 

AVOIDANCE IN THE MOUSE GERMLINE 

 

 

*This chapter is a reprint with minor reformatting of the manuscript: Bloom, 

J.C. and Schimenti, J.C. Sexually Dimorphic DNA Damage Responses and 

Mutation Avoidance in the Mouse Germline. (currently under review) 

 

 

1- Abstract 

 

Germ cells specified during fetal development form the foundation of the 

mammalian germline. These primordial germ cells (PGCs) undergo rapid 

proliferation, yet the germline is highly refractory to mutation accumulation 

compared to somatic cells. Importantly, while the presence of endogenous or 

exogenous DNA damage has the potential to impact PGCs, there is little 

known about how these cells respond to stressors. To better understand the 

DNA damage response (DDR) in these cells, we exposed pregnant mice to 

ionizing radiation (IR) at specific gestational time points and assessed the 

DDR in PGCs. Our results show that PGCs prior to sex determination lack a 
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G1 cell cycle checkpoint. Additionally, the response to IR-induced DNA 

damage differs between female and male PGCs post-sex determination. IR of 

female PGCs caused uncoupling of germ cell differentiation and meiotic 

initiation, while male PGCs exhibited repression of piRNA metabolism and 

transposon de-repression. We also used whole genome single-cell DNA 

sequencing to reveal that genetic rescue of DNA repair-deficient germ cells 

(Fancm-/-) leads to increased mutation incidence and biases. Importantly, our 

work uncovers novel insights into how PGCs exposed to DNA damage can 

become developmentally defective, leaving only those genetically fit cells to 

establish the adult germline.    

KEYWORDS: Primordial germ cells, DNA damage, FancM, genome 

maintenance, fertility, transposons, cell cycle checkpoint, single-cell DNA 

sequencing 

 

2- Introduction 

 Specification of the germline in humans and mice occurs during 

embryonic development (Ginsburg et al. 1990), during which PGCs undergo a 

rapid expansion to populate the fetal gonad (Gomperts et al. 1994). Early in 

mouse embryogenesis, PGCs are specified as a group of ~45 cells in the 

epiblast of 6-6.5 post-fertilization embryos (E6-6.5) (Ewen and Koopman 

2010). After specification, PGCs both proliferate and migrate to the location of 
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the future gonads where they undergo roughly 9 population doublings over the 

span of 7 days to reach a peak population of ~25,000 cells (Nikolic et al. 

2016). These PGCs form the founding germ cell population from which the 

entire adult germline in both females and males is established (Tam and Snow 

1981). 

Perturbations to PGC development, especially those that cause 

accumulation of mutations, can profoundly impact the function and quality of 

the germline at all subsequent stages of development. In particular, early 

mutational events in PGCs would be expanded clonally, thus pervading the 

adult germ cell population. Remarkably, the spontaneous mutation rate in 

gametes is ~100 times lower than that of somatic cells (Milholland et al. 2017), 

suggesting that PGCs, and subsequent stages of gametogenesis, have a 

highly effective DDR. The ability to suppress mutation transmission in germ 

cells is essential for maintenance of the germline’s genome integrity, and thus, 

genetic stability of species and avoidance of birth defects. However, how this 

suppression is achieved is still incompletely understood. 

 Studies examining the impact of exogenous genotoxic stressors on 

germ cells have largely focused on postnatal germ cell development (Russell 

et al. 1981; Favor 1999; Rinaldi, Hsieh, et al. 2017; Enguita-Marruedo et al. 

2019; Singh et al. 2018). Fetal germ cells comprise a small population of cells 

that are difficult to access, but there are some reports in the literature 

indicating that PGCs are hypersensitive to DNA damage (Hamer and de Rooij 

2018). These studies show that mutations in several DNA repair genes impact 
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PGC development, but have subtle effects on other embryonic- and post-natal 

cell types (Agoulnik et al. 2002; Luo et al. 2014; Luo and Schimenti 2015; 

Nadler and Braun 2000). Furthermore, germ cells in gastrulating mouse 

embryos readily undergo apoptosis in response to low dose IR, leading to 

depletion of the PGC pool; however the underlying mechanisms were not 

delineated (Heyer et al. 2000). During normal PGC development, some cells 

are lost through BAX-mediated apoptosis, implying that there are robust 

quality control mechanisms present and engaged in these germ cells even 

under physiological conditions (Stallock et al. 2003; Rucker et al. 2000). 

Exposure to environmental genotoxic agents during fetal development has the 

potential to impact not only the fetus, but also the future offspring of the fetus 

through its developing germline. In addition to genetic effects, intrinsic and 

extrinsic stressors may evoke epigenetic changes to fetal germ cells, possibly 

impacting fertility and causing adverse health outcomes in subsequent 

generations. However, our understanding of how PGCs respond to stressors 

remains under-explored. 

DNA damage in the form of double strand breaks (DSBs), which can 

arise spontaneously (for example during DNA replication) or induced by 

extrinsic exposures, are particularly dangerous to the genome because they 

can cause gross chromosomal rearrangements and insertions/deletions 

(indels). Consequently, the cellular responses to DSBs, commonly induced 

experimentally by IR, have been studied in many contexts (Ciccia and Elledge 

2010; Featherstone and Jackson 1999). While DSBs can be damaging to any 
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cell type in the body, the potential consequences are greater for stem cell 

populations that would propagate mutations to all progeny cells. Therefore, the 

DDR in these cells is of particular importance. A tractable system for studying 

stem cells in mammals are mouse embryonic stem cells (mESCs), and they 

are highly sensitive to IR exposure compared to other well-studied cell types 

such as mouse embryonic fibroblasts (MEFs) (Hong and Stambrook 2004; 

Chuykin et al. 2008; Suvorova et al. 2016; Tichy and Stambrook 2008). 

Interestingly, PGCs have several properties resembling mESCs, including 

rapid proliferation, low mutation rate, and similar transcriptomes (Hong et al. 

2007; Cervantes et al. 2002; Grskovic et al. 2007). Under proper culture 

conditions, mESCs can even be differentiated into PGC-like cells (PGCLCs) in 

just a few days (Hayashi et al. 2011). This raises the possibility that PGCs and 

mESCs have similar DDRs that are distinct from terminally differentiated cells, 

and that ESCs, which are very easily cultured, can be used as a guide for 

studying DDRs of other stem cells including PGCs. 

In this study, we examined the PGC response to IR-induced DNA 

damage at two distinct stages of development: 1) when PGCs are bipotent 

prior to sex determination at E11.5, and 2) subsequent to the initiation of sex 

determination at E13.5 (Endo et al. 2019). At E11.5, female and male fetal 

gonads are morphologically indistinguishable from one another, but by E13.5 

the gonads are morphologically distinct (Koubova et al. 2006). Additionally, the 

developmental trajectories of male and female PGCs begin to diverge at this 

time. Female germ cells begin to undergo meiotic initiation at E13.5, while 
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male germ cells continue on a mitotic cell cycle program before becoming 

quiescent ~2 days later (Anderson et al. 2008). By examining the IR-induced 

DDR in PGCs both before and after sex determination, we uncovered novel 

developmental context-dependent responses to DNA damage. We show that 

before sex determination, irradiated PGCs lack a G1 cell cycle checkpoint 

similar to mESCs. After sex determination, we show that male PGCs re-gain 

G1 checkpoint activity while female PGCs do not, and instead prematurely 

initiate an abortive oogonial differentiation program. We also assessed 

mutational burden and the role of cell cycle checkpoints in mutation prevention 

in an intrinsic DNA damage model, Fancm-deficient mice, that exhibit p21-

dependent PGC depletion in males (Luo et al. 2014). Overall, our studies 

reveal the importance of cell cycle checkpoints in preventing accumulation of 

complex mutations in the germline, and the differentiation of the DDR during 

germ cell development.  

 

3- Results 

 

Mouse PGCs Lack a G1 Cell Cycle Checkpoint 

In a proliferating population of cells, acute DNA damage can activate 

cell cycle checkpoints at a number of different cell cycle stages (Shaltiel et al. 

2015). These checkpoints give cells a chance to respond to the damage and 

can lead to a shift in the population’s cell cycle distribution compared to 

control, undamaged cells. The canonical DDR in many cell types involves 
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activation of a checkpoint at the G1 stage of the cell cycle, but notably, this 

checkpoint is absent in mouse and primate ESCs (Hong et al. 2007; Hong and 

Stambrook 2004; Fluckiger et al. 2006). The speculated reason for this 

strategy is that rather than attempting repair of a mutational load sufficient to 

stop the cell cycle at G1 as do most somatic cells, ESCs sustaining substantial 

DNA damage of a cell-deleterious nature get culled subsequently by other 

mechanisms. Mouse neural stem and progenitor cells (NSPCs) and 

hematopoietic stem cells (HSCs) also do not activate a G1 cell cycle block in 

response to IR (Roque et al. 2012; Brown et al. 2015).  

To determine whether PGCs lack a G1 DNA damage checkpoint, we 

exposed pregnant mice at E11.5 to 5 Gy IR, then 8 hours later dissected fetal 

gonads for flow cytometric cell cycle analysis. The mice expressed GFP in 

germ cells (Szabo et al. 2002), enabling us to distinguish PGCs from gonadal 

somatic cells. The IR treatment caused a marked shift in the PGC cell cycle 

distribution, indicative of an absent G1 cell cycle checkpoint (Figure 3.1A). 

This response was similar to that previously reported for mESCs (Hong and 

Stambrook 2004), an observation we confirmed here (Figure 3.2). The 

dramatic decrease of PGCs in G1 in turn altered the distribution of cells in S- 

and G2/M-stages (Figure 3.1B-D) indicating the presence of a robust G2 

checkpoint arrest similarly identified in mESCs.  
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Figure 3.1. PGCs at E11.5 lack a G1 cell cycle checkpoint in response to 

irradiation-induced DNA damage. A. Representative cell cycle profiles of 

control and treated primordial germ cells. B. Percentage of G1 phase cells in 

both control and treated conditions. C. Percentage of S phase cells in both 

control and treated conditions. D. Percentage of G2/M phase cells in both 

control and treated conditions. E. Significantly enriched Gene Ontology terms 

among up-regulated genes in response to irradiation at E11.5.  

 

 

Figure 3.2. mESCs lack a G1 cell cycle checkpoint in response to IR-

induced DNA damage. A. Mouse embryonic stem cells (mESCs) were 

treated with 10 Gy of irradiation (right panel) or untreated (left panel). Eight 

hours after irradiation, cells were trypsinized, stained, and subjected to flow 

mESCs
Control

mESCs
IR

A

MEFs
Control
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Figure S1. mESCs lack a G1 cell cycle checkpoint in response to IR-
induced DNA damage.
A. Mouse embryonic stem cells (mESCs) were treated with 10 Gy of irradiation 
(right panel) or untreated (left panel). Eight hours after irradiation, cells were 
trypsinized, stained, and subjected to flow cytometry to assess cell-cycle 
distribution.
B. Same as in A except with primary mouse embryonic fibroblasts (MEFs) 
rather than mESCs. 
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cytometry to assess cell-cycle distribution. B. Same as in A except with 

primary mouse embryonic fibroblasts (MEFs) rather than mESCs.  

 

Irradiation Leads to Decreased piRNA Metabolism and Transposon de-

repression in the Fetal Male Germline 

To better understand the molecular nature of the DDR in bipotent 

PGCs, we performed RNA-seq on PGCs purified from irradiated embryos 

compared to control PGCs at the same time point in development (E11.5). 

Comparisons between irradiated and unirradiated samples 4 hours after 

treatment revealed 282 differentially expressed genes with 124 genes up-

regulated two-fold or higher and 18 genes down-regulated two-fold or lower. 

Gene Ontology analysis (Mi et al. 2019) highlighted a number of significant 

terms among the genes up-regulated in response to IR (Figure 3.1E), most 

notably cell-to-cell communication, factors involved in stem cell population 

maintenance, and activation of apoptotic processes through cysteine 

endopeptidase activity (Earnshaw et al. 1999).  

Having found that E11.5 PGCs lack a G1 cell cycle checkpoint, we next 

asked if and when the G1 checkpoint response is re-established in this 

lineage. Establishment of a G1 checkpoint response would indicate that the 

lineage re-gained a more canonical DDR, typical of most differentiated cells. 

Strikingly, irradiation of male embryonic germ cells at E13.5 induced G1 cell 

cycle arrest, indicating that they acquired this ability for the first time in their 

development (Figure 3.3A-D). To gain insight into the molecular 
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consequences of DNA damage in these cells, we examined the 

transcriptomes of irradiated E13.5 male PGCs to unirradiated controls using 

RNA-seq. During normal male PGC development, there is widespread 

demethylation of the genome (Ernst et al. 2017). This global DNA 

demethylation leads to de-repression of silenced transposons, but also 

coincides with an upregulation of piRNA signaling to repress transposon 

expression (Rojas-Ríos and Simonelig 2018). Activation of piRNA signaling is 

crucial for normal developmental progression of fetal male germ cells (Nguyen 

and Laird 2019). Gene Ontology (GO) analysis highlighted a number of gene 

categories down-regulated in response to IR, revealing perturbations to critical 

male germ cell-specific developmental pathways related to gene silencing, cell 

differentiation and piRNA signaling (Figure 3.4A).  

 

 

 

 

 

 

 

 

 

 

(legend on next page) 

S-E13.5 Male

Co
nt
ro
l IR

0

5

10

15

20

%
 c

el
ls

A

B C D

E13.5 Male Germ Cells

C
ou

nt

Control 5Gy IR
100

75

50

25

0

DNA content
2c           4c

100

75

50

25

0
2c           4c

DNA content

G1 phase S phase G2/M phase

p=0.007 p=0.38

G2/M-E13.5 Male

%
 c

el
ls

Co
nt
ro
l IR

0

10

20

30

40

G1-E13.5 Male

Co
nt
ro
l IR

0

20

40

60

80

%
 c

el
ls

p=0.015

Figure 2



  83 

Figure 3.3. E13.5 male germ cells acquire a DNA damage responsive G1 

cell cycle checkpoint. A. Representative cell cycle profiles of control and 

treated E13.5 male germ cells. B. Percentage of G1 phase cells in both control 

and treated conditions. C. Percentage of S phase cells in both control and 

treated conditions. D. Percentage of G2/M phase cells in both control and 

treated conditions. 

 

To further understand the DDR in E13.5 male germ cells, we examined 

the expression of genes associated with piRNA metabolism in our dataset. 

The vast majority (all except one) were robustly down-regulated in response to 

IR (Figure 3.4B). Next, we asked whether the down-regulation of piRNA 

metabolism led to transposon activation in the irradiated male germ cells. We 

observed that the majority of expressed transposons fall into families that are 

capable of transposition (Figure 3.5) (Deniz et al. 2019). Additionally, when we 

compare the expression of all differentially expressed transposons with an 

adjusted p value<0.05, all but one were de-repressed in irradiated germ cells 

(Figure 3.4C).  

Finally, we conducted small RNA sequencing to examine the 

expression of piRNAs and observed that the majority were down-regulated in 

response to IR (Figure 3.4D). Therefore, induction of DNA damage in mouse 

embryonic germ cells suppresses piRNA activity by downregulating both 

piRNA biogenesis factors and the piRNAs themselves.   
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Figure 3.4. Irradiation exposure at E13.5 leads to down-regulation of 

piRNA metabolism and de-repression of transposons in male germ cells. 

A. Significantly enriched GO terms among down-regulated genes in response 

to irradiation in E13.5 male germ cells. B. Expression of piRNA metabolic 

process genes in control and irradiated E13.5 male germ cells. C. Heatmap of 

differentially expressed transposons between control and irradiated samples 

with an adjusted p-value<0.05. D. Fold change in piRNA expression in 
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response to IR from small-RNA sequencing. The majority of the piRNAs 

(shown in blue) are not significantly up-regulated in response to IR. 

(abbreviations: MC=male no IR control; MIR= male IR treated)   

 

Figure 3.5. Expressed TE families in E13.5 male germ cells. (related to 

Figure 3.4) Distribution of transposon family classes represented among the 

differentially expressed transposons with adjusted p-values<0.05. 

 

Irradiation of Female Germ Cells Leads to an Uncoupling of Oocyte 

Differentiation and Meiosis  

 As described above, post-sex determination male PGCs (E13.5) 

acquire a G1 checkpoint response as they come to the end of their highly 

proliferative phase. With respect to female PGCs, like their counterparts at 

E11.5, IR caused a marked shift in the number of cells with 4C DNA content, 

indicating that they also lacked a G1 checkpoint at this stage (Figure 3.6A-D). 

However, the fate of normal female germ cells differs at E13.5, as they begin 

transitioning into a meiotically competent cell cycle program. Interestingly, the 
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Figure S2. Expressed TE families in E13.5 male germ cells (related to 
Figure 3).
Distribution of transposon family classes represented among the differentially 
expressed transposons with adjusted p-values<0.05.
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IR-induced cell cycle profile of E13.5 female germ cells did not differ from the 

profile at E11.5 (Figure 3.6A). We hypothesized that rather than representing a 

lack of a mitotic G1 checkpoint, these cells might actually represent 

prematurely-arising oocytes resulting from IR induction. Consistent with this 

possibility, we noted that this cell cycle profile was remarkably similar to that 

reported for normal E14.5 female germ cells (Miles et al. 2010). 

 

 

Figure 3.6. Enrichment of G2/M phase cells in IR exposed E13.5 female 

germ cells. A. Representative cell cycle profiles of control and treated E13.5 

female germ cells. B. Percentage of G1 phase cells in both control and treated 
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conditions. C. Percentage of S phase cells in both control and treated 

conditions. D. Percentage of G2/M phase cells in both control and treated 

conditions. 

 

To test this hypothesis, we performed RNA-seq of the IR-exposed 

E13.5 germ cells, and compared the up- and down-regulated genes to a list of 

pluripotency-related genes expressed in fetal germ cells (Sangrithi et al. 2017; 

Lesch et al. 2013). Several genes (23) associated with pluripotency were 

downregulated in response to IR (Figure 3.7A), consistent with IR exposure 

causing premature differentiation of female PGCs. Additionally, comparisons 

between irradiated and unirradiated E13.5 female germ cells 8 hours after 

treatment also revealed an increase in retinoic acid (RA) responsive genes 

(Figure 3.7B).  

Entry into meiosis requires the completion of pre-meiotic DNA 

replication and an extended Prophase I stage (Speed 1982; Soh et al. 2017). 

Moreover, initiation of the meiotic program in female germ cells occurs in an 

anterior to posterior wave of RA signaling in the fetal gonad (Koubova et al. 

2006). Therefore, based on the increased expression of RA responsive genes 

and the dramatic upsurge in G2/M phase cells (Figure 3.6D), we hypothesized 

that IR stimulates RA-associated gene expression, which in turn stimulates 

meiotic entry. To explore this possibility, we took advantage of a published 

dataset where the embryonic ovary was dissected into thirds and RNA-

sequencing performed on the anterior and posterior portions (Soh et al. 2015). 
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Comparison to that dataset revealed that gene expression in irradiated fetal 

germ cells is more similar to the portion of the embryonic gonad which has 

been exposed to RA and initiated meiotic entry (Figure 3.7C).  

 

(legend on next page) 
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Figure 3.7. Irradiation exposure at E13.5 leads to pre-mature retinoic acid 

signaling and meiotic entry disruption in female germ cells. A. Expression 

of pluripotency-associated genes in control and irradiated E13.5 female germ 

cells. B. Expression of retinoic acid responsive genes in control and irradiated 

E13.5 female germ cells. C. Expression of genes associated with spatial 

development of the fetal ovary in control and irradiated samples. The heatmap 

is comprised of genes upregulated in response to RA exposure, pink indicates 

higher expression, green indicates lower expression (genes listed on the left 

are associated with even rows of the heatmap and genes listed on the right 

are associated with the odd rows; reference dataset used for comparison from 

(Soh et al. 2015). (abbreviations: FC=female no IR control; FIR= female IR 

treated) 

 

Upon entry into meiosis, a set of primarily meiosis-specific genes 

become highly expressed (Sangrithi et al. 2017; Lesch et al. 2013). 

Surprisingly, analysis of these genes in our dataset revealed that rather than 

being more highly expressed in germ cells exposed to IR, they are down-

regulated (Figure 3.8). This result, which seemingly conflicts with the IR-

induced enrichment of gene expression associated with RA signaling, led us to 

conclude that IR causes an uncoupling of oogonial differentiation from meiotic 

entry. Previous work in mouse has demonstrated that oogonial differentiation 

and meiosis are dissociable from one another (Dokshin et al. 2013), but, 
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importantly, our work has uncovered a mechanism by which DNA damage 

triggers this dissociation in an otherwise wild-type context.  

 

Figure 3.8. Meiosis-related genes are not upregulated in response to IR. 

(related to Figure 3.7) Expression of meiosis-related genes in control and 

irradiated E13.5 female germ cells. 

 

Why does IR-induced stimulation of RA signaling not lead to premature 

meiotic entry in E13.5 female germ cells? One possibility relates to one of the 

master regulators of meiotic entry, Stra8 (Koubova et al. 2014). Stra8 stands 

for “Stimulated by Retinoic Acid 8” and as the gene name implies, its activity is 

dependent on RA (Koubova et al. 2006). While RA activates transcription of 

Stra8, expression of Stra8 leads to the formation of a negative feedback loop 

and self-repression (Soh et al. 2015). This mechanism ensures that meiotic 

entry initiates only once. We hypothesized that IR-induced DNA damage 

Figure S3

Meiosis-related genes

Control                                    Irradiated

Figure S3. Meiosis-related genes are not upregulated in response to IR 
(related to Figure 5).
Expression of meiosis-related genes in control and irradiated E13.5 female 
germ cells. See Table S2 for the gene list.
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stimulates Stra8 prematurely, leading to an inappropriate and irreversible 

repression of meiosis. If this is indeed the case, then we would predict that the 

irradiated germ cell samples would have a similar gene expression profile to 

Stra8-deficient female germ cells. Using an RNA-sequencing dataset of 

female Stra8 mutant germ cells (Soh et al. 2015), we observed that genes 

highly expressed in Stra8 mutants are indeed similarly enriched in the 

irradiated germ cell samples (Figure 3.9).  

 

Figure 3.9. Genes highly expressed in Stra8 mutants are similarly 

enriched in irradiated female germ cells. (related to Figure 3.7) Heatmap 

of genes in control and irradiated female germ cells which have high 

Figure S4. Genes highly expressed in Stra8 mutants are similarly enriched in 
irradiated female germ cells.
Heatmap of genes in control and irradiated female germ cells which have high 
expression in Stra8 mutant germ cells (Soh et al. 2015).  Genes which have high 
expression in Stra8 mutants tend to be more highly expressed in the irradiated 
condition compared to the control. (Every fifth gene in the heatmap is listed; for a 
complete list of genes included, see Table S4)
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expression in Stra8 mutant germ cells (Soh et al. 2015).  Genes which have 

high expression in Stra8 mutants tend to be more highly expressed in the 

irradiated condition compared to the control. (Every fifth gene in the heatmap 

is listed) 

 

Rescue of Fancm-deficient Germ Cells by Checkpoint Ablation Leads to 

an Enrichment of Complex Mutations 

To assess how germline mutational burden is impacted when DNA 

damage checkpoints are abrogated, we sought to examine mutation incidence 

in a PGC proliferation-defective mouse model. We chose to examine Fancm-

deficient mice in which male, but not female, germ cell reduction could be 

partially rescued by deletion of the cyclin-dependent kinase inhibitor, p21 (Luo 

et al. 2014). This sexual dimorphism in p21-mediated germ cell rescue is 

consistent with our cell cycle results demonstrating a male-specific 

establishment of the G1 checkpoint in PGCs after sex determination.  

Fancm is the largest subunit of the Fanconi Anemia core complex, 

which is named after a chromosomal instability syndrome that leads to cancer 

predisposition, bone marrow failure, congenital abnormalities and infertility 

(Joenje and Patel 2001). Studies in cell culture systems have shown that 

Fancm facilitates cell cycle checkpoint activation at sites of arrested DNA 

replication forks, particularly in the contexts of interstrand crosslinks (ICL) 

(Deans and West 2009). Fancm has also been reported to mediate fork 

reversal when the lagging strand template is partially single-stranded and 
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bound by the single-stranded DNA binding protein RPA (Gari et al. 2008). 

Additionally, single molecule studies have indicated that Fancm may even be 

capable of mediating transversal of ICLs by replication forks (Huang et al. 

2013). 

 Using CRISPR/Cas9 genome editing, we simultaneously generated 

Fancm and p21 null mutations on an isogenic strain background. 

Characterization of the Fancm mutant revealed phenotypic similarities to the 

previously published mutant including a partial, but significant, rescue of male 

germ cells in Fancm-/- p21-/- double mutants (Luo et al. 2014) (Figure 3.10). To 

examine whether rescuing germ cell quantity through checkpoint bypass led to 

a decrease in germline genome quality, we compared germline mutation 

incidence between the single- and double-mutants by collecting spermatids 

from wild-type, p21-/-, Fancm-/-, and Fancm-/- p21-/- animals and performing 

whole genome single-cell DNA sequencing on them. An increase in mutation 

incidence in the double mutants would indicate that removing the p21-

mediated checkpoint has a negative impact on germline genome integrity. A 

mutational burden similar to controls would suggest that p21 loss facilitates 

germ cell rescue without impacting germ cell quality. Either outcome will lead 

to important insights regarding the relationship between cell cycle checkpoint 

response and germline genome maintenance.  
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Figure 3.10. Loss of p21 partially rescues germ cells in Fancm-deficient 

mutants. A. Quantification of litter sizes produced from males of the indicated 

genotypes mated to wild type females. B. Quantification of testes weights from 

males of the indicated genotypes. C. Quantification of caudal epididymis 

sperm from males of the indicated genotypes. D. Hematoxylin and eosin 
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(H&E) staining of testis cross-sections from 8 week old males. Scale 

bar=100um 

 

Initial analysis of all detected variants in the cells revealed an over-

representation of mutations in double mutant germ cells (Figure 3.11A). 

Further analysis comparing the types of mutations per genotype indicated that 

the point mutation frequency, while enriched in Fancm-/- p21-/- double mutant 

spermatids did not reach statistical significance when compared to other 

genotypes (Figure 3.11B). Breakdown of point mutation type (Figure 3.12) also 

did not show distinctions between any of the genotypes.  

Next, we examined insertion/deletion (InDel) frequency and, while 

depleted in Fancm-/- p21-/- mutant cells compared to the other genotypes, the 

differences only reached the threshold for statistical significance when 

compared to that of p21-/- cells (Figure 3.11C). Furthermore, predicted 

frameshift-causing variants (Figure 3.13) did not differ statistically between 

double mutant cells and those from wild-type or single mutants. Notably, 

clusters of mutations in close proximity to one another were enriched in 

Fancm-/- p21-/- spermatids compared to wild-type (Figure 3.11D). These 

complex mutation events were often comprised of InDels along with one or 

more base substitutions. We defined variants as “complex” if two or more 

mutations were within 200 nucleotides of one another. Examples of these 

clustered mutations from individual Fancm-/- p21-/- germ cells are shown in 

Figure 3.11E. The enrichment of this mutation cluster signature in             
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Fancm-/- p21-/- germ cells indicates that the p21-dependent cell cycle 

checkpoint is important for suppressing propagation of germ cells bearing high 

levels of complex mutations, or which are experiencing a high number of 

defective replication forks that would lead to such mutational events.  
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(legend on next page) 
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Figure 3.11. Variant detection in genetically rescued germ cells reveals 

an alteration mutational profile compared to controls. A. Distribution of 

total variants with respect to genotype. B. Point mutation frequency shown as 

a percentage of the total number of variants identified in each cell. (Kruskal-

Wallis test, q=0.09 between p21-/- and Fancm-/- p21-/-). C. Insertion and 

deletion (InDel) mutation frequency shown as a percentage of the total number 

of variants identified in each cell. (Kruskal-Wallis test, q=0.02 between p21-/- 

and Fancm-/- p21-/-) D. Complex variant frequency shown as a percentage of 

the total number of variants identified in each cell. (Kruskal-Wallis test, q=0.04 

between wild-type and Fancm-/- p21-/-). E. Examples of two complex mutations 

from Fancm-/- p21-/- spermatids. Shown are IGV screen shots.  

 

 

Figure 3.12. Point mutation distribution between genotypes shows no 

bias towards a specific class of mutations. Point mutation classes per 

Figure S6

Figure S6. Point Mutation Distribution Between Genotypes Shows No 
Bias Towards a Specific Class of Mutations
Point mutation classes per genotype are shown as a percentage of the total 
point variants identified in each cell.
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genotype shown as a percentage of the total number of point mutation variants 

identified in each cell. 

 

Figure 3.13. Insertions or deletions predicted to cause frameshift 

mutations are not enriched in double mutant samples. Predicted 

frameshift causing mutations shown as a percentage of the total number of 

InDel variants identified in each cell. [Statistical significance was assessed 

using the Kruskal-Wallis test correcting for multiple comparisons with the 

Benjamini False Discovery Rate]  

 

4- Discussion 

 

In this study, we examined DNA damage checkpoint activity in mouse 

PGCs and identified developmental context-dependent responses before and 

after sex determination in these cells. We found similarities between the DDR 

Figure S7

Figure S7. Insertions of deletions predicted to cause frameshift 
mutations are not enriched in double mutant samples.
Predicted frameshift causing mutations shown as a percentage of the total 
number of InDel variants identified in each cell. [Statistical significance was 
assessed using the Kruskal-Wallis test correcting for multiple comparisons with 
the Benjamini False Discovery Rate.] 
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of mESCs (Hong and Stambrook 2004), NSPCs (Roque et al. 2012), HSCs 

(Brown et al. 2015) and E11.5 PGCs. These similarities have biological and 

experimental implications. Regarding the former, the results suggest that key 

features of the DDR are similar amongst distinct stem cell types, from highly 

pluripotent cells (ESCs) to those dedicated to different lineages (PGCs, 

NSPCs and HSCs). Experimentally, the data suggest that mESCs, which can 

be cultured indefinitely and are easily manipulated genetically, could serve as 

a model for DNA damage responses in PGCs and possibly other cell types 

that are not easily cultured.   

 Elucidation of the IR-induced DDR in PGCs following sex determination 

highlights how perturbations to cell differentiation can be used as a highly 

sensitive response to preserve the genomic integrity of the final surviving germ 

cell pool. De-repression of transposons and down-regulation of piRNA 

signaling in the male germline illustrates the deleterious downstream 

consequences of DNA damage beyond the direct consequences of the IR 

itself. Our findings are consistent with a study which showed that in wild-type 

E13.5 male PGCs, there is a sub-population of cells exhibiting co-occurrence 

of piRNA pathway down-regulation and up-regulation of apoptotic pathway-

associated genes (Nguyen and Laird 2019).  

Evidence for RA pathway stimulation in response to DNA damage has 

also been found in ESCs. In this system, DNA damage induced RA pathway 

activation promoted cell differentiation through Stra6. Stra6, like Stra8, is a 

retinoic acid-responsive gene (Carrera et al. 2013; Serio et al. 2019). We also 
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observed a DNA damage-induced increase in RA signaling and differentiation 

in female PGCs, but based on the specifics of RA-induced meiotic entry, 

cannot exclude the possibility that there is a selective enrichment of more 

differentiated cells among the surviving irradiated cells. This alternative 

possibility implies that differentiated female PGCs are more resistant to DNA 

damage than their less differentiated RA-naïve counterparts. It is possible that 

our timing of exogenous DNA damage with cells primed to tolerate hundreds 

of programmed meiotic DSBs may distinguish these cells from their less 

differentiated counterparts, but, importantly, we show that the irradiated cells 

exhibit inappropriate expression of meiosis-associated genes. Therefore, 

these germ cells, regardless of whether they represent RA-exposed cells prior 

to IR or a population induced to differentiate, are not developmentally 

competent to establish the germline.  

 Finally, we assessed the quality of individual haploid germ cells in a 

replication defective mutant. With whole genome single cell DNA sequencing, 

we were able to highlight the potential ramifications of manipulating DNA 

damage checkpoints to facilitate increased germ cell survival. Our results 

indicate that increasing cell survival in a model of germline DNA repair 

deficiency leads to germ cells with an increased mutational burden. Repair of 

Fancm-associated DNA lesions in other cell types has been shown to involve 

exposure of single-stranded DNA and repair by low fidelity translesion 

synthesis (TLS) DNA polymerases (Grompe and D’Andrea 2001). Specifically 

in PGCs, Rev7 (a subunit of the TLS DNA polymerase z) has been shown to 
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be essential for cell survival with complete loss of PGCs by E13.5 in Rev7-

deficient mutants (Watanabe et al. 2013). Taken together, these findings 

provide additional independent support for the idea that enriched variants 

identified in the double mutant spermatids likely arose from TLS events (Harfe 

and Jinks-Robertson 2000; Stone et al. 2012).  

Notably, there are many genes which lead to germ cell depletion, some 

via apoptosis and some by slowing DNA replication. In this specific genetic 

context, the absence of p21 enables the increased survival of cells with 

complex mutations via checkpoint bypass. It will be important to continue 

exploring the impact of these various contexts on de novo germline variation 

throughout germ cell development. Overall, our findings provide novel insight 

into how the germline minimizes mutation transmission to future generations 

when exposed to DNA damage and replication stress in utero. 

 
 
Supplemental Table Legends 

 (Supplemental tables are not included in the dissertation due to 

size limitations. They are available upon request and will be included in 

the published version of Chapter 3.) 

 

Table S1. Count table and differential expression analysis of E13.5 male 

germ cells in response to IR from TEtranscripts 

Table S2. List of meiosis-related genes (related to Figure S3) 
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Table S3. Genes associated with spatial development of the fetal ovary 

listed in the order shown in Figure 5C 

Table S4. List of genes used to assess similarity of control and irradiated 

female germ cells to gene expression in Stra8 mutants from Soh et al. 

2015 

Table S5. Count table and differential gene expression analysis of male 

and female E13.5 fetal germ cells in response to IR 

Table S6. Count table and differential gene expression analysis of E11.5 

PGCs in response to IR 

Table S7. List of piRNAs and their associated Log2(Fold Change) values 

corresponding to the order graphed in Figure 3D 

Table S8. Oligonucleotides used in this study 

Table S9. List of variants called per cell from whole genome single-cell 

DNA sequencing 

 

5- Materials and Methods 

 

Mouse Models 

The use of mice in this study was approved by Cornell’s Institutional Animal 

Care and Use Committee. B6;CBA-Tg(Pou5f1-EGFP)2Mnn/J transgenic 

mouse strain, commonly referred to as Oct4deltaPE-GFP, (Jackson 

Laboratory stock # 004654) were used to purify PGCs. For the irradiation 
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experiments, mice were placed in a 137cesium irradiator with a rotating 

turntable and exposed to the dose of radiation specified.   

 

Generation of Fancm em1/Jcs and p21 em1/Jcs Mice 

p21em1/Jcs was generated using CRISPR/Cas9-mediated genome editing. The 

sgRNA was in vitro transcribed as described previously (Singh et al. 2014) 

from a DNA template ordered from Integrated DNA Technologies (IDT).  See 

Table S8 for the DNA template primers.  Embryo microinjection in C57BL/6J 

zygotes was performed as described previously using 50ng/uL of sgRNA and 

50ng/uL of Cas9 mRNA (TriLink Biotechnologies).  The resulting 11bp deletion 

was identified with Sanger sequencing of genomic DNA.  Editing of the allele 

generated a novel BstUI restriction site which was used to distinguish between 

wild-type and mutant alleles after PCR amplification (see Table S8 for 

genotyping primers). Generation and genotyping of Fancmem1/Jcs animals was 

described previously (McNairn et al. 2019).  

 

Cell Lines [related to Figure 3.2] 

V6.4 mESCs (You et al. 1998) were maintained under traditional mESC 

culture conditions (Tremml et al. 2008). Primary C57BL/6J MEFs were isolated 

from E13.5 embryos in which organs were removed and the remainder of the 

embryo was trypsinized to make a cell suspension. Cells were cultured in 

media comprised of DMEM with 10% FBS, 1X nonessential amino acids, and 

100 units/mL penicillin-streptomycin. 
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Cell Cycle Analysis 

Fetal gonads from embryos whose mothers were either treated or untreated 

with radiation were dissected and pooled according to treatment condition and 

sex.  Fetal gonads were disaggregated and dissociated into a single cell 

suspension using 0.25% trypsin-EDTA and 20µg/mL of DNase I for 15 

minutes at 37°C.  Trypsin was deactivated with 10% FBS.  Suspensions were 

stained for DNA content with Hoechst 33342 (ThermoFisher 622495) and 

propidium iodide (PI) (Life Technologies P3566) for dead cell exclusion.  

Single cell suspensions were labeled for 30 minutes with 100µg Hoechst 

33342 in a 33°C water bath shaking at 150rpm.  Prior to cell cycle analysis 

samples were strained through a pre-wetted 40µm filter and labeled with 

propidium iodide (0.25µg/mL). Cell cycle analysis was performed using FCS 

Express 6 software. Statistical comparisons of cell cycle graphs were 

performed using GraphPad Prism8 using unpaired non-parametric Mann-

Whitney tests. 

 

RNA-seq Sample Preparation and Gene Expression Analysis 

GFP+ PGCs were purified via FACS and total RNA was isolated using Trizol-

LS (Thermo Fisher) according to the manufacturer’s instructions. RNA quality 

was assessed by spectrophotometry (Nanodrop) to determine concentration 

and chemical purity (A260/230 and A260/280 ratios) and with a Fragment 

Analyzer (Advanced Analytical) to determine RNA integrity. Ribosomal RNA 
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was subtracted by hybridization from total RNA samples using the RiboZero 

Magnetic Gold H/M/R Kit (Illumina) and the rRNA-subtracted samples were 

quantified with a Qubit 2.0 (RNA HS Kit; Thermo Fisher). TruSeq-barcoded 

RNA-seq libraries were generated with the NEBNext Ultra II RNA Library Prep 

Kit (New England Biolabs) and each library was quantified via Qubit 2.0 

(dsDNA HS kit; Thermo Fisher) prior to pooling. For analysis, reads were 

trimmed to remove adaptor sequences and low quality reads using Cutadapt 

v1.8 with parameters: -m 50 –q 20 –a 

AGATCGGAAGAGCACACGTCTGAACTCCAG –match-readwildcards. Reads 

were then mapped to the mm10 mouse reference genome/transcriptome using 

Tophat v2.1. For gene expression analysis, Cufflinks v2.2 (cuffnorm/cuffdiff) 

was used to generate FPKM values and statistical analysis of differential gene 

expression (Trapnell et al. 2010)  

 Gene Ontology analyses were conducted using PANTHER 

Classification System (Mi et al. 2019) and heatmaps were generated using 

heatmapper.ca (Babicki et al. 2016)  

 

Transposable Element Expression Analysis 

To conduct transposable element differential expression analysis, the software 

package TEtranscripts (Jin et al. 2015) was used with the default settings and 

the associated mm10 TE annotation GTF file. 

 

Small RNA-seq Sample Preparation and Analysis 
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Total RNA was isolated as described above and the presence of small RNAs 

(smaller than 200 nucleotide fragments) was detected with a Fragment 

Analyzer (Advanced Analytical). TrueSeq-barcoded RNA-seq libraries were 

generated with the NEBNext Small RNA Library Prep Kit (New England 

Biolabs) and size selected for insert sizes ~18-50bp. Each library was 

quantified with a Qubit 2.0 (dsDNA HS Kit; Thermo Fisher). For piRNA 

analysis, reads were trimmed using Trim Galore! and then run through piPipes 

small RNA-seq pipeline with alignment to the mm10 reference genome (Han 

et al. 2015) and using the default settings. 

 

Fertility Tests, Sperm Counts, and Testis Histology 

Methods were conducted as described in (Bloom and Schimenti 2020). 

Statistical comparisons were performed using GraphPad Prism8 using 

unpaired non-parametric Mann-Whitney tests. 

 

Single Cell DNA-sequencing and Analysis 

Round spermatids were isolated from mice of the following genotypes: wild-

type, p21-/-, Fancm-/-, Fancm-/- p21-/-  at postnatal day 26 using fluorescence 

activated cell sorting (FACS). To FACS spermatids, Vybrant DyeCycle Violet 

Stain was used to label cellular DNA according to the manufacturer’s 

instructions (ThermoFisher Scientific V35003) and PI was used to exclude 

dead cells as described in the Cell Cycle Analysis methods section. 
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Spermatids were individually sorted into PCR tubes and flash frozen prior to 

DNA amplification.  

 Single cells were subjected to AccuSomatic single-cell multiple 

displacement amplification (Dong et al. 2017; Milholland et al. 2017) for whole-

genome sequencing by Singulomics, New York, NY. Sequencing libraries 

were also prepared by Singulomics. Amplicons were prepared using the 

NEBNext® DNA Library Prep Kit following manufacturer's recommendations. 

The libraries were analyzed for size distribution by an Agilent 2100 

Bioanalyzer and quantified using real-time PCR. The libraries were pooled 

according to their effective concentrations and sequenced on Illumina 

NovaSeq6000 sequencer with 150 bp paired-end model using the 

NovaSeq6000 SP Reagent Kit. Approximately 1 Gb of sequencing data was 

generated per cell. Parental genomic DNA was isolated from spleens and 

subjected to 100 bp paired-end whole genome sequencing using BGI’s 

DNBseq (BGISEQ-500) platform. 

 Samples were aligned to the mm10 reference genome using BWA-

MEM 0.7.17 (Li 2013) and variants were called from sorted BAM files using 

Platypus 0.8.1 (Rimmer et al. 2014). The following Platypus settings were 

applied to all samples: --assemble=1 –assemblyRegionSize=5000 –

maxSize=5000. BCFtools 1.9 was used to filter out variants present in both 

individual germ cell genomes and parental genomes in order to identify germ 

cell-specific variants. Statistical significance was assessed using the Kruskal-

Wallis test controlling for multiple comparisons using a Benjamini False 
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Discovery Rate (FDR) correction. Genome browser images were generated 

using the Integrative Genomics Viewer (IGV) (Robinson et al. 2011). 

 

Data Availability 

Raw data files from the RNA-seq, small RNA-seq and scDNA-seq experiments 

have been deposited onto the GEO database with accession number (pending 

manuscript review; available upon request for reviewers).  
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CHAPTER 4 

 

OOCYTE ELIMINATION THROUGH DNA DAMAGE SIGNALING FROM 

CHK1/CHK2 TO p53 AND p63 

 

* This chapter is a reprint with minor reformatting of the manuscript: Rinaldi, 

V.D.+, Bloom, J.C.+, Schimenti, J.C. Oocyte Elimination Through DNA Damage 

Signaling from CHK1/CHK2 to p53 and p63. Genetics. (215),1-6, 

doi:10.1534/genetics.120.303182 (2020). 

+ These authors contributed equally to this work. 

 

1- Abstract 

Eukaryotic organisms have evolved mechanisms to prevent the 

accumulation of cells bearing genetic aberrations. This is especially crucial for 

the germline, because fecundity and fitness of progeny would be adversely 

affected by an excessively high mutational incidence. The process of meiosis 

poses unique problems for mutation avoidance because of the requirement for 

SPO11- induced programmed double-strand breaks (DSBs) in recombination-

driven pairing and segregation of homologous chromosomes. Mouse 

meiocytes bearing unrepaired meiotic DSBs or unsynapsed chromosomes are 

eliminated before completing meiotic prophase I. In previous work, we showed 
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that checkpoint kinase 2 (CHK2; CHEK2), a canonical DNA damage response 

protein, is crucial for eliminating not only oocytes defective in meiotic DSB 

repair (e.g., Trip13Gt mutants), but also Spo11-/- oocytes that are defective in 

homologous chromosome synapsis and accumulate a threshold level of 

spontaneous DSBs. However, rescue of such oocytes by Chk2 deficiency was 

incomplete, raising the possibility that a parallel checkpoint pathway(s) exists. 

Here, we show that mouse oocytes lacking both p53 (TRP53) and the oocyte-

exclusive isoform of p63, TAp63, protects nearly all Spo11-/- and Trip13Gt/Gt 

oocytes from elimination. We present evidence that checkpoint kinase I 

(CHK1; CHEK1), which is known to signal to TRP53, also becomes activated 

by persistent DSBs in oocytes, and to an increased degree when CHK2 is 

absent. The combined data indicate that nearly all oocytes reaching a 

threshold level of unrepaired DSBs are eliminated by a semi-redundant 

pathway of CHK1/CHK2 signaling to TRP53/TAp63.  

KEYWORDS: checkpoints; meiosis; mouse; oocytes; transducer kinases  

 

2- Introduction 

Oocyte development in females begins in utero, when primordial germ 

cells enter and complete early stages of meiosis, including recombination, 

before arresting perinatally in a stage called dictyate. In the first few days after 

birth, the oocytes undergo folliculogenesis, in which they become surrounded 
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by flattened granulosa cells (Peters 1969). The resulting “primordial follicles” 

constitute the finite oocyte pool present in women and female mice of 

reproductive age (Findlay et al. 2015).  

Meiocytes have developed mechanisms for minimizing the production 

of gametes with genetic anomalies such as unrepaired double-strand breaks 

(DSBs) and meiotic chromosome asynapsis. Mouse oocytes bearing 

mutations that prevent repair of programmed SPO11/TOPOVIBL-induced 

DSBs, which are essential for recombination-mediated pairing and synapsis of 

homologous chromosomes (Baudat et al. 2000; Romanienko and Camerini-

Otero 2000; Mahadevaiah et al. 2001; Robert et al. 2016), are eliminated by a 

DNA damage checkpoint (Di Giacomo et al. 2005). The molecular nature of 

this checkpoint was first revealed as involving signaling of CHK2 to TRP53 

and the oocyte-specific TransActivation domain of p63, known as TAp63 (Suh 

et al. 2006; Livera et al. 2008), by studies exploiting a hypomorphic allele of 

Trip13 (Bolcun-Filas et al. 2014). This allele (Trip13Gt) causes sterility in both 

males and females and is useful because it is defective for DSB repair but not 

synapsis (Li and Schimenti 2007). Deficiency of Chk2 protected against oocyte 

loss and restored fertility of Trip13Gt/Gt females. Chk2 also plays a role in the 

DNA damage checkpoint in spermatocyte meiosis (Pacheco et al. 2015).  

Defects in chromosome synapsis during meiotic prophase I also 

triggers death of most oocytes. There are at least two mechanisms underlying 

this “synapsis checkpoint.” One is meiotic silencing of unsynapsed chromatin 
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(MSUC), a process of extensive heterochromatinization and transcriptional 

downregulation, which appears to function primarily in situations where only 

about one to three chromosomes are unsynapsed (Kouznetsova et al. 2009; 

Cloutier et al. 2015). A second mechanism pertains to oocytes that are highly 

asynaptic, in which the silencing machinery is presumably overwhelmed 

(Kouznetsova et al. 2009). Surprisingly, this mechanism is also highly 

dependent on the DNA damage checkpoint. The mechanistic basis for this is 

the formation of a threshold level (~10) of SPO11-independent, spontaneously 

arising DSBs (Carofiglio et al. 2013; Rinaldi et al. 2017). Approximately 61% of 

Spo11-/- oocytes, which do not form programmed meiotic DSBs and 

consequently are defective for homologous chromosome synapsis (but do 

exhibit some nonhomologous synapsis), reach this threshold, leading to 

depletion of the entire ovarian reserve (primordial oocytes) by a few weeks 

after birth (Baudat et al. 2000; Romanienko and Camerini-Otero 2000). Chk2 

deletion rescued oocyte numbers to ~25% of wild type (WT), indicating that 

most are either eliminated by an alternative pathway or succumb 

nonspecifically from a catastrophically high number of DSBs (up to ~100, with 

an average of ~50/cell) (Rinaldi et al. 2017). Similarly, Chk2 deficiency 

rescued Trip13Gt/Gt oocytes to around one-third of WT levels (Bolcun-Filas et 

al. 2014), raising the possibility that the same CHK2-independent pathway 

may be active in both cases. 
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Here, we tested the possibility that the incomplete rescue of oocytes 

mentioned above is due to the existence of another pathway either distinct or 

complementary to that involving CHK2, but which also involves TRP53 and 

TAp63. Our results indicate that this is indeed the case, and that most    

Spo11-/- and TRIP13-deficient oocytes are ultimately eliminated by the 

combined activation of TRP53 and TAp63.  

 

3- Materials and Methods  

Mice  

Alleles used in this study and their genetic backgrounds were 

previously described (Bolcun-Filas et al. 2014). Comparisons of compound 

mutants and controls utilized littermates when- ever possible, otherwise 

animals from related parents or different litters from the same parents were 

used. Animal work was approved by Cornell’s Institutional Animal Care and 

Use Committee, under protocol 2004-0038 to J.C.S.  

Histology and follicle quantification  

Ovaries were fixed in Bouin’s solution, embedded in paraffin, serially 

sectioned at 6 mm, and stained with hematoxylin and eosin. Follicle 

identification (Myers et al. 2004) and quantification was as described (Bolcun-

Filas et al. 2014). Graphs and statistical analysis were performed with 
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GraphPad Prism8. Comparisons of follicle numbers across genotypes were 

performed using an ordinary one-way ANOVA test.  

Western blot analysis of protein phosphorylation  

Ovaries from postnatal (3–5 day old) mice were collected and divided 

into control and treatment groups. Treated groups were exposed to 3 Gy of 

ionizing radiation (IR) as described above and proteins were extracted 3 hr 

post irradiation. Ovaries from all the females in the litter were dissected and 

individually frozen while genotyping was performed. Proteins from ovaries of 

selected genotypes were pooled into groups of four and extracted with lysis 

buffer containing: 20 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM 

EGTA, 1% Triton X-100, protease inhibitors (#11836153001; Complete Mini-

Roche), and phosphoprotease inhibitors (#04906845001; PhosSTOP-Roche). 

Proteins were resolved on 4–20% gradient acrylamide gels (#4561093; Bio-

Rad, Hercules, CA), transferred to PVDF transfer membranes (#IPVH00010; 

Millipore, Bedford, MA) and blocked with 5% BSA or 5% nonfat milk according 

to the manufacturer datasheet for the corresponding antibody. Membranes 

were probed with rabbit anti-phospho-Chk1 (Ser345) (1:750, 133D3; Cell 

Signaling Technology), rabbit anti-p53 (rodent- specific 1:750, D2H90; Cell 

Signaling Technology), mouse anti-p63 (1:500, CM163A; Biocare Medical), 

and rabbit anti- DDX4/MVH (1:750, 13840; Abcam).  

Data availability statement  
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Mouse strains that were not obtained from others will be made available 

upon request. Supplemental Material, Figure S1 is a Western blot that is a 

biological replicate of Figure 2. Table S1 contains primordial and total follicle 

counts for the genotypes included in Figure 1. Supplemental material available 

at figshare: https://doi.org/10.25386/genetics.12092187.  

 

4- Results and Discussion  

To address whether a CHK2-independent pathway exists that can 

eliminate oocytes bearing unrepaired DSBs, we utilized two mutant models, 

Trip13Gt and a Spo11 null (Spo11-). Virtually all Trip13Gt/Gt oocytes are 

eliminated due to failure to repair SPO11-dependent DSBs (Li and Schimenti 

2007) by the end of pachynema (Rinaldi et al. 2017). Chk2 deficiency rescued 

around one-third of these oocytes, and these rescued oocytes gave rise to 

viable offspring (Bolcun-Filas et al. 2014). Although disruption of either of 

CHK2’s downstream phosphorylation targets, TRP53 and TAp63, enabled little 

or no rescue of Trip13Gt/Gt oocytes, Trip13Gt/Gt TAp63-/- Trp53+/- mice exhibited 

oocyte rescue similar to that of Trip13Gt/Gt Chk2-/- mice (Bolcun-Filas et al. 

2014). At the time of that report, double mutants (TAp63-/- Trp53-/-; the former 

allele ablating the TA domain only) were not assayed for the extent to which 

they could rescue Trip13Gt/Gt oocytes. We hypothesized that the inability to 

achieve full oocyte rescue in either Trip13Gt/Gt TAp63-/- Trp53+/- or Trip13Gt/Gt 
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Chk2-/- females was due to one of the following: (1) the number of DSBs was 

so high that elimination of most oocytes occurred in a checkpoint-independent 

fashion; (2) residual TRP53 activity in the Trip13Gt/Gt TAp63-/- Trp53+/- mice 

sufficed to trigger apoptosis in many oocytes; and/or (3) a parallel checkpoint 

pathway is active in Chk2-/- oocytes.  

To test these possibilities, we first assessed the ovarian reserve in 

Trip13Gt/Gt Trp53-/- TAp63-/- mice. Remarkably, the numbers of primordial and 

later-stage oocytes in the triple mutants were indistinguishable from WT 

(Figure 4.1, A and B). This result indicates that essentially all Trip13Gt/Gt 

oocytes are eliminated by checkpoint signaling to TRP53 and TAp63, thereby 

eliminating hypothesis 1, but supporting hypothesis 2. This result is also 

consistent with hypothesis 3, implying that another pathway or kinase is 

signaling to these two effector proteins.  

 



  128 

 

(legend on next page) 
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Figure 4.1. Rescue of SPO11- and TRIP13-deficient oocytes by 

compound deletion of p53 and TAp63. (A) Hematoxylin and eosin stained 

ovaries from 2-month-old mice of the indicated genotypes. The top two rows 

are images are from histological sections through the approximate center of 

the ovaries. Bar, 500 µm. The dashed circle indicates the residual Trip13Gt/Gt 

ovary. The bottom row shows higher magnification images of selected 

genotypes. Bar, 100 µm. Yellow arrows indicate examples of primordial 

follicles. (B) Oocyte quantification. To the left is the quantification of primordial 

follicles [P<0.0001 for all oocyte rescued (in bold) genotypes compared to 

non-rescued genotypes; P=0.92 for oocyte rescued genotypes vs. WT and 

Trp53-/- TAp63-/- ovaries]. To the right are total oocytes (from all stages of 

follicles) from individual ovaries (P<0.0001 for all oocyte rescued genotypes 

com- pared to non-rescued genotypes; P=0.33 for oocyte rescued genotypes 

vs. WT and Trp53-/- TAp63-/- ovaries). Genotype abbreviations are as follows: 

TAp63 is abbreviated as p63; WT, wild type.  

Next, we tested whether the incomplete rescue of Spo11-/- oocytes by 

Chk2 deletion is also potentially a consequence of checkpoint signaling to 

TAp63 and TRP53 via a different transducer. Accordingly, we bred mice that 

lacked either or both of these proteins in the context of Spo11 deficiency. 

Oocyte numbers in Spo11-/- mice that were also homozygous for mutations in 

either Trp53 or TAp63 and heterozygous for a mutation in the other (Trp53-/- 

TAp63+/- and Trp53+/- TAp63-/-) were indistinguishable from Spo11 nulls; nearly 
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the entire oocyte reserve was depleted after 2 months of age, as is 

characteristic for Spo11 deficiency (Di Giacomo et al. 2005). However, 

homozygosity for both Trp53 and TAp63 dramatically restored oocyte numbers 

to WT levels (Figure 4.1, A and B). It is unclear why heterozygosity for either 

Trp53 or TAp63 in the context of nullizygosity for the other gene failed to 

rescue any Spo11-/- oocytes unlike Trip13Gt/Gt oocytes, but we can speculate 

that other factors could play a role. These include strain background, 

enhanced recognition by DNA damage sensors of spontaneous DSBs on 

asynapsed chromosomes (Spo11-/-) vs. meiotically induced DSBs on 

synapsed chromosomes (Trip13Gt/Gt), or greater availability of DNA damage 

signaling factors in Spo11-/- oocytes stimulated by the MSUC response.  

These experiments indicate that unrepaired meiotic DSBs, when 

present at levels above the threshold to trigger their elimination (Rinaldi et al. 

2017), ultimately cause DNA damage signaling to both TRP53 and TAp63. 

Additionally, we conclude that one or both of these proteins can be activated 

not only by CHK2, but also another kinase. In our previous studies, we 

suggested that the apical kinase ATM, which when activated by DSBs typically 

phosphorylates CHK2, is not essential for the meiotic DNA damage checkpoint 

(Bolcun-Filas et al. 2014). This conclusion was based on the observation that 

many Atm-/- oocytes, which have extensive DSBs due to ATM’s role in 

negatively regulating SPO11 (Lange et al. 2011), are eliminated in a CHK2-

dependent manner. We proposed (Bolcun-Filas et al. 2014) that the related 
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kinase ATR (ataxia telangiectasia and Rad3 related) might activate CHK2 in 

oocytes similar to irradiated mitotic cells (Wang et al. 2006), which in turn 

would phosphorylate TAp63 and TRP53. Since ATR primarily activates CHK1, 

albeit most notably in the context of damage at DNA replication forks, we 

speculated that CHK1 can trigger death of DSB-bearing oocytes by activating 

TRP53 in the absence of CHK2. TRP53 is a known target of CHK1 (Shieh et 

al. 2000; Ou et al. 2005), and studies have shown that CHK1 can be activated 

in response to DSBs either in an ATM- dependent (Flaggs et al. 1997; 

Maréchal and Zou 2013) or ATM-independent (Flaggs et al. 1997; Balmus et 

al. 2012) manner. Recombinant CHK1 has also been reported to 

phosphorylate TRP63 in vitro (Kim et al. 2007).  

If this hypothesis is true, CHK1 would be activated in response to DSBs 

present in oocytes. To test this, we examined levels of CHK1 phosphorylated 

at Ser345 (pCHK1; indicative of the active form) and TRP53 (which is 

stabilized by phosphorylation) in various genotypes of neonatal (3–5 days 

post- partum) ovaries, and also in ovaries exposed to 3 Gy of IR. This level of 

IR induces ~40 DSBs, as measured by RAD51 foci (a proxy for DSBs) on 

meiotic chromosomes of oocytes (Rinaldi et al. 2017). By way of comparison, 

DSB repair- defective Trip13Gt/Gt have ~65 RAD51 foci persisting abnormally 

on synapsed pachytene cells (Rinaldi et al. 2017). Since ovaries of mutant 

animals have variable numbers of oocytes, we used the germ-cell-specific 
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marker MVH as a loading reference for the amount of protein corresponding to 

oocytes in each sample. Ovaries were harvested at 3 hours post-irradiation.  

In unirradiated ovaries, there was no apparent difference between 

repair-proficient genotypes (WT; Chk2-/-; Spo11-/-; Spo11-/- Chk2-/-) in the 

levels of pCHK1 or TRP53 (Figure 4.2A). Both unirradiated Trip13Gt/Gt and 

irradiated WT ovaries had slightly elevated pCHK1, with the former also 

having a marked increase in TRP53 (note MVH levels for inter-sample 

comparisons). Interestingly, CHK1 phosphorylation was markedly higher in 

irradiated Chk2-/- and unirradiated Trip13Gt/Gt Chk2-/- ovaries (Figure 4.2A and 

Figure 4.4). This implies that the ATM and/or ATR kinases have a higher 

propensity to activate CHK2 than CHK1 in response to DSBs in meiocytes, but 

that CHK1 becomes a more prominent target in the absence of CHK2, and is 

able to trigger a TRP53/TAp63 response that results in apoptosis or eventual 

DSB repair (Bolcun-Filas et al. 2014). 
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Figure 4.2. Increased CHK1 activation and p53 stabilization, but not 

TAp63 activation, in CHK2-deficient oocytes. (A) CHK1 phosphorylation in 

oocytes is stimulated by induced or meiotic DSBs. Shown are Western blots 

probed with indicated antibodies. Each lane contains total protein extracted 

from four ovaries (postnatal day 3–5) that were either exposed or not to 3 Gy 

of ionizing radiation (IR). Ovaries were harvested for protein extraction 3 hr 

post-IR. The blots on the left, separated by a vertical bar from those on the 

right, were from a different blot and different protein samples and mice. The 

same two blots (left and right) were stripped and re-probed sequentially with 

the three antibodies. A biological replicate is shown in Figure 4.4. Note that 

the decreased MVH levels in Trip13Gt/Gt ovaries is due to reduction in oocytes. 

(B) Activation of the TAp63 isoform is dependent on DNA damage and CHK2 
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signaling, not asynapsis. Shown is a Western blot probed sequentially for 

TAp63 and the germ cell marker MVH. Each lane contains protein extracted 

from ovaries as described in A. An upward shift in the band indicates the 

presence of the active (phosphorylated) vs. inactive TAp63. A biological 

replicate is shown in Figure 4.4.  

 

Interestingly, IR also caused a marked increase of pCHK1 in Spo11-/- 

oocytes compared to WT (Figure 4.2A and Figure 4.4). Levels of TRP53 were 

also higher in IR-treated Spo11-/- ovaries, but the presence or absence of 

CHK2 had no consequence (Figure 4.2A). One possible explanation is that 

repair of IR-induced DSBs by intersister recombination is inhibited in Spo11 

mutants, because unsynapsed chromosome axes retain HORMAD1/2 proteins 

that prevent such repair (Carofiglio et al. 2013; Rinaldi et al. 2017). In contrast, 

Chk2-/- oocytes would retain intersister repair ability, and thus either delay or 

minimize signaling to TRP53. A second possible cause of increased pCHK1 in 

irradiated Spo11-/- oocytes is that asynapsed chromosomes are more 

susceptible to IR-induced DNA damage than synapsed chromosomes (as in 

WT and Chk2-/- oocytes). A final possibility is that the presence of ATR on 

asynapsed chromatin (Turner et al. 2004, 2006) (Perera et al. 2004; Cloutier et 

al. 2016) facilitates DNA damage signaling to CHK1 under conditions of 

unrepaired DSBs. This implies that ATR is not only involved in MSUC, but also 
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retains its function as a key component of the DSB repair machinery (Widger 

et al. 2018). 

As discussed earlier, there is evidence for two processes that can 

trigger death of oocytes progressing through meiosis: MSUC (which functions 

when only a few chromosomes are asynapsed) and spontaneous DSBs, when 

there is extensive asynapsis as in Spo11-/- oocytes. While the experiments 

above revealed that TRP53 is not activated in unirradiated Spo11-/- oocytes, it 

remained possible that activation of TAp63 could be induced by MSUC or 

extensive asynapsis. As we previously showed, CHK2 is required for IR-

induced phosphorylation of TAp63 (Figure 4.2B) (Bolcun-Filas et al. 2014), 

which leads to the conversion of the inactive dimerized to the active tetramer 

form of TAp63 (Deutsch et al. 2011). However, we found no evidence for 

activation (phosphorylation) of TAp63 in unirradiated Spo11-/- ovaries (Figure 

4.2B).  

In summary, we have shown that mouse oocytes with unrepaired DSBs 

or extensive asynapsis are culled by a DNA damage response funneling 

through TRP53 and p63. Some, but not all of the damage signaling to these 

proteins is transduced by CHK2, and we provide evidence that CHK1 can also 

perform this function (see model in Figure 4.3). The relative contributions of 

these transducer kinases in meiotic DNA damage responses is unclear. Even 

though the essential nature of CHK1 in embryonic and premeiotic germ cell 

development (Abe et al. 2018) complicates analyses, CHK1 conditional 
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mutagenesis and depletion experiments indicate that this kinase plays a role in 

modulating cell cycle progression in spermatocytes during meiotic prophase I 

(Abe et al. 2018), and in oocytes at the G2/M checkpoint (Chen et al. 2012). A 

key remaining question is whether CHK1 and CHK2 are the sole direct 

responders for TRP53 and TRP63, or if another transducer kinase(s), such as 

casein kinases 1 or 2, function in parallel (Figure 4.3).  

 

Figure 4.3. Model of checkpoint signaling in mouse oocytes. We propose 

that all DSB damage signaling in oocytes requires activation of TRP53 

and TAp63 for complete oocyte elimination. The dashed lines represent 

non-canonical phosphorylation of CHK2 by ATR, and the thickness of all lines 

represents the relative amounts of activation in the two indicated mutant 

situations. We propose that in highly asynaptic Spo11 mutant oocytes, the 

“preloading” of ATR as part of the MSUC response leads it to play a larger role 



  137 

in signaling to CHK1 and CHK2 than under situations in which DSBs occur on 

synapsed chromosomes.  

 

Figure 4.4. Increased CHK1 activation and p53 stabilization, but not 

TAp63 activation, in CHK2-deficient oocytes. (A) and (B) Western blots 

probed with indicated antibodies. Each lane contains total protein extracted 

from four ovaries (postnatal dat 3-5) that were either exposed or not to ionizing 

radiation (IR). This is a biological replicate of Figure 4.2. 
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CHAPTER 5 

DISCUSSION AND CONCLUDING REMARKS 

 

1. A Reporter Mouse for In Vivo Detection of DNA Damage in 

Embryonic Germ Cells 

Chapter 2 describes the generation and validation of a 53BP1-based 

transgenic mouse model to detect DNA damage in PGCs. The reporter binds 

the histone mark H4K20me2 which becomes exposed near sites on DNA 

where DSBs are induced. With this transgenic reporter, we assessed the 

impact of exogenous IR-induced DNA damage on PGCs and showed that the 

reporter responds to IR in both a dose-dependent and time-dependent 

manner. For the purposes of demonstrating specific expression of the reporter 

in PGCs, tissue samples were fixed and antibody-labeled with a germ cell-

specific antibody, but future work could take advantage of ex vivo culture 

systems for fetal gonads (culture conditions described in Appendix I). Ex vivo 

culture of fetal gonads, including the PGCs contained within them, could be 

used to assess how the cells respond to DNA damage in a live-cell, dynamic 

manner to facilitate a better understanding of the DSB repair kinetics in these 

cells.  

Another future experimental direction could be to cross the transgenic 

reporter into different mutants which have been shown to cause a reduction in 

PGCs compared to controls. In the context of these different mutant 

backgrounds (such as those listed in (Hamer and de Rooij 2018)), the field can 
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begin to stratify mutants based on whether or not they lead to loss of PGCs via 

an increase in endogenous DNA damage. Of those mutants with increased 

DNA damage/DSB induction, the reporter can then be utilized in a quantitative 

manner to assess and compare the number of DSBs, and the persistence of 

them, in different mutant backgrounds. In addition to examining endogenous 

sources of DNA damage in PGCs, the response to other exogenous DNA 

damaging agents can be assessed using the reporter strain in a wild-type 

background. While the reporter study described in Chapter 2 focused 

exclusively on IR-induced DNA damage, that was merely because IR is a 

commonly used experimental DSB-inducing agent and I was trying to 

demonstrate reporter functionality. In other experimental contexts with 

genotoxins, whether or not the reporter becomes activated and the extent of 

activation will likely be an interesting question in itself. 

Furthermore, the fluorescent nature of the reporter, which is dimmest in 

the absence of DSBs and becomes progressively brighter with an increasing 

number of DSBs, can be used to stratify and purify cells based on the extent of 

DNA damage/DSBs they are experiencing at a given moment in time. Within a 

population of PGCs exposed to DNA damage, I always observed some PGCs 

with foci and others lacking foci. Being able to sort these PGCs into different 

categories based on the absence or presence of foci/number of foci and then 

performing downstream molecular analyses (such as RNA-seq) on them 

would enable an in depth understanding into the variegated cellular responses 

observed among PGCs exposed to DNA damage. This type of an approach 
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may lead to a better understanding of the differences between PGCs which 

survive DNA damage and those which succumb.    

Finally, there are at least two major limitations/caveats with respect to 

the transgenic reporter. One of which is that the reporter expression is 

significantly dimmer in female PGCs compared to male PGCs. This difference 

in expression was also observed in a GFP expressing transgenic mouse with 

the same promoter (Sabour et al. 2011) and indicates that care needs to be 

taken when making comparisons between reporter dynamics in male and 

female fetal germ cells using this transgenic line. The second caveat is that 

the reporter is based upon 53BP1 DSB binding activity. 53BP1 is associated 

primarily with NHEJ repair pathway and therefore the reporter likely does not 

localize to DSBs in an unbiased fashion. This idea is discussed more 

thoroughly in Chapter 2, where 53BP1 activity has been shown to be down-

regulated upon entry into meiosis. Overall, even taking these caveats into 

account, I am confident that the transgenic reporter strain can be used as a 

tool to aid in the discovery of novel insights related to the PGC hypersensitive 

DDR.       

 

2. Sexually Dimorphic DNA Damage Responses in PGCs 

My original goals when I began studying how PGCs respond to exogenous 

DNA damage were two-fold. First, I was interested in understanding how the 

PGC DDR compared to that of better studied cell types, such as ESCs and 

second, I wanted to identify genes involved in the hypersensitive PGC DDR. 
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The reason I was interested in identifying genes involved in the DDR was 

because prior work from the lab revealed that our understanding of the DDR in 

these cells was incomplete. These studies tried to rescue germ cell loss in 

different PGC mutants and the most robust rescues achieved were only partial 

at best (Luo et al. 2014; Luo and Schimenti 2015). This indicated to me that 

there were other candidate genes involved in the PGC DDR that had yet to be 

identified. My original RNA-seq experiment (described in Chapter 3) proved 

not to be as informative as I had hoped in terms of generating a candidate list 

of DDR-related genes because 8 hours after DNA damage hundreds of genes 

are differentially expressed in response to IR (which is too many to test in 

vivo). Notably, this dataset was able to provide a developmental-context 

specific understanding of the PGC DDR which is much of the focus of Chapter 

3.  

 

Figure 5.1. Summary models of the irradiation-induced sexually 

dimorphic PGC DDR described in Chapter 3. 
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Importantly, I also conducted RNA-seq 4 hours after IR-induced DNA 

damage to try to better identify candidate genes involved in PGC DDR after I 

realized that the 8 hour dataset was not going to be instructive for this 

purpose. In the 4 hour dataset, there were only a few genes differentially up-

regulated in response to IR. These genes (included in the tables below) could 

be promising candidates to explore further in E13.5 female and male germ 

cells.  

(legend on the next page) 

Gene name log2(fold 
change)

Description

Rnu12 10 U12 minor spliceosomal RNA

Btg2*
1.8 BTG Anti-proliferation factor 2; activates mRNA 

deadenylation

Plk2*
1.8 Serine/threonine protein kinase; plays a role in 

cells undergoing rapid cell division

Bbc3*
1.7 Member of the BCL-2 family; part of the BH3-

only pro-apoptotic subclass

Ass1

1.6 Argininosuccinate synthase I, part of the arginine 

biosynthetic pathway

Cst8

1.4 Part of the cystatin superfamily, some family 

members act as cysteine protease inhibitors; 

high tissue-specific expression in the 

reproductive tract

5730408K05Rik 1.2 lncRNA of unknown function

Phlda3*

1.2 Pleckstrin homology like domain family member 

A3, p53-mediated repressor of AKT1 signaling 

leading to apoptosis

Cdkn1a (p21)* 1.1 Binds to and inhibits G1 associated CDKs

Rmrp*
1.0 RNA component of mitochondrial RNA 

processing endoribonuclease

Table 5.1. Up-regulated Genes in Response to IR in E13.5 Male PGCs 
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Table 5.1. Genes Significantly Up-regulated in Irradiated E13.5 Male 

PGCs 4 hours After DNA damage. 10 genes met the criteria for up-

regulation in response to DNA damage. Bolded genes are up-regulated in 

both female and male samples; genes with asterisks are either involved in the 

cell cycle or apoptosis. (Criteria for up-regulation included those genes with a 

FPKM of at least 5, a change in expression of at least 2-fold or greater and an 

adjusted p-value<0.05 calculated by DEseq2; text summarizing gene function 

was adapted from GeneCards and MGI).  

 

 

Table 5.2. Genes Significantly Up-regulated in Irradiated E13.5 Female 

PGCs 4 hours After DNA damage. 3 genes met the criteria for up-regulation 

in response to DNA damage. Bolded genes are up-regulated in both female 

and male samples. (Criteria for up-regulation included those genes with a 

FPKM of at least 5, a change in expression of at least 2-fold or greater and an 

adjusted p-value<0.05 calculated by DEseq2; text summarizing gene function 

was adapted from GeneCards and MGI).  

Gene name log2(fold 
change)

Description

Btg2 1.0 BTG Anti-proliferation factor 2; activates mRNA deadenylation

Plk2
1.2 Serine/threonine protein kinase; plays a role in cells undergoing 

rapid cell division

C1qa
1.5 Part of the immune system complement cascade which 

promotes inflammation and helps remove damaged cells

Table 5.2. Up-regulated Genes in Response to IR in E13.5 Female PGCs 
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Of the two genes shared between female and male E13.5 PGCs that 

are upregulated 4 hours after DNA damage, transgenic mice which disrupt 

expression of the each gene have already been generated. The homozygous 

null mutant Btg2tm1Wbh does not exhibit any overt phenotypes (Haubensak et 

al. 2004) and the null mutant of Plk2 (available from the Jackson Laboratory) 

is viable and fertile, but born at lower than expected Mendelian ratios (Inglis et 

al. 2009). Both genes are associated with cell cycle progression, but research 

performed with transgenic mouse models thus far has mostly focused on the 

brain. Btg2 was found to be expressed in asymmetrically dividing 

neuroepithelial (NE) cells where it is selectively expressed in the neuron-

generating cells rather than the proliferating NE cells (Haubensak et al. 2004). 

Plk2 was initially identified as a gene whose expression was associated with 

serum-starved cells re-challenged with complete media and was later shown 

to be a transcriptional target of p53 associated with cell cycle checkpoint 

function (Simmons et al. 1992; Burns et al. 2003). Plk2 deletion in mice has 

been associated with decreases in alpha synuclein phosphorylation in the 

brain and may be a promising target for the treatment of Parkinson’s disease 

(Inglis et al. 2009). 

Both Btg2 and Plk2 have been reported to act as tumor suppressors 

due their down-regulated gene expression in a number of different cancer 

types (Yuniati et al. 2019; Pellegrino et al. 2010; Coley et al. 2012). Performing 

follow-up studies to assess if either (or both) of these genes impact PGC 
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survival in a DNA damage-associated context may bring us closer to an 

improved understanding of the genes involved in the PGC DDR.  

The experimental system used to assess the DDR in PGCs exposed to 

IR could be easily modified to examine the impact of other genotoxic agents 

on PGCs. Former studies from the lab using different PGCs mutants have 

shown that unique genetic contexts can activate distinct and differing sets of 

DNA damage responsive genes (Luo et al. 2014; Luo and Schimenti 2015). 

While this is not surprising, it does indicate that the candidate genes listed in 

the tables above may be more reflective of those contexts similar to the 

stresses and damage evoked by IR. 

 

3. Preventing Mutation Accumulation in the Germline through G1 

Checkpoint Activation 

In Chapter 3, we assessed the quality of individual haploid germ cells in the 

replication defective mutant Fancm using whole genome single cell DNA 

sequencing. Analysis of the variants present in control and mutant cells 

allowed us to demonstrate the potential ramifications of manipulating the p21-

mediated DNA damage checkpoint to facilitate increased germ cell survival in 

Fancm-/- germ cells.  
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Figure 5.2. Proposed model for the enrichment of complex mutations in 

Fancm-/- p21-/- mutant spermatids. 

 

One exciting aspect of this project was our attempt to answer a biological 

question about germ cell quality control mechanisms using a relatively new 

technology. On a practical level, we were forced to deviate from our more 

traditional pedigree-based exome sequencing approach because female 

Fancm mutants on the C57BL/6J strain background are infertile. An 

unavoidable drawback of our modified approach was that we were no longer 

able to assess mutation accumulation in the female germline alongside the 

male germline. 

 In many ways the sequencing of individual spermatids worked quite well. 

A technical limitation of the data was that the number of detected “mutations” 

even in wild-type control cells was about 5-10 times higher than expected 
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based on the known germline mutation rate in mice. This was most likely due 

to errors introduced during single cell genome amplification and sequencing. 

Generally speaking, there are couple approaches taken by the field to 

overcome these limitations including only considering the overlapping 

mutations detected in multiple independent variant calling programs and 

correcting for genome amplification biases by comparing the ratio of 

heterozygous SNPs at specific loci (Dong et al. 2017; Milholland et al. 2017). 

In our samples, we could not adjust for amplification biases because the 

genomes we sequenced were each haploid. In preliminary data analyses, I 

compared the overlapping point mutations detected in each cell between two 

different SNP calling programs, GATK HaplotypeCaller and VarScan 

(McKenna et al. 2010; Koboldt et al. 2012). On average, about half of the 

individually identified point mutations overlapped between the programs in 

each cell. Comparison of point mutations from the overlap lists and the 

individual program output lists did not change the overall 

distribution/percentage of point mutation types present in the cells.  

For subsequent analyses, I used software that was more optimized for 

detecting InDels and other complex mutations (Rimmer et al. 2014). The 

results, which are described in more detail in Chapter 3, revealed that 

mutation clusters are enriched in Fancm-/- p21-/- germ cells compared to germ 

cells of the other genotypes. This finding indicates that the p21-dependent cell 

cycle checkpoint is important for suppressing propagation of germ cells 

experiencing a high number of defective replication forks that would lead to 



  155 

specific complex mutational events when Fancm is absent. While my analyses 

focused on identifying whether there were any biases in mutation type present 

in Fancm deficient germ cells, studies have shown that even under normal 

conditions DNA sequence and epigenomic features can influence local 

mutation probabilities (Makova and Hardison 2015; Monroe et al. 2020). 

Follow-up analyses could examine whether the mutations identified in cells of 

specific genotypes are biased in certain genomic features such as local GC 

content, histone modifications, and/or chromatic accessibility.  

 

4. Oocyte Elimination through DNA Damage Signaling 

In Chapter 4 we showed that nearly all mouse meiocytes with unrepaired 

DSBs or asynapsis are eliminated before meiotic prophase I via p53 and 

TAp63 signaling. We also provide evidence that this signaling is mediated 

through CHK1 in addition to CHK2 (which was previously described in 

(Bolcun-Filas et al. 2014). A limitation of the CHK1 data is that loss of CHK1 

could not be examined in our system due to Chk1 being an essential gene. 

Future analyses could take advantage of a Chk1 conditional allele (Lam et al. 

2004) with an appropriate Cre-recombinase line expressed upon entry and 

throughout meiotic prophase I in female germ cells.  

Interestingly, it is unclear why heterozygosity for either Trp53 or TAp63 in 

the context of nullizygosity for the other gene failed to rescue any Spo11-/- 

oocytes, but that loss of Trp53 alone partially rescued Trip13Gt/Gt oocytes 

(reported in (Bolcun-Filas et al. 2014). We posit some possible explanations in 
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Chapter 4 including enhanced recognition by DNA damage sensors of 

spontaneous DSBs on asynapsed chromosomes (Spo11-/-) vs. meiotically 

induced DSBs on synapsed chromosomes (Trip13Gt/Gt) and it would be 

interesting to test this idea using mutants such as Dmc1-/- and Msh5-/-. These 

mutants exhibit defects in both synapsis and DSB repair (Di Giacomo et al. 

2005) and have an oocyte loss phenotype that resembles Trip13Gt/Gt. 

Therefore, it could be informative to assess whether deletion of Trp53 or 

TAp63 leads to a partial rescue of oocytes in these mutants or not. One might 

expect based on our prediction that loss of either gene (Trp53 or TAp63) 

would not partially rescue oocytes of either of the mutants due to the presence 

of asynapsis similar to Spo11-/- mutants. In the male germline, it has been 

reported that co-injection of Trp53 and Dmc1 siRNAs into testes (Dai et al. 

2017) does not rescue the Dmc1 single siRNA knock-down phenotype, 

lending additional support for the idea that a similar phenotype might be 

observed in the female germline with Dmc1-/- Trp53-/- double mutants. 

Earlier this year, a study showed that the pro-apoptotic BCL-2 pathway 

eliminates oocytes with persistent DSBs via Puma, Noxa, and Bax (ElInati et 

al. 2020). In this study, the authors examined oocyte rescue in the context of 

both Dmc1-/- and Msh5-/- mutants. Loss of Puma or Noxa alone did not rescue 

any primordial follicles, but loss of both Puma and Noxa rescued primordial 

follicles in both Dmc1 and Msh5 mutants to about 40% of wild-type. Double 

mutants of Bax and Dmc1 or Msh5 also led to about a 40% rescue in 
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primordial follicles. While these rescues are significant, they are different than 

the genetic rescues we performed which led to a complete restoration of 

oocytes back to wild-type levels. Puma, Noxa and Bax are all downstream of 

Trp53 and TAp63, indicating that the field’s understanding of the DNA damage 

signaling downstream of the factors we examined is incomplete and could 

benefit from additional studies.     

 

5. Final Summation 

To conclude, this dissertation describes the research I conducted which 

sought to contribute novel insights into how genome integrity is maintained 

in the mammalian germline. The scope of the work encompasses 

investigations into the DNA damage responses in primordial germ cells as 

well as in post-natal oocytes. Both germ cell types display highly sensitive 

responses to irradiation-induced DNA damage underscoring the 

importance of maintaining genome integrity across numerous stages of 

germ cell development.  

 

During my time at Cornell, I also contributed to some additional 

scholarship which I would like to acknowledge below. (asterisks denote 

equal authorship contributions) 

 

Bloom JC*, Tran TN*, Yamulla RJ*. Mouse Genetics 2016: meeting report. 

Mammalian Genome. 2017 Apr;28(3-4):81-89. PMID: 29782020 
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Crypt Cell Landscape, Proliferation, and Regenerative Capacity.  
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32232159 

 

McNairn AJ, Chuang C, Bloom JC, Wallace MD, Schimenti JC. Female-

biased embryonic death from genomic instability-induced inflammation. 
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Fu Y*, Long MJC*, Wisitpitthaya S, Inayat H, Pierpont TM, Elsaid IM, 
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APPENDIX I 

WHOLE MOUNT IMMUNOFLUORESCENCE AND FOLLICLE 

QUANTIFICATION OF CULTURED MOUSE OVARIES 

* This appendix is a reprint with minor reformatting of the manuscript: Rinaldi, 

V.D., Bloom, J.C., Schimenti, J.C. Whole Mount Immunofluorescence and 

Follicle Quantification of Cultured Mouse Ovaries. J. Vis. Exp. 

(135),e57593,doi:10.3791/57593 (2018). 

1- Abstract  

 Research in the field of mammalian reproductive biology often involves 

evaluating the overall health of ovaries and testes. Specifically, in females, 

ovarian fitness is often assessed by visualizing and quantifying follicles and 

oocytes. Because the ovary is an opaque three-dimensional tissue, traditional 

approaches require laboriously slicing the tissue into numerous serial sections 

in order to visualize cells throughout the entire organ. Furthermore, because 

quantification by this method typically entails scoring only a subset of the 

sections separated by the approximate diameter of an oocyte, it is prone to 

inaccuracy. Here, a protocol is described that instead utilizes whole organ 

tissue clearing and immunofluorescence staining of mouse ovaries to 

visualize follicles and oocytes. Compared to more traditional approaches, this 

protocol is advantageous for visualizing cells within the ovary for numerous 

reasons: 1) the ovary remains intact throughout sample preparation and 



  164 

processing; 2) small ovaries, which are difficult to section, can be examined 

with ease; 3) cellular quantification is more readily and accurately achieved; 

and 4) the whole organ imaged.  

The video component of this article can be found at 

https://www.jove.com/video/57593/  

2- Introduction  

 In order to study the cellular composition and morphological features of 

mammalian ovaries, scientists often rely on in vivo experiments followed by 

immunohistological staining of paraffin embedded ovaries. More recently 

though, whole ovary organ culture has proven to be an effective alternative to 

study ovarian function
1,2,3,4 

because the technique can be coupled with better 

visualization and quantification tools. Traditionally, analysis of ovarian 

morphology depends on reconstructing three-dimensional ovarian architecture 

from paraffin embedded serial sections, but, in addition to being laborious and 

time consuming, serially sectioning paraffin embedded tissue does not 

guarantee proper reconstruction of the organ, and sections are often lost or 

mis-ordered in the process.  

 In addition to the technical challenges associated with serial sectioning, 

there are also variations in the methods routinely used to quantify follicle 

numbers per ovary
5,6

. The methodological variability currently used impairs 

meta-analysis of ovarian reserve across studies
5,7

. For example, follicle 
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numbers from different research articles can vary by 10-fold or more between 

similar developmental ages within a specific strain
6
. These large differences in 

reported follicle quantification can lead to confusion and have hindered cross-

study comparisons. Experimentally, traditional approaches to follicle 

quantification from serial sections are performed by counting follicles of a pre-

defined number of sections (e.g., every fifth, tenth, or other section). Variability 

in follicle counts using this approach arises not only from the periodicity in 

which sections are counted but also from variations in section thickness, and 

technical experience in generating serial sections
5,6

. In addition to its 

variability, another disadvantage of traditional tissue sectioning is that the 

sectioning of small ovaries from young animals is especially challenging and 

highly dependent on tissue orientation
8
.  

 The protocol below describes a routinely used ovary culture technique
1 

but greatly improves upon traditional follicle quantification by substituting 

physical sectioning with tissue clearing and optical sectioning using confocal 

microscopy
8,9

. Clearing using tissue immersion (without the need for 

transcranial perfusion or electrophoresis) in a urea- and sorbitol-based 

solution (e.g., ScaleS(0)
10

) proved compatible with the immunostaining and 

allowed for the reduction of clearing time without compromising depth of 

imaging. Other reported methods (e.g., ScaleA2
8,10

, SeeDB
11

, ClearT
12

, and 

ClearT2
12

) are either more time consuming or do not allow in-depth optical 
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resolution of the sample. Optical sectioning is advantageous because it is less 

labor intensive and maintains the organ's three-dimensional architecture
7,8

. 

Another benefit of this approach is that preparation of the samples does not 

require costly reagents to clear the tissue and can be conducted with relative 

ease.  

 Specifically, the protocol described has been optimized for cultured 

mouse ovaries at postnatal day five but has been conducted on ovaries 

ranging from postnatal day 0 - 10. The method makes use of an ovary culture 

system in which the tissue naturally attaches to the membrane on which it is 

cultured, facilitating organ handling and manipulation. The culture system 

described can be used to maintain explanted ovaries for up to 10 days and to 

assess how different experimental conditions may interfere with oocyte 

survival
13

. The quantification procedure described is performed using the non-

commercial image processing package FIJI-ImageJ
14 and can be conducted 

on most personal computers. Furthermore, images used for quantification can 

be made widely available for the scientific community, thus allowing for future 

meta-analysis.  

3- Protocol  

 Cornell University's Institutional Animal Care and Use Committee 

(IACUC) has approved all the methods described here, under protocol 2004-

0038 to JCS.  



  167 

1. Preparation of Instruments and Culture Media  

1.  Wipe the working area clean with 10% bleach and allow the bleach to 

remain on the work area surface for at least 5 min. After 5 min, remove 

the excess bleach with clean paper towels and 70% ethanol (EtOH). 

Clean the dissecting microscope thoroughly with 70% EtOH.  

NOTE: It is important that the work area be at least semi-sterile to avoid 

contamination of organ cultures.   

2.  Wrap clean forceps and scissors with a paper towel dampened with 70% 

EtOH until the time of use.  

NOTE: The ideal dissection tools may vary according to the age/size of the 

ovary. Best results are obtained using one sharp micro dissecting scissor, two 

fine tip forceps (either number 5 or 55) and one micro dissecting iris scissor.   

3.  In a conical tube, make 50 mL of ovary culture media and warm in a 37 °C 

water bath.   

  1. To make ovary culture medium
4
, supplement 1x Minimal Essential 

Media (MEM) with 10% Fetal Bovine Serum (FBS), 25 mM (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 100 units/mL 

penicillin, 100 μg/mL streptomycin, 0.25 μg/mL Amphotericin B (e.g., 45 mL of 

MEM, 5 mL of heat inactivated FBS, 1.25 mL of HEPES, and 0.5 mL of 100x 

stock of penicillin, streptomycin, and Amphotericin B).  
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4.  Prepare plates and inserts prior to the ovary culture.  

  1. In a tissue culture hood, add 1 mL of ovary culture medium to a 35 

mm tissue culture plate.  

  2. Pre-soak insert membrane with the culture medium. Add sufficient 

media, usually about 0.55 mL per well, to the 24-well carrier tissue  culture 

plate, and place a cell culture insert in the well. Make sure the insert's 

membrane touches the media.  

  3. Prepare the number of 35 mm plates and wells with cell culture 

inserts according to the expected number of ovaries in the experiment.  Place 

the 35 mm plates containing 1 mL of culture media and the 24-well carrier 

plate containing culture media and inserts in a 37 °C, 5% CO2, and 

atmospheric O2 incubator.   

5.  Arrange a hot plate next to the dissection scope and set the temperature to 

37 °C. Keep a 37 °C, 5% CO2 and the atmospheric O2 incubator is 

close to the dissection room.   

2. Ovary Dissection and Organ Culture  

NOTE: Ovaries can be dissected at room temperature as long as the exposure 

to the non-ideal temperature is minimal.  

1.  Euthanize the female mice at post-natal day 5, by decapitation, one at a 
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time.  

NOTE: Euthanasia must be conducted according to IACUC guidelines present 

at the facility where the research is being performed.   

2.  Spray the animal with 70% EtOH. Place the animal on the top of the dry 

paper towel under the dissection microscope. Place a 35 mm tissue 

culture dish containing ovary culture media close to the dissection 

microscope.   

3.  With forceps or a micro dissection iris scissor, make an incision through the 

skin of the animal and into the abdominal cavity, using caution not to 

cut into the intestines. Push the intestines out of the abdominal cavity 

and locate the ovaries. Extract the ovaries and place them into the 35-

mm tissue culture dish containing culture media.   

4.  Once the ovaries have been dissected from the animal, increase the 

magnification of the dissection microscope in order to better visualize 

ovaries and any attached tissue. With clean fine tip forceps, remove all 

non-ovarian tissue, such as bursa and fatty tissue. Be careful to keep 

the ovaries intact when removing the attached non-ovarian tissue.   

5.  Once the ovaries are isolated, place the pair into the pre-soaked cell culture 

inserts of the carrier 24-well plate (refer to steps 1.4.2 and 1.4.3) and 

adjust the volume of the medium to ensure that it is sufficient to keep 
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the organ moist (without completely submerging it). Caution: Be careful 

not to poke a hole in the membrane of the cell culture insert when 

transferring the ovaries.   

6.  Place explanted organs in a 37 °C, 5% CO2, and atmospheric O2 

incubator.   

7.  Repeat steps 2.1 - 2.6 until the ovaries of each animal are dissected and 

placed on the cell culture insert of the 24-well plate containing the 

 ovary culture medium.   

8.  Change the ovary culture medium every 2 days, using warmed ovary media 

aliquots from a 37 °C water bath and proceed to Part 3 of the protocol 

at the desired experimental time point.   

3. Tissue Fixation  

1.  In a 15 mL conical tube, prepare 4% paraformaldehyde (PFA) in 1x 

phosphate-buffered saline (PBS) (e.g., add 2 mL of 16% PFA electron 

microscopy grade to 6 mL of 1x PBS).  

Caution: PFA is a hazardous substance and should be handled under a 

chemical hood.  

2.  Fix the cultured ovaries, without removing the tissue from the culture insert, 

by covering the tissue with the freshly prepared 4% PFA solution. Seal 
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the edges of the plate with plastic adhesive (to avoid evaporation) and 

place the samples at 4 °C overnight.  

NOTE: In order to facilitate handling and tissue integrity, avoid displacing 

ovaries from the cell culture insert throughout the entire procedure. Cultured 

ovaries attached to the surface of the insert are advantageous for handling 

without damaging or losing the organ.   

3.  Rinse the tissue 3x with 70% EtOH and either proceed to step 4.1 or store it 

in scintillation vials filled with 70% EtOH at 4 °C until further 

processing.  

NOTE: If using tissue endogenously expressing fluorescent proteins, storing 

the samples with 70% EtOH may greatly reduce the signal. Alternatively, 

tissue can be rinsed and stored in the PBS with 0.2% sodium azide (NaN3). 

NaN3 is, however, highly toxic and poses a serious inhalation hazard. Make 

the stock solution in the fume hood and handle wearing appropriate personal 

protective equipment such as a laboratory coat and nitrile gloves.  

4. Whole Mount Immunofluorescence  

1.  Place the fixed tissue in 1x PBS at RT for a minimum of 4 h prior to the 

permeabilization step 4.3.   

2.  Prepare permeabilization solution and blocking solution.  

  1. Prepare permeabilization solution as described. To 1x PBS, add 
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0.2% polyvinyl alcohol (PVA), 0.1% sodium borohydride (NaBH4) solution 

(from 12 wt.% in 14 M sodium hydroxide (NaOH) solution), and 1.5% 

polyethylene glycol tert-octylphenyl ether (non-ionic surfactant detergent). In a 

50 mL conical tube, add 5 mL of 10x PBS, 0.1 g of PVA, 50 μL of NaBH4, and 

750 μL of non-ionic surfactant detergent, then add ultrapure water up to 50 mL 

and agitate well at room temperature until the mixture is entirely in solution.   

  2. Prepare blocking solution as described. To 1x PBS, add 0.1% non-

ionic surfactant detergent, 0.15% of 2.5M glycine pH 7.4, 10% normal goat 

serum, 3% bovine serum albumin (BSA), 0.2% NaN3, 100 units/mL penicillin, 

100 μg/mL streptomycin, and 0.25 μg/mL Amphotericin B. Prepare a stock 

solution of 2.5 M glycine by dissolving 93.8 g of glycine in ultrapure water to a 

500 mL final volume (pH 7.4) and a stock solution of 10% NaN3 by dissolving 

5 g in 50 mL of ultrapure water; then, in a 50 mL conical tube prepare the 

blocking solution by adding 5 mL of 10x PBS, 50 μL of non-ionic surfactant 

detergent, 750 μL of glycine stock solution, 5 mL of goat serum, 1.5 g of BSA, 

1 mL of NaN3 stock solution, and 0.5 mL of 100x stock of penicillin, 

streptomycin, and Amphotericin B . Add ultrapure water up to a final volume of 

50 mL and syringe filter the final solution.   

3.  Remove and discard the 1x PBS from the vial, and then add enough 

permeabilization solution to completely submerge the ovaries. Place the 

sample in permeabilization solution on an orbital shaker (e.g., nutator) 

at room temperature for 4 h. NOTE: Incubation time may vary 
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according to the organ thickness.   

4.  Replace the permeabilization solution with enough blocking solution to 

completely submerge the ovaries. Seal the vial with the plastic adhesive 

and leave the tissue incubating for a minimum of 12 h at room 

temperature on an orbital shaker.   

5.  Prepare primary antibody dilution in blocking solution as per the 

manufacturer's datasheet. NOTE: Note that not all antibodies are 

compatible with the clearing agent. The average volume needed per 

sample is approximately 750 μL.   

 1. For oocyte quantification, use TAp63 (nuclear oocyte marker) and 

MVH (cytoplasmic germ cell marker). NOTE: The antibodies used in the 

immunofluorescence images are mouse anti-p63 and rabbit anti-MVH). The 

primary antibody solution can be reused 2x or more if stored at 4 °C between 

staining protocols and properly handled to avoid bacterial growth.  

6.  Place the insert containing the tissue in a 24-well plate and add about 750 

μL of primary antibody solution. Ensure that ovaries are completely 

submerged. Seal the plate with plastic adhesive to minimize 

evaporation and leave the tissue incubating for 4 days at room 

temperature on an orbital shaker.   

7.  Prepare washing solution.  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 1. Prepare washing solution as described. Make 1x PBS, add 0.2% 

PVA and 0.15% non-ionic surfactant detergent. In a 50 mL conical tube, add 5 

mL of 10x PBS, 0.1 g of PVA, 75 μL of non-ionic surfactant detergent and 

ultrapure water up to a final volume of 50 mL.  

8.  Remove primary antibody dilution and add a generous amount of washing 

solution. Always make sure to submerge the ovaries. Allow the ovaries 

to soak in the solution overnight at room temperature on the orbital 

shaker.   

9.  Replace the washing solution and incubate on the orbital shaker for 2 h or 

more. 

10. Repeat the step 4.9 one additional time.   

11. Prepare the secondary antibody dilution in blocking solution.   

NOTE: The secondary antibodies used are anti-mouse 488 fluorescent dye 

raised in goat and anti-rabbit 594 fluorescent dye raised in goat.  See step 

4.5. for the average volume needed per sample.   

12. Remove washing solution from the ovaries and add secondary antibody 

solution. Protect the samples from light (wrap plate with aluminum foil) and 

seal the plate with plastic adhesive to minimize evaporation. Incubate samples 

on an orbital shaker at room temperature for 2 days.  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NOTE: Continue protecting the samples from light using aluminum foil during 

all subsequent incubation steps.   

13. Remove secondary antibody solution from the samples and add washing 

solution. Incubate on an orbital shaker for 8 h.  NOTE: If 4,6-Diamidino-2-

phenylindole (DAPI) staining is desired, add 50 ng/mL of DAPI to the first 

wash step (~8 h incubation). 

14. Replace the washing solution for an overnight wash.   

15. While preparing the clearing solution (see section 5), replace the overnight 

washing solution with fresh solution and keep the samples on the  orbital 

shaker at room temperature.   

5. Ovary Clearing and Imaging  

1. Prepare ScaleS(0) clearing solution.  

 1. Prepare ScaleS(0) clearing solution10 by adding reagents in the given 

proportion: 40% D-(-) sorbitol (w/v), 10% glycerol, 4.3 M urea, and 20% 

dimethyl sulfoxide (DMSO), pH 8.1 (e.g. in a 50 mL conical tube, add 2.5 mL 

of glycerol, 10 g of sorbitol, 5 mL of DMSO, and 12 mL of 9 M urea for a total 

volume of 25 mL. Mix solution by inversion at 50 °C for 30 min and degas prior 

to use.)  

2.  Remove the washing solution and submerge the samples in clearing 
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solution. For better results maintain samples on the orbital shaker.   

3.  Replace the clearing solution 2x daily until the tissue becomes transparent 

(approximately 2 days).   

4.  Once the tissue is cleared, prepare the sample for imaging by carefully 

removing the insert membrane containing the cultured ovaries with a 

 fine tip scalpel and placing the sample on a glass slide.   

5.  Proceed to imaging the samples on a microscope capable of optical 

sectioning.   

6. Oocyte Quantification  

NOTE: There are many different computer programs that are able to quantify 

cells. Described below is a protocol for oocyte quantification using the non-

commercial image processing package, FIJI-ImageJ
14

.  

1.  Using a flattened maximum intensity projection of the Z-stack image series 

for the specific cellular markers of interest (without the DAPI channel), 

convert the image into a black and white 8-bit image under Type in the 

Image drop-down menu.   

2.  Under the Image drop-down menu, highlight the Adjust tab and then select 

Threshold.   

3.  Manually adjust the threshold to a level that best identifies each individual 
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oocyte. Once the level is determined, click Apply to generate a black 

and white image. Once completed, quantify the sample by delineating 

using the Oval or Freehand icon. NOTE: FIJI-ImageJ has different 

options to fine tune the image that will be used for the particle 

quantification. For instance, in Process | Binary tab, there are different 

options that can be used to improve the detection of what will be 

counted. In Figure 4, the options used to better individualize follicles 

was Erode, followed by Fill holes, and lastly Watershed.   

4.  Under the Analyze drop-down menu, select Analyze particles. Set the 

parameters according to the desired resolution.   

4- Representative Results  

 This protocol includes 6 major steps following dissection of the ovaries, 

as outlined in Figure 1. Figure 2, Figure 3, Figure 4 highlight the most novel 

features of this protocol, which include optimization of tissue clearing for 

ovaries and whole tissue oocyte quantification using FIJI-ImageJ. Figure 2A 

shows images of an uncultured 5-day postnatal fixed ovary before (left) and 1 

h after (right) adding clearing solution to the ovary. The ovary will begin to 

become translucent within minutes of being submerged in clearing solution. 

Once cleared, small ovaries like the one imaged in Figure 2A become difficult 

to handle without damaging. Therefore, working with cultured explanted 

ovaries is advantageous because they become attached to the porous surface 



  178 

of the insert membrane on which they are cultured. Attachment of the ovary to 

the insert membrane allows the experimenter to handle the membrane insert 

rather than the ovary itself (Figure 2B and Figure 3). Also, ovaries cultured in 

close proximity will fuse and Figure 2B shows attached fused ovaries before 

(left) and after clearing (right) on hematoxylin stained samples.  

 Performing the optical sectioning of cultured ovaries without clearing is 

possible; however, cells deep within the tissue have a signal that is difficult to 

differentiate from the background and this lack of clear signal impedes proper 

oocyte quantification (Figure 3A). In contrast to Figure 3A, Figure 3B is a 

representative image of a cleared sample in which oocyte quantification 

throughout the entire organ is possible. Figure 3B demonstrates that whole 

organ imaging of cleared cultured ovaries can be conducted without significant 

loss of signal deep within the tissue and images such as the one shown 

(Figure 3B) can be readily quantified. One approach for quantifying oocytes in 

samples such as these is by converting the Z-stack series of optical sections 

into a Maximum Intensity Projection and then further processing the file with 

an image processing package. Figure 4 highlights the steps used to quantify 

the number of oocytes in Figure 3B using FIJI- ImageJ. Supplemental Table 

1 includes FIJI-ImageJ's particle (oocyte) quantification. Quantification of 

particles using this method also allows for the analysis of different follicles 

based on oocyte size, because information on both the number of particles 

and the corresponding area of each particle is calculated by the software and 
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provided to the user.  

 

Figure 1: Schematic representation of the entire protocol. Visual summary 

of the protocol beginning with dissection of the ovary (1), followed by ovary 

culture (2), tissue fixation with 4%PFA (3), immunostaining using specific 

antibodies (4), clearing tissue for deep imaging (5), obtaining the optical 

section using a confocal microscope (6) and ending with oocyte quantification 

(7). 



  180 

 

Figure 2: Difference in tissue opacity between un-cleared and cleared 

ovaries. (A) Ovary from a postnatal day five pup without clearing (left) and 

after mild clearing of about 1 h (right). (B) Multiple ovaries cultured in close 

proximity to each other for seven days. Two different magnifications of each 

sample are shown. Leftmost images are without clearing and rightmost images 

are with clearing. Ovaries will attach to the membrane of the culture insert and 

can be better handled if kept attached throughout the protocol. In order to 

improve the contrast of tissue for imaging using white light, ovaries were 

submerged in hematoxylin for 5 min after fixation.  
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Figure 3: Immunofluorescence imaging of un-cleared and cleared 

ovaries. Ovaries from postnatal day 5 pups were cultured for 7 days and 

stained according to the whole mount immunofluorescence staining protocol 

described. Shown in red are cells labeled with mouse vasa homolog (MVH) to 

identify germ cells and in green are cells labeled with the nuclear oocyte-

specific marker, p63. DAPI, in blue, was used to label all cell nuclei. (A) 

Immunofluorescence image of ovaries without clearing. (B) 

Immunofluorescence image of ovaries with clearing.  
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Figure 4: Visual workflow for how to quantify oocytes using FIJI-ImageJ 

software. In order to facilitate data analysis, images derived from the confocal 

planes can be reduced to a maximum intensity projection instead of a 3D 

image. With the maximum intensity projection, the user can define image 

threshold parameters in such a way that the target particles become evident. 

Once the simplified image is obtained, the software is used to count the 

oocytes. Critically examining images while setting the parameters is crucial. 

This figure shows an example of how the particle/oocyte threshold can be set. 

The text above each image highlights the parameter used to obtain that image 

in FIJI-ImageJ. The software also generates a table with the area 

measurement of the particles.  

5- Discussion  

 The study of mammalian reproduction requires using and quantifying 

specialized cells that are not routinely amenable to cell culture. However, ex 

vivo culture systems are effective at maintaining ovary and follicle viability
1,15

. 

During ovary culture, the tissue requires a larger surface area for exchange of 

nutrients through diffusion. Therefore, 5-day old mouse ovaries are ideal in 

size and shape for organ culture. This protocol was optimized for ovaries 

maintained for seven days in culture, but ovary culture length can be adjusted 

according to the specific scientific question
1,4

. Comparable results have been 

achieved in ovaries cultured for as little as three days and as long as ten days 
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(data not shown), but ovaries from animals older than ten days are large and 

culture may not be as effective, thus highlighting a limitation of the protocol.  

 If ex vivo culturing of the ovary is not needed, it is possible to fix and 

stain older ovaries with the protocol described, although modifications may be 

required to adjust to the larger tissue size
9,16

. The staining protocol described 

depends on passive diffusion of the antibodies into the organ, which indicates 

that it may be possible to stain larger ovaries with either longer antibody 

incubation steps or by partitioning the tissue into few smaller pieces that can 

be reconstructed after imaging. The use of urea and sorbitol in the ScaleS(0) 

clearing agent proved effective for neonatal cultured ovaries because it 

required a shorter incubation period than those reported for clearing agents 

with urea and glycerol (ScaleA2)
8,10

. Furthermore, the use of a low 

concentration of sodium borohydride (NaBH4) in the permeabilization solution 

decreased the background noise, and, together with longer incubations of the 

samples with primary and secondary antibodies, facilitated staining deep 

within the tissue. Additionally, the use of PVA in the permeabilization and 

washing solutions prevents spurious particles from sticking to the tissue
17,18

.  

 In this protocol, cultured healthy ovaries will attach to the insert 

membrane, while unhealthy ovaries may detach from it upon fixation and 

handling. Handling loose tissue with forceps will damage the ovary and likely 

compromise imaging. Alternatively, loose tissue can be embedded in 5% 
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agarose plugs or handled with transfer pipettes as long as the tip opening is 

wide enough not to damage it. With regard to immunostaining, primary 

antibodies other than the ones used in this protocol may perform differently 

and may require optimization in the permeabilization and incubation steps.  

 Lastly, the protocol describes an alternative approach towards 

quantifying follicles from young ovaries as compared to traditional paraffin 

embedded serial sections or other previously described volumetric 

quantification of follicles from whole mount images
5,9,16

. Depending on the 

researcher's requirements, the procedure for oocyte quantification described 

in the protocol can also be used the characterize different stages of follicular 

development
19

. The particle area generated by the software can be used to 

determine the cell diameter and thus infer follicular stage.  
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