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 Deep transcriptome sequencing analyses have demonstrated that transcription 

is substantially more widespread in the testis than any other organ. Germ cells provide 

the largest contribution to this transcriptome complexity, which stems largely from the 

promiscuous expression of protein-coding and noncoding genes during meiotic 

prophase I. Prophase I cells experience robust transcriptional activation during 

pachynema and produce thousands of genes critical for meiotic and post-meiotic 

processes. Many of the mRNAs produced by prophase I spermatocytes are stably 

stored until they are needed during the transcriptionally inert stages of spermiogenesis. 

Disturbances in gene expression during prophase I can lead to meiotic arrest and 

spermiogenic failure. Thus, to further understand the transcriptional control of male 

germ cell differentiation, my thesis research aimed to identify novel regulatory 

mechanisms of prophase I gene expression.  

Here, I asked which molecular mechanisms are responsible for directing 

recruitment of RNA Polymerase II (Pol II) to meiotic chromatin. I hypothesized that 

promoter-proximal pausing of Pol II is responsible for establishing and maintaining 

the spatiotemporal control of gene expression during prophase I. To test this 

hypothesis, I performed the first comprehensive analysis of gene expression and 



chromatin accessibility for all meiotic prophase I substages: leptonema, zygonema, 

pachynema, and diplonema. Using a recently developed nuclear run-on method, 

length-extension chromatin run-on and sequencing (leChRO-seq), I determined the 

profiles of paused and elongating Pol II in representative mouse prophase I substages. 

Through genome-wide systematic analyses, I report that pausing is enriched near the 

promoters of meiotic genes and identify 13 transcription factor families coordinating 

the profound increase in transcription during pachynema. Furthermore, I provide clear 

evidence that the testis-specific member of the double bromodomain and extraterminal 

(BET) protein family BRDT regulates transcription in spermatocytes. My results 

represent the first stage-resolved maps of nascent transcription and genome 

architecture during prophase I and provide evidence for novel regulatory mechanisms 

of meiotic gene expression. 
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CHAPTER 1 

INTRODUCTION 

 
Prophase I spermatocytes experience robust transcriptional activation during 

pachynema and produce thousands of genes critical for meiotic and post-meiotic 

processes (Geisinger, Rodríguez-Casuriaga, & Benavente, 2021). Many of the mRNAs 

produced by prophase I spermatocytes are stably stored until they are needed during 

the transcriptionally inert stages of spermiogenesis (da Cruz et al., 2016; Naro et al., 

2017). Consequently, disturbances in gene expression during prophase I can lead to 

either meiotic arrest or spermiogenic failure (Bolcun-Filas et al., 2011; Manterola et 

al., 2018; Matzuk et al., 2012; Royo et al., 2010). Thus, to further understand the 

transcriptional control of male germ cell differentiation, my thesis research aimed to 

identify novel regulatory mechanisms of prophase I gene expression. In this 

introductory chapter, I describe the developmental transitions of spermatogenesis, the 

unique requirements of prophase I cells, and the emerging roles of transcriptional 

pausing in modulating gene expression.  

Spermatogenesis 

Transcriptional control of sperm development  

Recently, extensive mammalian RNA-seq datasets have shown that 

transcription of functional and non-functional elements is considerably more 

widespread in the testis than any other organ (Soumillon et al., 2013; Xia et al., 2020). 

Indeed, the testis has a remarkably diverse transcriptional profile, which stems from 

the promiscuous expression of protein-coding genes, pseudogenes, long non-coding 
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RNAs (lncRNAs), and transposable elements (Soumillon et al., 2013). Individual 

spermatogenic cell types provide the largest contribution to this transcriptome 

complexity and display strikingly defined patterns of transcriptional activity during 

differentiation (Soumillon et al., 2013). While most of our knowledge of 

transcriptional regulation is derived from studies using cell culture or somatic tissues, 

there is increasing evidence that gene regulation mechanisms are different during 

spermatogenesis (Kimmins, Kotaja, Davidson, & Sassone-Corsi, 2004). Thus, the 

male germ line provides a novel and exciting model to study the functional 

contribution of previously undefined regulatory networks to animal development.  

Developmental stages of spermatogenesis  

In mammals, spermatogenesis consists of a complex series of cellular and 

molecular events required for the production of highly specialized, terminally 

differentiated spermatozoa (Fig. 1) (Berndtson, 1977; Neto, Bach, Najari, Li, & 

Goldstein, 2016). The generation of sperm occurs in the testicular seminiferous 

tubules and comprises three main developmental phases: mitosis, meiosis, and 

spermiogenesis (Neto et al., 2016; Nishimura & L’Hernault, 2017). During the mitotic 

phase of sperm development, spermatogonial stem cells (SSCs) either self-renew or 

commit to a program of differentiation by producing successive generations of 

spermatogonia (Jan et al., 2012; Neto et al., 2016). Pools of spermatogonia 

subsequently enter into meiosis, a reductive cell division process consisting of two 

consecutive divisions that halve genome content (Jan et al., 2012; Neto et al., 2016). 

During spermiogenesis, the post-meiotic phase of spermatogenesis, haploid spermatids 

undergo dramatic nuclear and cellular morphological changes to differentiate into 
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elongated spermatozoa (Jan et al., 2012; Neto et al., 2016). Furthermore, effective 

interactions between germ cells and the somatic Sertoli and Leydig cell lineages are 

required to maintain the entire spermatogenic process (Jan et al., 2012; Neto et al., 

2016).  

 

 
Figure 1. Diagrammatic representation of seminiferous tubule cross-section in 
wildtype Mus musculus. A) Transverse section of a single seminiferous tubule. The 
process of spermatogenesis occurs sequentially along the entire length of each tubule. 
B) Sagittal section of a seminiferous tubule. All developmental phases of 
spermatogenesis are represented. Spermatogonial stem cells and pools of 
spermatogonia line the basement membrane of the seminiferous tubule. Preleptotene 
spermatocytes are produced by proliferating B spermatogonia. DNA synthesis occurs 
in the preleptotene stage. Meiotic recombination occurs in pachytene spermatocytes. 
During spermiogenesis, round spermatids differentiate into elongated spermatids, 
which are found in the lumen of the seminiferous tubule. Spermatogenic cells are 
supported by Sertoli cells, which function as the “nurse” cells of the testis.  
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Spermatogonial stem cell self-renewal and differentiation 

SSCs are the only cells in the testis capable of sustained self-renewal or 

differentiation (Jan et al., 2012; Kubota & Brinster, 2018). SSCs, or A-single (As) 

spermatogonia, are single cells located at the basement membrane of the seminiferous 

tubules (M Dym, 1994; Kubota & Brinster, 2018). Proliferation and differentiation of 

SSCs results in the formation of paired spermatogonia (Apr spermatogonia) that are 

connected by an intercellular bridge due to incomplete cytokinesis (de Rooij, 2017). In 

subsequent mitotic divisions of Apr spermatogonia, cytokinesis is also incomplete, 

often leading to chains of up to 32 A-aligned (Aal) spermatogonia (Phillips, Gassei, & 

Orwig, 2010). Aal spermatogonia will then differentiate to become A1 spermatogonia; 

A1 spermatogonia will undergo 6 rounds of division before entering G1 and S phase 

prior to meiotic entry (de Rooij & Griswold, 2012). Self-renewing (Thy1+) and 

differentiating (Kit+) spermatogonia display distinctive gene expression signatures 

related to self-renewal (Thy1+) or responsiveness to retinoic acid (Kit+), which is 

required for meiotic entry (Hammoud et al., 2014).  

Hallmark events of male prophase I 

In males, B spermatogonia enter meiosis as spermatocytes and undergo two 

rounds of cellular division, resulting in the creation of four haploid spermatids (Martin 

Dym, Kokkinaki, & He, 2009). Events during the first meiotic stage, prophase I, are 

designed to ensure proper homolog segregation at the first meiotic division (Gray & 

Cohen, 2016). Specifically, prophase I is characterized by unique mechanisms of 

homolog pairing, synapsis, and recombination (Gray & Cohen, 2016). Prophase I 

involves the tethering of homologous chromosomes via the assembly of a tripartite 
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protein structure, termed the synaptonemal complex (SC) (Page & Hawley, 2004). 

Visualization of the SC under fluorescence microscopy enables the cytological 

identification of the individual substages of prophase I: leptonema, zygonema, 

pachynema, diplonema, and diakinesis (Hunt & Hassold, 2002). In Mus musculus, 

formation of the SC begins in leptonema (from the Greek for thin threads) as the axial 

element (AE), SYCP3, accumulates along each homologous chromosome (Gray & 

Cohen, 2016; Page & Hawley, 2004). During zygonema (paired threads), the two AEs 

become progressively connected via the central element (CE), SYCP1, which 

intersects with two transverse filaments to form a structure known as the central region 

(CR) (Gray & Cohen, 2016; Page & Hawley, 2004). The tripartite structure that 

comprises the SC is fully formed in pachynema (thick threads) and the two LEs are 

completely zippered together along the length of the homologous chromosome cores 

(Gray & Cohen, 2016; Page & Hawley, 2004). In diplonema and diakinesis, the SC 

begins to disassemble and homologous chromosomes remain tethered at sites of 

chiasmata, the physical manifestation of recombination (Gray & Cohen, 2016).  

Meiotic recombination is the process by which self-induced DNA double-

strand breaks (DSBs) are introduced genome-wide and subsequently repaired as 

crossovers (COs), which represent the reciprocal exchange of DNA between 

homologous chromosomes (Gray & Cohen, 2016; Kauppi et al., 2013). In mice, the 

topoisomerase type II-like protein, SPO11, catalyzes 250+ DSBs, of which only ~10% 

are repaired as COs (Gray & Cohen, 2016). The majority of DSBs are resolved 

through the Class I CO pathway and are dependent on MutSγ (MSH4/MSH5) and 

MutLγ (MLH1/MLH3) recruitment (Lipkin et al., 2002; Milano et al., 2019; Toledo et 
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al., 2019). A second Class II CO pathway is responsible for fewer than 10% of COs 

and relies on the MUS81-EME1 endonuclease (Haber & Heyer, 2001; Holloway, 

Booth, Edelmann, McGowan, & Cohen, 2008). Importantly, mutations in the MutSγ 

and MutLγ subunits confer meiotic infertility in mice and humans (Lipkin et al., 2002; 

Milano et al., 2019; Toledo et al., 2019; Xu, Lu, Zhou, Bai, & Xiang, 2010; X. Zhang, 

Ding, Ding, Li, & Chen, 2015). Recombination occurs alongside SC formation during 

prophase I and provides an additional mechanism to enable accurate homologous 

chromosome segregation (Gray & Cohen, 2016). Indeed, reduced or altered meiotic 

recombination has been associated with higher incidences of human aneuploidy events 

(Lamb, Sherman, & Hassold, 2005; Tempest, 2011). 

Meiotic silencing in mammals 

In male meiosis, chromosomes that fail to synapse or recombine are subject to 

a global surveillance mechanism termed meiotic silencing of unsynaped chromatin 

(MSUC) (Turner et al., 2005). MSUC occurs in pachynema and is triggered by three 

important events (Carofiglio et al., 2013; Turner et al., 2005). First, the DNA damage 

response protein BRCA1 accumulates along the cores of unsynapsed chromosomes 

(Mahadevaiah et al., 2008). BRCA1 localization then results in the accumulation of 

PI3K kinase ataxia telangiectasia and Rad3 related (ATR) at sites of persistent 

asynpasis (Mahadevaiah et al., 2008). ATR in turn phosphorylates serine 139 of the 

histone variant H2AX (histone 2A family member X), leading to transcriptional 

silencing (Mahadevaiah et al., 2008). Consequently, MSUC deprives germ cells of 

critical transcripts via a megabase-scale chromatin remodeling process (Schimenti, 

2005). Meiotic silencing is also responsible for the inactivation of the asynapsed 
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regions of the X and Y chromosomes, which can only synapse at the short 

pseudoautosomal region (Turner, 2007). In pachynema, the XY pair undergo 

significant chromatin condensation and become sequestered into a defined subdomain 

of the nucleus termed the sex body (SB) (Fig. 2) (Royo et al., 2010). During meiotic 

sex chromosome inactivation (MSCI), γH2AX coats the sex chromosomes and 

recruits TRIM28 and SETDB1 to catalyze the repressive histone mark H3K9me3 

(Hirota et al., 2018). SB formation and MSCI are absolutely crucial for normal 

prophase I progression and function to prevent the expression of sex-linked genes that 

are toxic to germ cells. (Royo et al., 2010) Disruption of MSCI leads to mid-pachytene 

arrest of spermatocytes and can result in meiotic infertility (Hirota et al., 2018). 
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Figure 2. Model for the role of γH2AX, TRIM28, and SETDB1 in MSCI. A) In 
wildtype males at pachynema, the sex body is defined by localization of γH2AX, 
which coats the X and Y chromosomes. B) Asynapsis sensors and DNA damage 
response factors localize to the X and Y chromosomes. γH2AX is recruited to the sex 
chromosomes, which serves as a scaffold for the chromatin remodelers TRIM28 and 
SETDB1. TRIM28 and SETDB1 mediate H3K9me3 deposition to effectively silence 
the sex chromosomes. C) Immunolocalization of Pol II (magenta) and SYCP3 (green) 
in wildtype pachytene spermatocyte. Pol II is excluded from the XY pair (outlined in 
white). 
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Transcription is prevalent during prophase I 

Deep transcriptome sequencing analyses of all spermatogenic cell types 

demonstrated that prophase I spermatocytes have highly complex and diverse 

transcriptomes (Soumillon et al., 2013). In particular, mRNA profiling of whole testis 

extracts detected significant levels of alternative splicing (AS) events in 

spermatocytes, resulting in the expression of over 4,000 novel coding isoforms 

(Margolin, Khil, Kim, Bellani, & Camerini-Otero, 2014; Naro et al., 2017; Schmid et 

al., 2013). Moreover, prophase I cells experience widespread transcriptional activation 

during pachynema and produce thousands of genes specific to meiotic and post-

meiotic processes (Luo et al., 2020; Maezawa et al., 2020). Essential regulators of 

prophase I gene expression include the transcriptional activator A-MYB (Bolcun-Filas 

et al., 2011) and testis-specific double bromodomain and extraterminal protein family 

member BRDT (Manterola et al., 2018). However, recent studies have only begun to 

elucidate the mechanisms of transcriptional regulation during prophase I (Grive et al., 

2019; Suzuki, Diaz, & Hermann, 2019; Wang et al., 2018; Wu et al., 2021). To date, 

many compelling questions as to the distinct regulatory programs activated in 

spermatocytes remain unanswered.  

Spermiogenesis 

The post-meiotic phase of male germ cell differentiation, spermiogenesis, is 

required for the morphological transformation of haploid round spermatids into 

elongated spermatozoa (O’Donnell, 2014). Spermiogenesis consists of 16 sequential 

steps in mice and is characterized by dramatic changes in nuclear and cellular 

morphology, including nuclear compaction, cytoplasmic extrusion, and acrosome and 
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flagellum formation (Meistrich, Mohapatra, Shirley, & Zhao, 2003). Nuclear 

chromatin reorganization during spermiogenesis is facilitated by the histone-to-

protamine exchange, in which somatic histones are replaced by small arginine-rich 

protamines to effectively condense the sperm nucleus to a volume 1/20th that of a 

somatic nucleus (Balhorn, 2007; Bao & Bedford, 2016). Furthermore, the 

incorporation of protamines into spermatid chromatin is concomitant with the 

termination of transcription at this stage of spermatogenesis (Balhorn, 2007). 

Consequently, the program of spermiogenesis must rely on gene products transcribed 

at earlier stages of spermatogenesis in a process known as the uncoupling of 

transcription and translation (Buchan, 2014). During this uncoupling mechanism, 

mRNAs are stored in messenger ribonucleoproteins (mRNPs) until translation 

(Buchan, 2014). This phenomenon of post-transcriptional regulation is unique to male 

germ cell differentiation and contributes to the abundant transcriptional diversity 

observed in spermatids (Morgan, Kumar, Li, & Baptissart, 2021; Soumillon et al., 

2013; Steger, 2001). 

Somatic cells of the testis: Sertoli and Leydig cells  

Sertoli and Leydig cells represent two somatic cell types that are necessary for 

testicular development and germ cell survival (O’Donnell, Smith, & Rebourcet, 2021; 

Zirkin & Papadopoulos, 2018). In histological sections, Sertoli cells are restricted to 

the seminiferous tubules and line the basement membrane (O’Donnell et al., 2021), 

whereas Leydig cells reside in the interstitial space between tubular compartments 

(Zirkin & Papadopoulos, 2018). During adult spermatogenesis, Sertoli cells function 

as the “nurse” cells of the testis by secreting glycoproteins essential for metal ion 
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transport (transferrin and ceruloplasmin), basement membrane formation (occludin 

and claudin-11), tissue remodeling (proteases and protease inhibitors), and growth 

factor signaling (Mullerian inhibiting substance and inhibin) (Griswold, 1995; 

McCabe, Foo, Dinger, Smooker, & Stanton, 2016; Moroi et al., 1998). Furthermore, 

adult Leydig cells are critical for steroid hormone production in response to luteinizing 

hormone (LH) binding to Leydig cell LH receptors (O’Shaughnessy, Morris, 

Huhtaniemi, Baker, & Abel, 2009; Zirkin & Papadopoulos, 2018). Sertoli cells 

transduce signals from testosterone and follicle-stimulating hormone (FSH) to 

developing germ cells and this androgen receptor signaling is required for completion 

of meiosis (Larose et al., 2020; Walker & Cheng, 2005). Consequently, the 

coordinated activities of Leydig and Sertoli cells dictate the numbers of meiotic and 

post-meiotic cells in the testis, testicular sperm output, and overall spermatogenic 

efficiency (O’Shaughnessy et al., 2009).  

Future perspectives  

An immense amount of progress had been made in understanding the profound 

morphological changes that accompany male germ cell differentiation. However, it 

remains largely unknown how male gametes execute stringently regulated changes in 

genome organization and gene expression during the developmental stages of 

spermatogenesis. How do Sertoli cells direct germ cell progression through meiosis? 

What regulatory mechanisms drive the widespread activation of gene expression in 

spermatocytes? How is the transcriptional machinery accommodated within the 

context of the hallmark events of prophase I, namely synapsis and recombination? 

What percentage of the spermatid transcriptome is reflective of active transcription or 
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stably stored mRNAs? Which regulatory programs are responsible for differentiation 

of spermatogonia, spermatocytes, and spermatids? Finally, knowing how germ cells 

overcome aberrant gene expression and associated pathological responses on a basic 

cellular level will enable researchers to detect, prevent, and potentially reverse risk 

factors associated with human infertility, genetic disorders, and cancers. 

Emerging Roles of RNA Pol II Pausing and Transcription Elongation Control 

Multicellular organisms owe their developmental complexity to their ability to 

form intricate networks of specialized cell types that fundamentally contain the same 

genomic DNA (Bird, 2007; Perino & Veenstra, 2016). Such complexity requires 

sophisticated mechanisms regulating the timing and level of gene expression in 

response to various environmental and developmental cues to precisely control cell 

fate (Lee & Young, 2013; Roundtree, Evans, Pan, & He, 2017). Consequently, gene 

expression and cellular identity in eukaryotes are intimately connected with chromatin 

structure, which is the macromolecular complex of genomic DNA and protein that 

determines which genes are transcribed into RNA (Klemm, Shipony, & Greenleaf, 

2019; Perino & Veenstra, 2016). Cell type-specific transcriptional regulatory programs 

are exquisitely orchestrated by the concerted action of signaling networks and 

expressed transcription factors (TFs) (Stadhouders, Filion, & Graf, 2019). These 

different TFs are required for modulating the recruitment and activity of the 

transcription machinery to comprise an elegant and finely-tuned system of gene 

regulation within the eukaryotic nucleus (Reiter, Wienerroither, & Stark, 2017).  

RNA Polymerase II (Pol II) is the multiprotein complex that transcribes 

precursors of mRNA, most snRNA, and microRNAs from a DNA template (Cramer, 
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2019). Pol II-mediated transcription follows a series of distinct steps: binding to 

promoters, initiation of RNA synthesis, and transcriptional pausing during early 

elongation (Cramer, 2019). Paused Pol II may be terminated prematurely or enter into 

productive elongation to processively transcribe through the rest of the gene before 

termination (Adelman & Lis, 2012). Historically, mechanisms of transcriptional 

regulation have focused primarily on the role of gene-specific TFs in recruiting Pol II 

to gene promoters to form a transcription pre-initiation complex (PIC) (Adelman & 

Lis, 2012). However, recent studies have revealed that Pol II pausing represents an 

additional rate-limiting step during transcription that is tightly regulated by cellular 

signaling pathways, as well as TFs (F. X. Chen, Smith, & Shilatifard, 2018; L. J. Core 

& Lis, 2008). 

Regulation of Pol II pausing and release is a well-established mechanism for 

controlling the timing and rate of transcription for more than 70% of metazoan genes 

(Liu, Kraus, & Bai, 2015). Promoter-proximal pausing of Pol II often occurs 20-60 bp 

downstream of the transcription start site (TSS) when the early transcription 

elongation complex associates with the DRB sensitivity inducing factor (DSIF) and 

the negative elongation factor (NELF) (Nechaev & Adelman, 2011). DSIF and NELF 

induce pausing by phosphorylating the C-terminal heptapeptide repeat domain (CTD) 

of Pol II at serine 5 residues (Mayer, Landry, & Churchman, 2017; Vos, Farnung, 

Urlaub, & Cramer, 2018). The combined action of DSIF and NELF alone is sufficient 

to reduce the rate of transcriptional elongation, resulting in the promoter-proximal 

accumulation of Pol II (Adelman & Lis, 2012). Pol II will remain in a stably paused 

state until additional signals elicit the transition to productive elongation (Adelman & 
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Lis, 2012). Escape from pausing is coordinated by the positive transcription elongation 

factor b (P-TEFb), which phosphorylates NELF, DSIF, and the Pol II CTD at serine 2 

residues (L. J. Core & Lis, 2008; Gaertner & Zeitlinger, 2014). The kinase activity of 

P-TEFb causes NELF to dissociate from Pol II, whereas DSIF becomes a positive 

transcription elongation factor and remains bound to elongating Pol II (Fig. 3) 

(Adelman & Lis, 2012).  

 

 

Figure 3. Regulation of RNA Pol II pausing and release into transcriptional 
elongation. The transcription start site (TSS) is labelled with an arrow; nucleosomes 
are depicted in teal; and nascent RNA is shown in dark red. Promoter-proximal 
pausing of Pol II occurs 20-60 bp downstream from the TSS. Pol II pausing is 
mediated by phosphorylation of the CTD of Pol II at Ser5 residues by NELF and 
DSIF. Phosphorylation of the CTD of Pol II at Ser2 residues by P-TEFb is responsible 
for Pol II pause-release. P-TEFb also phosphorylates the NELF/DSIF complex, 
resulting in the dissociation of NELF from Pol II. Phosphorylated DSIF becomes a 
positive transcription elongation factor and stays bound to Pol II during elongation.  
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Pol II pausing is associated with the rapid and synchronous response to cellular 

and developmental regulatory cues (Gaertner & Zeitlinger, 2014; Henriques et al., 

2013). Pol II pausing has been best studied in Drosophila embryos and mammalian 

embryonic stem cells (ESCs), and frequently occurs near the TSSs of genes involved 

in cell proliferation and stress or damage responses (K. Chen et al., 2013; Gaertner & 

Zeitlinger, 2014; Hendrix, Hong, Zeitlinger, Rokhsar, & Levine, 2008; Lagha et al., 

2013; Lin et al., 2011; Tastemel et al., 2017; Zeitlinger et al., 2007). Genome-wide 

studies in these models have demonstrated that promoter-proximal Pol II is 

preferentially enriched at developmental-control genes, such as signalling and 

transcription factors (Gaertner & Zeitlinger, 2014). It is well known that the 

expression of heatshock (hsp) genes in Drosophila is stringently regulated by Pol II 

pausing (Bunch, 2017). Rougvie & Lis (1988) have provided clear evidence that 

Drosophila hsp gene promoters are preloaded with Pol II 20-60 nt downstream from 

the TSS in non-heat shock conditions. Induction of heat shock triggers the swift 

release of Pol II from its stably paused state into productive elongation; this finding is 

frequently referenced as the prototypical model for the role of Pol II pausing in rapid 

gene induction (Bunch, 2017). Moreover, depletion of NELF-b in mouse ESCs 

(mESCs) leads to inner cell mass defects and resistance to differentiation, likely as a 

result of the attenuated response to fibroblast growth factor (FGF)/extracellular signal-

related kinase (ERK) signaling (Williams et al., 2015). Taken together, these 

observations suggest that Pol II pausing enables the synchronous response to cellular 

and extracellular signals, implying that paused Pol II could poise these otherwise silent 

genes for future and rapid activation (F. X. Chen et al., 2018; Liu et al., 2015; Saha et 
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al., 2011; Vihervaara et al., 2021). 

Methods for studying transcriptional pausing 

Several in vitro transcription systems have been developed to detect the 

patterns of Pol II pausing genome-wide (Mayer et al., 2017; J. Zhang, Cavallaro, & 

Hebenstreit, 2021). The first method relies on isolating Pol II-bound DNA by 

chromatin immunoprecipitation with a Pol II antibody to identify the binding sites of 

both the Pol II/PIC complex and transcriptionally engaged Pol II (Rahl et al., 2010). 

Using this approach, a landmark study by Rahl et al. (2010) demonstrated that c-MYC 

regulates pause-release at more than ⅓ of transcriptionally active genes in mESCs. 

Subsequently, native elongating transcript sequencing (NET-seq) was developed to 

detect all nascent transcripts associated with immunoprecipitated Pol II complexes in 

unperturbed cells (Churchman & Weissman, 2011). However, neither of these 

approaches are capable of determining whether paused Pol II is actively engaged or 

transcriptionally competent in isolated cells (L. Core & Adelman, 2019). To overcome 

this limitation, multiple variations of the classical transcription run-on assay were 

developed: global run-on sequencing (GRO-seq) (L. J. Core, Waterfall, & Lis, 2008), 

precision run-on sequencing (PRO-seq) (Kwak, Fuda, Core, & Lis, 2013), and length 

extension chromatin run-on sequencing (leChRO-seq) (Chu et al., 2018). Briefly, 

these nuclear run-on sequencing-based methods directly detect transcriptionally 

engaged Pol II through the incorporation of bromo-UTP (BrUTP) or biotinylated-UTP 

into the nascent RNA transcript during a highly controlled in vitro transcription 

reaction (Chu et al. 2018; Core et al. 2008; Kwak et al. 2013). All nascent RNAs, 

including those synthesized by paused Pol II or actively elongating Pol II in gene 
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bodies, can be isolated using anti-BrUTP affinity chromatography or streptavidin-

coated magnetic beads and prepared for high-throughput sequencing (Chu et al. 2018; 

Core et al. 2008; Kwak et al. 2013). Nascent RNA sequencing technologies have 

enabled researchers to map transcriptionally engaged Pol II genome-wide and revealed 

how Pol II pausing changes in response to various signaling events and drug treatment 

(Chu et al., 2018; Dukler et al., 2017; Mahat et al., 2016; Nagari, Murakami, Malladi, 

& Kraus, 2017; Zhao et al., 2016).  

Future perspectives 

Recent studies have clearly demonstrated that transcription by Pol II is 

stringently regulated at the transition from initiation to productive elongation, resulting 

in the promoter-proximal accumulation of paused Pol II in a ‘poised’ state (Shao & 

Zeitlinger, 2017). However, many questions of the biological role of Pol II pausing 

remain to be answered. These include the interplay of TFs and signaling molecules 

that exert control over the timing and level of Pol II pausing in response to various 

physiological states, developmental transitions, and cellular stresses. Future studies 

will require additional cellular and developmental models to understand how NELF 

and P-TEFb activity is directed to specific genes. Finally, dysregulation of Pol II pause 

and release can result in dire consequences in gene expression and lead to human 

diseases, such as cancer, kidney disorders, and neurodegeneration (Dellino et al., 

2019; Skourti-Stathaki, Proudfoot, & Gromak, 2011; Sun et al., 2019; Watts et al., 

2019). With the advent of novel technologies, such as PRO-seq and leChRO-seq, we 

now have the tools needed to mechanistically understand the regulation of Pol II 

pause-release genome-wide and in a variety of model organisms and human diseases. 
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Goals of My Thesis Research 

 The goal of my thesis research was to elucidate the regulatory mechanisms 

responsible for the global and widespread activation of gene expression in prophase I. 

It is a well-established hypothesis that the prophase I transcriptional program is 

essential for meiotic and spermiogenic differentiation, during which transcription is 

progressively inactivated. Thus, meiotic chromosomes are tasked with two seemingly 

conflicting requirements: undergo global reorganization to repair over 250 SPO11-

catalyzed DNA lesions and produce thousands of mRNA transcripts specific to 

meiosis and future developmental transitions. When I began my research, I initially 

hypothesized that the transcriptional activity of prophase I spermatocytes would 

gradually decrease to evict Pol II from meiotic chromatin, similarly to mitotic 

prophase. However, I discovered that the regulation of Pol II activity, including 

transcriptional initiation, pausing, and elongation, is remarkably different during male 

prophase I and involves a coordinated network of TFs and chromatin remodelers 

unique to the male germline.  
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CHAPTER 2 

 
GLOBAL REPROGRAMMING OF GENE EXPRESSION AND CHROMATIN 

ORGANIZATION DURING MALE PROPHASE I 

INTRODUCTION 

Spermatogenesis is a highly regulated, multistep process required for the rapid 

and efficient production of millions of gametes daily (Griswold, 2016). The generation 

of sperm occurs in the testicular seminiferous tubules and comprises three 

developmental phases: mitosis, meiosis, and spermiogenesis (Neto, Bach, Najari, Li, 

& Goldstein, 2016; Nishimura & L’Hernault, 2017). In mammals, spermatogenesis is 

initiated by the commitment of proliferating spermatogonia into meiosis, which is 

followed by the morphological transformation of haploid cells into elongated 

spermatids during spermiogenesis (Feng, Bowles, & Koopman, 2014; Hermo, 

Pelletier, Cyr, & Smith, 2010a). Changes in nuclear morphology are an essential 

feature of spermatogenesis and involve progressive chromosome condensation and 

transcriptional repression (Hermo, Pelletier, Cyr, & Smith, 2010b). Consequently, 

there must be tight coordination between chromatin organization and transcription to 

ensure the timely expression of genes unique to male germ cell development 

(Geisinger, Rodríguez-Casuriaga, & Benavente, 2021). Disturbances in gene 

expression during any of the stages of spermatogenesis can lead to spermatogenic 

failure, which accounts for approximately half of all male infertility cases and results 

from genetic aberrations in 15–30% of cases (Ferlin et al., 2007). 

The process of spermatogenesis is driven by the entry of diploid spermatogonia 
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into meiosis to form functional gametes (Hermo et al., 2010a). Events during the first 

meiotic stage are designed to ensure proper homolog segregation at the first meiotic 

division, all of which occur during its longest and most dynamic stage: prophase I 

(Gray & Cohen, 2016). Prophase I is characterized by unique mechanisms of DNA 

double-strand break (DSB) formation, homolog pairing, synapsis, and recombination 

(Gray & Cohen, 2016). During mammalian prophase I, SPO11-catalyzed DSBs are 

introduced genome-wide and subsequently repaired using the homolog as a template 

(Gray & Cohen, 2016; Kauppi et al., 2013). DSB induction initiates the assembly of a 

tripartite protein structure, the synaptonemal complex (SC), to tether homologous 

chromosomes and facilitate the progressive repair of DSBs (Page & Hawley, 2004; Xu 

et al., 2019). Finally, the process by which a subset of DSBs are repaired as 

interhomolog crossovers constitutes meiotic recombination and physically links each 

pair of homologous chromosomes (Kauppi et al., 2013; Gray & Cohen, 2016). Failure 

to effectively form crossovers is associated with higher incidences of human 

aneuploidy events and often leads to meiotic arrest (Lamb, Sherman, & Hassold, 2005; 

Tempest, 2011).  

Prophase I chromosomes are highly organized by the SC to aid homolog 

pairing and DSB repair. Formation of the SC begins in leptonema (from the Greek for 

thin threads) as the axial element (AE) accumulates along the lengths of the 

homologous chromosomes (Gray & Cohen, 2016; Page & Hawley, 2004; Zickler & 

Kleckner, 1999). During zygonema (paired threads), the two AEs become 

progressively connected via the central element (CE), which intersects with two 

transverse filaments to form the central region (CR) (Gray & Cohen, 2016; Page & 
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Hawley, 2004). The tripartite structure that comprises the SC is fully formed in 

pachynema (thick threads) and the two LEs are completely zippered together along the 

length of the homolog cores (Gray & Cohen, 2016; Page & Hawley, 2004). In 

diplonema and diakinesis, the SC begins to disassemble and homologs remain tethered 

at sites of chiasmata, the physical manifestation of recombination (Gray & Cohen, 

2016). Meiotic recombination occurs alongside these events, with DSBs initiated in 

leptonema and homolog pairing and DSB repair taking place in zygonema and 

pachynema (Cohen & Pollard, 2001).  

Male germ cells spend ~90% of meiosis in prophase I, during which meiotic 

chromosomes sustain widespread transcriptional activity at many loci (da Cruz et al., 

2016; Geisinger et al., 2021; Zamudio, Chong, & O’Bryan, 2008). Prophase I 

spermatocytes experience global activation of gene expression during pachynema and 

produce thousands of transcripts critical for meiotic and post-meiotic processes 

(Geisinger et al., 2021; Luo et al., 2020; Maezawa et al., 2020; Naro et al., 2017; Patel 

et al., 2019). Deep transcriptome profiling of prophase I cells detected the expression 

of thousands of novel coding isoforms that are preserved until the transcriptionally 

silent stages of spermiogenesis (Naro et al., 2017). Consequently, prophase I 

chromosomes are presented with two conflicting requirements, namely extensive 

genome reorganization to facilitate repair of DNA lesions and pervasive gene 

expression to support male germ cell differentiation. To accomplish these tasks, there 

has been increasing evidence that prophase I cells require remarkably specialized 

regulatory mechanisms that are unprecedented in any other mammalian cell type 

(Kimmins, Kotaja, Davidson, & Sassone-Corsi, 2004; Luo et al., 2020; Maezawa, 
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Yukawa, Alavattam, Barski, & Namekawa, 2018; Maezawa et al., 2020; Naro et al., 

2017; Patel et al., 2019; Vara et al., 2019; Zuo et al., 2021). However, recent studies 

have only used indirect methods to measure RNA Polymerase II (Pol II) activity on 

meiotic chromosomes and the patterns of nascent transcription at key prophase I 

events have yet to be defined.  

Here, we focused our attention on the transcriptional control underlying the 

promiscuous activation of prophase I gene expression and its effects on the 

spermatocyte transcriptome. Transcription by Pol II is stringently regulated at the 

transition from initiation to productive elongation, resulting in the promoter-proximal 

accumulation of paused Pol II in a ‘poised’ state (Adelman & Lis, 2012; Core & Lis, 

2008; Danino, Even, Ideses, & Juven-Gershon, 2015; Gaertner & Zeitlinger, 2014; X. 

Liu, Kraus, & Bai, 2015; Mayer, Landry, & Churchman, 2017; Shao & Zeitlinger, 

2017). Promoter-proximal pausing occurs when the early transcription elongation 

complex associates with the pause-inducing factors DRB sensitivity inducing factor 

(DSIF) and negative elongation factor (NELF), which in turn phosphorylate the C-

terminal heptapeptide repeat domain (CTD) of Pol II at serine 5 residues (Jonkers & 

Lis, 2015). Release of paused Pol II into the gene body is coordinated by the positive 

transcription elongation factor b (P-TEFb) which phosphorylates NELF, DSIF, and the 

Pol II CTD at serine 2 residues, causing the pause-inducing factors to dissociate from 

Pol II and thereby enabling productive elongation (Jonkers & Lis, 2015). Pol II 

pausing has been best studied in Drosophila embryos and mammalian embryonic stem 

cells (ESCs), where it is associated with genes involved in lineage-specification and 

signal transduction cascades (Chen et al., 2013; Gilchrist et al., 2012; Guertin, 
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Petesch, Zobeck, Min, & Lis, 2010; Hang & Gergen, 2017; Muse et al., 2007; Shao, 

Alcantara, & Zeitlinger, 2019). Pol II recruitment to developmental promoters during 

Drosophila morphogenesis and ESC lineage commitment is thought to enable the 

rapid and synchronous response to a differentiation cue, implying that paused Pol II 

could poise these otherwise silent genes for future activation (Min et al., 2011; 

Tastemel et al., 2017; Zeitlinger et al., 2007). However, the molecular mechanisms 

directing recruitment of Pol II to meiotic chromatin have remained enigmatic, as have 

the regulatory strategies coordinating transcriptional initiation and elongation at 

spermatogenesis-related genes.  

While previous studies have demonstrated that prophase I spermatocytes 

maintain global transcriptional activity to support meiotic and post-meiotic 

differentiation, the gene regulatory environment of these cells is poorly understood. In 

this study, we performed the first comprehensive analysis of gene expression and 

chromatin accessibility for all meiotic prophase I substages from leptonema to 

diplonema. We hypothesized that promoter-proximal pausing of Pol II is responsible 

for establishing the spatiotemporal gene expression program during prophase I. We 

determined the profiles of paused and elongating Pol II in representative mouse 

prophase I substages using a recently developed nuclear run-on method, length-

extension chromatin run-on and sequencing (leChRO-seq) (Chu et al., 2018). Through 

genome-wide systematic analyses, we show that pausing is enriched near the 

promoters of meiotic genes and identify 13 transcription factor families associated 

with transcriptional activation during pachynema. We found that transcriptional 

overload by Pol II is strongly correlated with the differential expression of 
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alternatively spliced mRNAs and contributes largely to the complexity of the 

spermatocyte transcriptome. Finally, we report a two-fold increase in genome-wide 

chromatin accessibility between leptonema/zygonema and pachynema, suggesting that 

both chromatin accessibility and gene expression are not functionally connected to 3D 

genome reorganization at the pachytene stage. Taken together, our stage-resolved 

maps of nascent transcription and genome architecture reveal novel activation 

mechanisms of meiotic gene expression that are specific to male germ cell 

development. 

MATERIALS AND METHODS 

Care and use of experimental animals 

The experiments described herein used mice on the C57Bl/6J background, 

obtained from Jackson Laboratories. All mice were housed under strictly controlled 

conditions of temperature and light:day cycles, with food and water ad libitum. All 

mouse studies were conducted with prior approval by the Cornell Institutional Animal 

Care and Use Committee, under protocol 2004-0063.  

Chromosome spreading and immunofluorescent staining 

Prophase I chromosome spreads and immunofluorescent staining were 

prepared as previously described (Holloway, Sun, Yokoo, Villeneuve, & Cohen, 2014; 

Gray, Santiago, Chappie, & Cohen, 2020). Testis tubules were incubated in hypertonic 

elution buffer (30mM Tris-HCl pH 7.2, 50 mM sucrose, 17 mM trisodium dihydrate, 5 

mM EDTA, 0.5 mM DTT, 0.1 mM PMSF, pH 8.2-8.4) for one hour. Small sections of 

tubules were minced in 100 mM sucrose solution and spread onto 1% 

Paraformaldehyde, 0.15% Triton X-100 coated slides. Slides were incubated in a 
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humid chamber for 2.5 hours at room temperature. Slides were dried for 30 minutes, 

washed in 0.4% Photoflo (KODAK, Geneva NY) diluted in PBS (800 ml in 200 mL 

PBS), 0.1% Triton X-100 diluted in PBS (1 mL and 199 mL PBS) and blocked in 10% 

antibody dilution buffer (ADB:3% bovine serum albumin, 0.05% Triton in 1 x PBS) 

diluted in PBS (20 mL and 180 mL). Primary antibodies used included rabbit-anti-

SYCP3 (custom-made) (Kolas et al., 2005), mouse-anti-RNA Pol II (Millipore Sigma 

#05-623), rat-anti-RNA Pol II Ser2P (Millipore Sigma # 04-1571), and rat-anti-RNA 

Pol II Ser5P (Millipore Sigma #04-1572). Primary antibodies were diluted in antibody 

dilution buffer, spread across the surface of the slide, and incubated at 4°C overnight. 

Slides were washed for 10 minutes each in 0.4% Photoflo, 0.1% Triton X, and 10% 

antibody dilution buffer. Alexafluor™ secondary antibodies (Molecular Probes 

Eugene OR, USA) were used for immunofluorescent staining at 37°C for one hour. 

Secondary antibodies were diluted in antibody dilution buffer and spread in a similar 

fashion to the primary antibodies. Slides were washed as previously described, dried, 

and mounted with Prolong Gold antifade (Molecular Probes). All secondary antibodies 

were raised specifically against Fcfraction, Fab-fraction purified and conjugated to 

Alexafluor 488 or 594. 

Image acquisition 

Images were acquired using a Zeiss Axiophot Z1 microscope attached to a 

cooled charge-coupled device (CCD) Black and White Camera (Zeiss McM). The 

images were captured and pseudo-colored by means of ZEN 2 software (Carl Zeiss 

AG, Oberkochen. Germany). Exposure time was consistent between antibodies, cells, 

and mice. Brightness and contrast of images were taken into account by adjustments 
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using ImageJ (National Institutes of Health, USA) after fluorescence intensity 

measurements were calculated. 

FIJI ImageJ macro script for RNA Pol II, RNA Pol II Ser2P, and RNA Pol II 

Ser5P fluorescence intensity measurements 

A FIJI macro script was created using the available tools in FIJI. Images were 

in .czi file format, with DAPI in blue; SYCP3 in green; and RNA Pol II, RNA Pol II 

Ser2P, and RNA Pol II Ser5P in red. Intensities of DAPI, RNA Pol II, RNA Pol II 

Ser2P, and RNA Pol II Ser5P were determined using Otsu’s thresholding; intensities 

of RNA Pol II, RNA Pol II Ser2P, and RNA Pol II Ser5P were normalized to DAPI 

signal intensity to account for the DNA content of each cell. The script used was as 

follows: 

dir=getDir("Choose the directory containing czi files"); 

outfile=substring(dir,0,dir.length-1); 

outfile=outfile+".txt"; 

files=getFileList(dir);  

run("Set Measurements...", "mean limit redirect=None decimal=2"); 

//Array of averages for each channel 

Dave=newArray(3); 

fp=File.open(outfile); 

  for (k = 0; k < files.length; k++) { 

run("Bio-Formats", "open=["+dir+files[k]+"] color_mode=Grayscale quiet 

view=Hyperstack stack_order=XYCZT"); 

            for (i = 0; i < 3; i++) { 
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                        Stack.setPosition(i+1,1,1); 

                        setAutoThreshold("Otsu dark"); 

                        run("Measure"); 

                        Dave[i]=getResult("Mean"); 

                        } 

            print(fp,files[k]+"\t"+Dave[0]+"\t"+Dave[1]+"\t"+Dave[2]); 

            close(); 

            } 

  File.close(fp); 

Quantification and statistical analysis of images 

Statistical analyses of fluorescent intensity displayed in Fig. 1 were completed 

using GraphPad Prism v9.0 for Macintosh (GraphPad Software, San Diego California 

USA, www. graphpad.com). Mean values ± 95% confidence interval (CI) were 

presented and alpha values were established at 0.05. All statistical analyses performed 

utilized One-way ANOVA with post-hoc Tukey’s multiple comparison’s test. Images 

of diakinesis-staged cells were not included in the statistical analysis due to low 

sample size. 

Isolation of mouse spermatogenic cells by STAPUT 

Testes from adult wildtype mice (day 70-80 pp; n = 4) were extracted and 

decapsulated prior to enrichment of prophase I staged cell types using the gravitational 

cell separation method, STAPUT, which is based on separation by cell diameter and 

density at unit gravity (Bryant, Meyer-Ficca, Dang, Berger, & Meyer, 2013; Gray et 

al., 2020). Purity of collected fractions was determined by staining against proteins 
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defining prophase I substages, specifically SYCP3 and γH2AX (EMD Millipore 05-

636), and imaged on a Zeiss Axiophot with Zen 2.0 software. Leptotene and Zygotene, 

Pachytene, and Diplotene cells were at approximately 87%, 84%, and 81% purity, 

respectively, with potential contamination from spermatogenic cells of either earlier or 

later developmental timing. Round and elongating spermatids were identified by DAPI 

staining and collected at l00% enrichment. Cells isolated by STAPUT were used as 

input for leChRO-seq (n = 4) and RNA-seq (n = 3) library preparation. 

Isolation of mouse spermatogenic cells by Flow Cytometric Analysis and 

Fluorescence Activated Cell Sorting (FACS) 

Testes from adult wildtype mice (day 70-80 pp, n = 2) were extracted and 

decapsulated prior to enrichment of prophase I staged cell types using FACS 

(Gaysinskaya, Soh, van der Heijden, & Bortvin, 2014). Prior to sorting, testicular 

single cells were stained with Hoechst dye and Propidium Iodide for selection based 

on DNA content and dead cell exclusion, respectively. Data analysis was done using 

the BD FACSDiva Software v6.1.3 on a FACSAria II cell sorter. Hoescht was excited 

using the 355 nm laser. Sorting flow rate was adjusted to 7-32 events/second. Purity of 

collected cell populations was accessed as described previously for STAPUT. 

Leptotene and Zygotene, Pachytene, and Diplotene cells were at approximately 80%, 

71%, and 93%  enrichment, respectively. Nuclei from cells isolated by FACS were 

used as input for ATAC-seq libraries. 

Chromatin isolation for nuclear run-on assays 

The methods of chromatin isolation were based on work described by (Chu et 

al., 2018). For chromatin isolation from STAPUT-sorted cells, we added 1 ml of 1X 
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NUN buffer (0.3 M NaCl, 1M Urea, 1% NP-40, 20 mM HEPES, pH 7.5, 7.5 

mMMgCl, 0.2 mM EDTA, 1mM DTT, 50 units per ml RNase Cocktail Enzyme Mix 

(Ambion, 2286), 1x Protease Inhibitor Cocktail (Roche, 11 873 580 001). Samples 

were vigorously vortexed for 1 min. 500 ml of NUN buffer was added to each sample 

and vortexed for another 30 s. The samples were then incubated on ice for 30 min with 

a brief vortex every 10 min. Chromatin samples were centrifuged at 12,500g for 30 

min at 4°C. Following removal of the NUN buffer from the chromatin pellet, the 

chromatin pellet was washed with 1 ml 50 mM Tris-HCl, pH 7.5, with 40 units per ml 

RNase inhibitor, centrifuged at 10,000g for 5 min at 4°C, at which point the buffer 

was discarded for a total of three washes. After washing, 100 ml of chromatin storage 

buffer (50 mM Tris-HCl, pH 8.0, 25% glycerol, 5 mM Mg(CH3COO)2), 0.1 mM 

EDTA, 5 mM DTT, 40 units per ml RNase inhibitor) was added to each sample. The 

samples were sonicated with a Bioruptor on high power, with a cycle time of 10 min 

with cycle durations of 30 s on and 30 s off. The sonication was repeated up to four 

times as needed to get the chromatin pellet into suspension. The samples were stored 

at -80°C.  

Nuclear run-on assay using radioactive [α32P]CTP 

Chromatin was isolated from STAPUT-sorted fractions containing either 

mixed populations of prophase I cells (n = 17) or round and elongated spermatids (n = 

4). Prior to the nuclear run-on assay, DNA content of isolated chromatin was 

measured to ensure equal input of material per sample (500 ng of DNA). Three 10-

fold serial dilutions of chromatin isolated from two Jurkat samples was also used to 

standardize each nuclear run-on experiment to account for radioactive decay of 
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[α32P]CTP.  The nuclear run-on was started by mixing isolated chromatin with 50 ml 

2x chromatin run-on buffer (10 mM Tris-HCl pH 8.0, 5 mM MgCl2,1 mM DTT, 300 

mM KCl, 400 µM ATP (NEB N0450S), 400 µM GTP (NEB N0450S), 400 µM UTP 

(NEB N0450S), 40 mM 32P-CTP (Perkin Elmer BLU008H),  0.8 units/µl SUPERase 

in RNase Inhibitor (Life Technologies AM2694), and 1% Sarkosyl (Fischer Scientific 

#AC612075000)). The run-on reaction was incubated at 37°C for 10 minutes and then 

stopped by adding Trizol LS (Life Technologies 10296-101). RNA was extracted with 

1-bromo-3-chloropropane, pelleted with GlycoBlue treated water, and washed with 

100% and 75% ethanol. The RNA was resuspended in DEPC H20 and any free 

nucleotides were captured using two P-30 columns. All samples were assessed for 

radioactive levels on an LS Beta Counter. The relative transcriptional activity of 

leptonema/zygonema (LZ), pachynema (P), and diplonema (D) was calculated using 

the formula below:  

1. Calculate line of best fit for observed CPM of Jurkat standards: y = mx +  

b, where y = rate of ionization events per minute (CPM); and x = DNA 

concentration 

2. Calculate expected CPM for samples using line of best fit: substitute x  

with measured DNA concentration of sample 

3.     Relative transcriptional activity:   

[Observed CPM ÷ Expected CPM] = (% LZ)(LZ) + (%P)(P) + (%D)(D),  

where LZ, P, and D represent the relative transcriptional activity of each stage, 

and were solved for using a system of linear equations 
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The relative transcriptional activity of round and elongated spermatids, 

enriched at 100%, was calculated from the [Observed CPM ÷ Expected CPM] ratio. 

Mean values + standard deviation (SD) of the relative transcriptional activity for each 

cell type were presented in Fig. 2 and plotted using GraphPad Prism. Statistical 

analyses performed utilized One-way ANOVA with post-hoc Tukey’s multiple 

comparison’s test. Alpha values were established at 0.05. 

leChRO-seq library preparation 

leChRO-seq libraries were prepared as previously described by (Chu et al., 

2018). Briefly, chromatin from enriched prophase I substages was mixed with 100 µl 

2x chromatin run-on buffer (10 mM Tris-HCl pH 8.0, 5 mM MgCl2,1 mM DTT, 300 

mM KCl, 400µM ATP (NEB N0450S), 40µM Biotin-11-CTP (Perkin Elmer 

NEL542001EA), 400µM GTP (NEB N0450S), 40µM Biotin-11-UTP (Perkin Elmer 

NEL543001EA), 0.8 units/µl SUPERase in RNase Inhibitor (Life Technologies 

AM2694), and 1% Sarkosyl (Fischer Scientific #AC612075000)). The run-on reaction 

was incubated at 37˚C for 5 minutes and then stopped by adding Trizol LS (Life 

Technologies 10296-101). RNA was extracted with chloroform and this mixture was 

then pelleted with GlycoBlue treated water and denatured with heat at 65˚C for 40 

seconds. Nascent RNA was purified by binding streptavidin beads (NEB S1421S) and 

washed as described by (Mahat et al., 2016). The RNA was removed from beads by 

Trizol and then followed with the 3’ adapter ligation (NEB M0204L). After this, a 

second bead binding was performed followed by a 5’ de-capping using RppH (NEB 

M0356S). The 5’ end of the transcript was phosphorylated using PNK (NEB M0201L) 

and then purified with Trizol (Life Technologies 15596-026). After this, a 5’ adapter 
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was ligated onto the RNA transcript, and a third bead binding was performed by 

reverse transcription reaction in order to generate cDNA (Life Technologies 18080-

044). The cDNA was amplified (NEB M0491L) in order to generate the leChRO-seq 

libraries which were prepared using manufacturer’s protocol (Illumina) and paired-end 

sequenced by means of Illumina NextSeq500 at Cornell University Biotechnology 

Resource Center. 

Mapping of leChRO-seq sequencing reads 

In order to align leChRO-seq data, a publically available source was used 

(https://github.com/Danko-Lab/utils/tree/master/proseq). The libraries were prepared 

by means of adapters containing a specific molecular identifier. For these specific 

transcripts, PCR duplicates were removed using PRINSEQ lite (Schmieder & 

Edwards, 2011). The adapters were cut from the 3’ end of remaining reads using 

cutadapt with a 10% error rate (Martin, n.d.). Reads from this data were mapped by 

means of BWA (H. Li & Durbin, 2009) to the mouse reference genome (mm10) in 

addition to a single copy of the Pol 1 ribosomal RNA transcription unit (GenBank ID 

#U13369.1). The specific location of the RNA polymerase active site was described 

by means of a single base which denoted the 5’ end of the nascent RNA. This 

information corresponded to the position of the 3’ end of each sequenced read. 

Mapped reads were converted to bigWig format using BedTools (Quinlan & Hall, 

2010). Libraries were normalized using the following formula: 

For pachynema: (bedGraph ÷ library size) (P  ÷ LZ), 

  where LZ and P represent the relative transcriptional activity of each stage 
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  This formula was repeated for all prophase I substages. The WashU 

Epigenome Browser was used for visualization of leChRO-seq libraries (D. Li, Hsu, 

Purushotham, Sears, & Wang, 2019). 

RNA extraction and RNA-seq library preparation 

Immediately following STAPUT, testicular cells were lysed with TrizolLS 

(Thermo Fisher). Total RNA was purified using TrizolLS according to the commercial 

protocol with the following additions: after the first phase separation, an additional 

chloroform extraction step of the aqueous layer was performed using Phase-lock Gel 

heavy tubes (Quanta Biosciences); addition of 1ul Glyco-blue (Thermo Fisher) 

immediately prior to isopropanol precipitation; two washes of the RNA pellet with 

75% ethanol. If the RNA integrity results indicated co-purified genomic DNA, it was 

removed with the RapidOUT DNA Removal kit (Thermo Fisher). RNA sample 

quality was confirmed 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. PolyA+ RNA was isolated with 

the NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs). 

TruSeq-barcoded RNAseq libraries were generated with the NEBNext Ultra II 

Directional RNA Library Prep Kit (New England Biolabs). Each library was 

quantified with a Qubit 2.0 (dsDNA HS kit; Thermo Fisher) and the size distribution 

was determined with a Fragment Analyzer (Advanced Analytical) prior to pooling. 

Libraries were sequenced on a NextSeq500 instrument (Illumina). At least 20M 

single-end 75bp reads were generated per library. 
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Mapping of RNA-seq sequencing reads 

Reads were trimmed for low quality and adaptor sequences with cutadapt v1.8; 

parameters: -m 50 -q 20 -a AGATCGGAAGAGCACACGTCTGAACTCCAG --

match-read-wildcards. Reads were mapped to the reference genome 

(mm10.rRNA.fa.gz) using STAR v2.5.3a (Dobin et al., 2013). Mapped reads were 

converted to bigWig format using BedTools. To normalize for sequencing depth, 

libraries were scaled using reads per million mapped reads (RPM). The WashU 

Epigenome Browser was used for visualization of RNA-seq libraries.  

ATAC-seq library preparation 

This methodology is directly based off of the original design (Buenrostro, Giresi, 

Zaba, Chang, & Greenleaf, 2013; Buenrostro, Wu, Chang, & Greenleaf, 2015). 

1. Prepare nuclei: In order to prepare nuclei, 50,000 cells isolated by FACS were 

spun at 500g for 5 minutes immediately after sorting, followed by a wash using 

50µl of cold 1 x PBS and centrifugation at 500g for 5 minutes. Cells were then 

lysed using a cold lysis buffer (10mM Tris-HCl, pH 7.4, 10mM NaCl, 3mM 

MgCl2 and 0.1% IPEGAL CA-630). Immediately following lysis, nuclei were 

spun at 500g for 10 minutes in a refrigerated centrifuge. In order to avoid cell 

loss during nuclei preparation, a fixed-angle centrifuge was used and cells 

were carefully pipetted away from the pellet after centrifugation. Nuclei were 

stored at -80°C. 

2. Transpose and purify. Stored nuclei were thawed on ice and the pellet was 

resuspended in a transposase reaction mixture (25µl 2 x TD buffer, 2.5µl 

transposase (Illumina) and 22.5µl nuclease-free water). The transposition 
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reaction mixture was carried out for 30 minutes at 37˚C. Immediately 

following transposition, the sample was purified by means of a Qiagen 

MinElute kit. 

3. PCR. After purification, the library of fragments was amplified using 1 x 

NEBnext PCR master mix and 1.25µM of custom Nextera PCR primers 1 and 

2 (Supplementary Table x).  The following PCR conditions were utilized: 72˚C 

for 5 minutes; 98˚C for 30 seconds; and thermocycling at 98˚C for 10 seconds, 

63˚C for 30 seconds, and 72˚C for 1 minute. In order to reduce GC and size 

bias in the PCR analysis, PCR reactions were monitored using qPCR in order 

to stop amplification prior to saturation. This was done by amplification of the 

full libraries for five cycles, after which an aliquot of the PCR reaction was 

taken and 10µl of the PCR cocktail containing Sybr Green at a final 

concentration of 0.6x was added. This reaction was run for 20 cycles in order 

to determine the additional necessary number of cycles for the remaining 45µl 

reaction. The libraries were purified by means of a Qiagen PCR cleanup kit 

that yielded a final library concentration of ~30nM in 20µl. These libraries 

were amplified for a total of 10-12 cycles in order to generate the ATAC-seq 

libraries, which were prepared using manufacturer’s protocol (Illumina) and 

paired-end sequenced by means of Illumina NextSeq500 at Cornell University 

Biotechnology Resource Center. 

ATAC-seq read alignment and peak calling 

Raw ATAC-seq sequencing reads were aligned to the mouse reference genome 

(mm10) using Bowtie2(Langmead & Salzberg, 2012) and filtered for uniquely 
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mapping pairs with a custom python script(Lewis & Reed, 2019). Duplicate and 

multiple aligning reads were removed from the analysis with picardtools v2.1.1 

“MarkDuplicates.” Mapped reads were converted to bigWig format using BedTools. 

To normalize for sequencing depth, libraries were scaled using reads per million 

mapped reads (RPM). ATAC-seq peaks were called on replicate samples using 

Genrich v0.6 (available at https://github.com/jsh58/Genrich; parameters: -j -f all.log -q 

0.05 -a 20.0 -v -e chrM -y). All peaks called by the peak calling software were 

included in our analysis. Mean FRiP scores for ATAC-seq libraries was 56.7%. The 

WashU Epigenome Browser was used for visualization of ATAC-seq libraries. 

Principle component analysis 

Principle component analysis of the leChRO-seq, RNA-seq, and ATAC-seq 

datasets were calculated in R v3.4.2 (Team, 2020) using the prcomp function of the R 

stats package (Team, 2020). We compared the first two PCs for all datasets.  

Gene transcription analyses 

Differential expression analysis (DESeq2) of annotated genes for leChRO-seq. We 

counted reads using the bigWig package (“Andre L. Martins, copyright holder Cornell 

University. src/jkweb by  Jim Kent, copyright by Jim Kent and Regents of the 

University of  California. (2014). bigWig: R Interface to Query UCSC BigWig Files. 

R package version 0.2-9.,” n.d.)  in R v3.4.2 in the intervals between 1) the annotated 

transcription start site (TSS) to 250 bp downstream of the annotated TSS; 2) 250 bp 

downstream of the annotated TSS to the 3’ end of the gene; 3) the 3’ end of the gene 

to 5000 bp downstream of the 3’ end of the gene. These windows were selected to 

count reads within the pause peak, gene body, and post poly(A) signals of all 
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annotated genes. We limited analyses to gene annotations longer than 500 bp in length 

and gene annotations in which the end of the gene was at least 5000 bp away from the 

TSS of neighboring genes. Differential expression analysis was conducted using 

DESeq2 (Love, Huber, & Anders, 2014) v1.32.0 (parameters: fit type = “local”) and 

differentially expressed genes were defined as those with a false discovery rate (FDR) 

less than 0.05. Normalization of the read count matrix was achieved by manually 

selecting DESeq2 size factors by dividing the read count matrix by library size and 

multiplying by the relative transcriptional activity of the prophase I substages for each 

replicate (above). DESeq2 was conducted to compare differential expression between 

prophase I substages. 

Boxplots of individual genes presented in Fig. 7 were made by plotting the 

log(FPKM) obtained from DESeq2 normalized counts for each biological replicate 

using GraphPad Prism. Statistical analyses performed utilized One-way ANOVA with 

post-hoc Tukey’s multiple comparison’s test. Alpha values were established at 0.05. 

The karyoploteR package (Gel & Serra, 2017) v1.18.0 (parameters: plot.type = 

4) in R v4.0.5was used to plot the average FPKM per gene based on chromosome 

location for P displayed in Fig. 7. karyoploteR (parameters: plot.type = 1) was also 

used to display the differential expression results for LZ and P obtained with DESeq2 

comparing the sex chromosomes to autosomes 5, 14, and 15, presented in Fig. 7. DE 

genes were ranked by log2 fold change and the FDR of each DE gene was represented 

by dot size, determined by the formula: (√-log10p-adj) ÷ 4). 

Scaled metagene plot. A publicly available source (https://github.com/Danko-

Lab/histone-mark-imputation/figures/ScaledMetaPlotFunctions.R) was used to plot 
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the average leChRO-seq signal intensity for a subsampling of all annotated genes in 

Fig. 2. Scaled metagene plots were generated using bigWigs normalized to FPKM and 

relative transcriptional activity for each substage (above). 

Pausing index. Violin plot of the pausing index from the leChRO-seq libraries was 

calculated in R v3.4.2 by determining the ratio of the leChRO-seq density at the 5’ end 

of the gene to that in the gene body. 

Clustering analysis and heatmap. The Python package clust (Abu-Jamous & Kelly, 

2018) v1.12.0 was used to run clust (parameters: -n 3 -t 1.0) on the normalized read 

count matrix for all gene intervals of differentially expressed genes (above). The read 

count matrix for P and D were normalized to the read count for LZ. The pheatmap 

package (Kolde & Kolde, 2015) in R v4.0.5 was used to generate the heatmap in Fig. 

3.  

dREG. dREG was run using the default settings to identify putative transcriptional 

regulatory elements (TREs) from leChRO-seq libraries (Z. Wang, Chu, Choate, & 

Danko, 2019). A complete description of dREG can be found here: 

https://github.com/Danko-Lab/dREG. 

tfTarget. The tfTarget package was used to construct the "TF → TRE → target gene" 

networks described in Fig. 4 (Chu et al., 2018). Briefly, we merged dREG peaks using 

BedTools “merge” and counted leChRO-seq reads for each prophase I substage using 

the bigWig package in R v3.4.2. Differential expression of dREG peaks comparing LZ 

to P and P to D was performed using DESeq2 at a more permissive threshold 

(parameters: p-value < 0.35; for normalization scheme, see above) to select the top DE 

dREG peaks (>2000). Volcano plots reflecting DE of dREG peaks were made using 
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the EnhancedVolcano package (“Kevin Blighe, Sharmila Rana and Myles Lewis 

(2020). EnhancedVolcano:  Publication-ready volcano plots with enhanced colouring 

and labeling.  R package version 1.8.0.  

https://github.com/kevinblighe/EnhancedVolcano,” n.d.) v1.10.0 in R. The rtfbsdb 

package (Z. Wang, Martins, & Danko, 2016) v3 was used to identify enriched 

transcription factor binding motifs found within dREG peaks using default parameters. 

The resulting output included a table for each TF whose motif is enriched in up/down 

TREs, the TREs that contain the motif, and the putative DE target genes with an FDR 

< 0.1 for each TRE identified by DESeq2 using leChRO-seq data as input (above). 

Putative DE target genes were defined as those nearest to each TRE within 50 kb. 

Donut plot of enriched TF families was generated using the lessR package (Gerbing, 

2021) v4.0.5 in R. A complete description of tfTarget can be found here: 

https://github.com/Danko-Lab/tfTarget. 

 RNA-seq analysis 

Quantification of sequencing reads was performed using Salmon (Patro, 

Duggal, Love, Irizarry, & Kingsford, 2017) v1.5.2 to the mm10 genome and 

tximport(Soneson, Love, & Robinson, 2015) v1.20.0 was used to summarize transcript-

level to gene-level abundance estimates in R v4.0.5. Raw sequencing counts from 

Salmon were DESeq2 normalized (parameters: rowSums(counts(dds)) > 1). DE genes 

were defined as those with an FDR less than 0.05. Scatterplots comparing the log 

FPKM of DE genes using leChRO-seq and RNA-seq data as input presented in Fig. 5 

were generated with ggplot2(Wickham, Chang, & Wickham, 2016). 
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Analysis of ATAC-seq peaks 

Peak calls from biological replicates for each prophase I substage were used to 

determine total unique peak sets for each substage. Peak calls representing all of 

prophase I were then combined and merged using BedTools. Both transcribed and 

non-transcribed ATAC-seq peaks were then compared to a publicly available 

H3K4me3 dataset (Maezawa, Hasegawa, et al., 2018) and annotated TSSs using 

BedTools “intersect”. Counts of reads falling into merged peak files were determined 

using the BedTools “multicov” function for each sample, and were subsequently 

RPKM normalized. Mean values + 95% confidence intervals of RPKM for each class 

of ATAC-seq peaks were presented in Fig. 6 and plotted using GraphPad Prism. 

Statistical analyses performed used the Wilcoxon matched-pairs signed rank test. 

Alpha values were established at 0.05.  

To determine motif enrichment for non-transcribed ATAC-seq peaks, counts 

were grouped by substage, after which DESeq2 was used to normalize read counts and 

calculate differentially enriched regulatory regions. BedTools “intersect -v” was used 

to identify differentially enriched regulatory regions that were not transcribed, as 

defined by dREG peaks. HOMER was performed, allowing multiple motifs per peak 

and searching for up to 25 motifs 100 bp upstream and downstream from the center of 

each peak (Heinz et al., 2010). 

Transcription factor binding site motif analysis for ATAC-seq 

Five classes of ATAC-seq peak files were used to identify transcription factor 

binding site motifs: i) DE regulatory regions for LZ, P and D; ii) non-transcribed 

peaks unique to each stage; iii) DE regulatory regions between LZ and P found on the 
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X chromosome; iv) DE regulatory regions between LZ and P that overlap with 

mapped Spo11 oligos (Lange et al., 2016); v) DE regulatory regions between LZ and P 

that overlap with PRDM9 binding sites determined by ChIP-seq (Lange et al., 2016). 

To determine motif enrichment for each class, HOMER was performed, allowing 

multiple motifs per peak and searching for up to 25 motifs 100 bp upstream and 

downstream from the center of each peak (Heinz et al., 2010). 

MA plots 

MA plots of the leChRO-seq, RNA-seq, and ATAC-seq datasets were 

calculated in R v 4.0.5 using the plotMA function of the DESeq2 package.  

GO annotation and enrichment 

The GO enrichment analysis shown in Figs. 3, 4, and 7 were carried out using 

the R package clusterProfiler (T. Wu et al., 2021) v4.0.5. In Figs. 3 and 7, subsets of 

genes identified by DE analysis carried out between prophase I substages (above) 

were selected based on clustering results or genomic location on the X chromosome, 

respectively. In Fig. 4, DEG within 50 kb of TREs classified by tfTarget (above) were 

selected for the Myb transcription factor family and for Meis3. These genes were used 

as input to the enrichGO function. The Benjamini-Hochberg method (a = 0.05) was 

applied to control for FDR. GO annotation enrichment for biological processes found 

in Figs. 3 and 7 were graphically represented using the dotplot function of the 

Enrichplot (“Guangchuang Yu (2021). enrichplot: Visualization of Functional  

Enrichment Result. R package version 1.10.2.  https://yulab-smu.top/biomedical-

knowledge-mining-book/,” n.d.) v1.12.2 package. Dot plots were ranked by adjusted 

p-value and gene set size. GO annotation enrichment for biological processes found in 
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Fig. 4 were made using the cnetplot function of the Enrichplot package. 

Metaplots 

All metaplots in Figs. 6 and 7 show the average signal of the sites being 

summarized using the metaplot.bigWig function of the bigWig R package.  

RESULTS 

Immunofluorescence reveals that the transcriptionally active isoform of RNA 

Polymerase II is enriched in pachynema and diplonema. 

To quantitatively measure transcriptional dynamics during prophase I, we 

performed an immunofluorescence analysis using antibodies that recognize all forms 

of RNA Polymerase II (Pol II) (Fig. 1A-C). Immunofluorescence imaging showed 

significant enrichment (>3-fold-increase) of total Pol II in pachynema (P) and 

diplonema (D) compared to early and late prophase I (nmice = 3; ncells = 606; ****p-

value < 0.0001; Fig. 1 A and D). P and D showed clear colocalization of Pol II and the 

synaptonemal complex (SC), as well as depletion of Pol II at the telomeric regions of 

autosomes (Fig. 1A). Pol II signal is detected at markedly lower intensity at the sex 

body (SB) than at the autosomes in P and D and is sequestered away from the sex 

chromosomes in these stages. Collectively, our data suggest that Pol II production 

rampantly increases from zygonema (Z) to P and is predominantly recruited to 

autosomal chromatin in P and D.  

To define the transcriptional status of prophase I Pol II, we used 

phosphospecific antibodies to detect both stalled and elongating Pol II (Fig. 1 B-C, E-

F). Transcript elongation is discontinuous, especially at sites of promoter-proximal 

pausing, and the transcriptional activity of Pol II is strongly regulated by its 
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differential phosphorylation state (for review, see ref. (Noe Gonzalez, Blears, & 

Svejstrup, 2021). Ser2 phosphorylation is required for Pol II to transition to a mature 

transcription elongation complex, whereas the Ser5P phosphorylation mark is 

associated with transcriptional pausing (Noe Gonzalez et al., 2021). Our results 

revealed that the C-terminal domain (CTD) of Pol II is phosphorylated at serine 2 

residues (Ser2P) in P and D at significantly higher levels when compared to leptonema 

(L) and Z (nmice = 3; ncells = 677; ****p-value < 0.0001; Fig. 1 B and E). However, 

there was no significant difference in Ser5P signal intensity across prophase I 

substages even though total Pol II is lowly detected in L and Z (nmice = 3; ncells = 586; 

p-value > 0.05; Fig. 1 B and E). Ser5P staining formed discrete puncta in P at regions 

adjacent to or overlapping with the SC. Taken together, these results suggest that the 

Pol II complexes observed in P and D are primarily transcriptionally active.
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Figure 1. Transcriptionally active isoform of RNA Polymerase II, Ser2P, is 
enriched in pachynema and diplonema. A-C) Immunofluorescence staining on 
spread meiotic spermatocyte preparations from wildtype C57Bl/6 mice using 
antibodies against SYCP3 (green) and Pol II (A), Ser2P (B), and Ser5P (C) (magenta). 
Leptonema, zygonema, pachynema, diplonema, and diakinesis staged spermatocytes 
are defined by SYCP3 morphology. D-F) Quantification of signal intensity for Pol II, 
Ser2P, and Ser5P immunofluorescence staining in wildtype spermatocytes. Average 
intensity is shown, and error bars represent 95% confidence intervals. Samples were 
obtained from three 3-month-old mice. D) n = 606 prophase I cells. E) n = 677 
prophase I cells. **** p-value < 0.0001. F) There was no significant difference in the 
fluorescence intensity of Ser5P between prophase I substages. n = 586 prophase I 
cells. 
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Maps of nascent transcription in prophase I substages. 

To elucidate the regulatory mechanisms underlying the robust transcriptional 

activation observed in P, we performed a comparative analysis of gene expression and 

chromatin accessibility on discrete prophase I substages (Fig. 2A). We used a recently 

established nuclear run-on method, leChRO-seq, to enrich nascent RNA transcripts 

and map the Pol II active site at single-nucleotide resolution (Chu et al., 2018). This 

enabled us to characterize genome-wide patterns of nascent transcription, identify 

clusters of differentially expressed (DE) genes, and classify regulatory element usage. 

We next made direct comparisons between nascent transcription and mRNA 

expression levels obtained from RNA-seq to determine the effects of gene regulation 

on the spermatocyte transcriptome. Lastly, ATAC-seq was implemented to identify 

insulator and repressor binding motifs at transcriptionally inactive loci in prophase I. 

Prior to further interpretation, we confirmed by principal component analysis (PCA) 

that our samples were highly correlated by stage (PC1: 77%, 93%, and 95% for 

leChRO-seq, RNA-seq, and ATAC-seq, respectively) (Fig. 2B). 

To evaluate the absolute degree to which nascent transcription differs between 

meiotic and post-meiotic cells, we first performed a nuclear run-on assay using 

radioactive [α32P]CTP. Incorporation of radiolabeled CTP allowed us to accurately 

and precisely measure nascent transcript abundance for LZ, P, D, and round 

spermatids (RS), a feat not possible by immunofluorescence, nuclear run-on 

sequencing, or RNA-seq alone. We found that the transcriptional activity of Pol II is 

nearly three times greater (2.7 fold increase) in P than LZ, D, and RS (n = 21; **p-

value = 0.0029; Fig. 2C). Surprisingly, the levels of nascent RNA synthesis was not 



 

 
 

 

57 

significantly different between LZ, D, and RS, suggesting that the transcripts produced 

in P are likely critical for progression through meiosis and spermiogenesis (n = 21; p-

value > 0.93; Fig. 2C). Finally, these results were used to infer the relative 

transcriptional activity of LZ, P, and D and as a scaling factor for leChRO-seq 

libraries. 

To demonstrate how leChRO-seq can provide single nucleotide resolution of 

engaged and active Pol II across the genome, we visualized leChRO-seq libraries 

using the WashU genome browser (D. Li et al., 2019) (Fig. 2D). In this example, we 

detected an accumulation of Pol II near the transcription start sites (TSSs) of Atr, 

Xrn1, and 1700065D16Rik in LZ, a signature of transcriptional pausing at these loci 

(Atr: Ataxia telangiectasia and Rad3 related, required for homologous recombination 

and synapsis (Widger et al., 2018); Xrn1: 5’-3’ exoribnonuclease 1, involved in 

replication-dependent histone mRNA degradation (Mullen & Marzluff, 2008); 

1700065D16Rik: uncharacterized protein, expression restricted to the testis (National 

Center for Biotechnology Information, U.S. National Library of Medicine, 2021)). In 

agreement with our immunofluorescence analysis and radioactive nuclear run-on 

experiments, P displayed a striking increase in Pol II productive elongation. This 

pattern of promoter-proximal accumulation of transcriptionally engaged but paused 

Pol II in LZ prior to gene induction in P is consistent for all annotated genes (Fig. 2E-

F). Moreover, we also introduce a computational method called discriminative 

Regulatory Element detection from GRO-seq (dREG) for identifying transcribed 

transcriptional regulatory elements (TREs) (Z. Wang et al., 2019) (Fig. 2D). All 

leChRO-seq data presented herein were sequenced to an average depth of 16 million 
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uniquely mapped reads per sample (3-35 million reads per sample).  

We next analyzed transcription within annotated protein-coding genes, 

pseudogenes, and non-coding RNAs. Differential expression analysis identified 8,237 

protein-coding genes, 103 pseudogenes, and 389 long non-coding RNAs (lincRNAs) 

that were either up- or down-regulated across all prophase I substages (p < 0.05, false 

discovery rate (FDR), Local test, DESeq2; Fig 2G). Top differentially transcribed 

genes identified in P included Cmtm2b, Tlx1os, and Cdc42EP3, which were enriched 

for gene ontologies related to fertilization, positive regulation of transcription by Pol 

II, and regulation of actin filament polymerization, respectively (log2fold change > 

5.40, DESeq2; Fig.2G). Similarly, a subset of the top DE genes significantly 

downregulated in D was comprised of Ubl4b (required for mitochondrial function; 

(Yang, Skaletsky, & Wang, 2007), H1fnt (essential for silencing in spermatids; 

(Shalini, Bhaduri, Ravikkumar, Rengarajan, & Satyanarayana, 2021), and Tssk6 

(involved in γH2AX formation; (Jha, Tripurani, & Johnson, 2017) (log2 fold change < 

-2.83, DESeq2; Fig.2G). The vast majority of P-specific lncRNAs were important for 

phospholipid translocation, nucleoside diphosphate phosphorylation, and alternative 

splicing (for example: Gm11837, 1700108J01Rik, and Malat1; Fig. 2G). Thus, we 

conclude that the gene expression profiles for LZ, P, and D have notably different 

transcription programs with unique developmental signatures. 
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Figure 2. leChRO-seq detects nascent transcription in prophase I spermatocytes. 
A) Schematic of key steps in the transcription cycle. The transcription start site (TSS) 
is labelled with an arrow; nucleosomes are depicted in teal; nascent RNA is shown in 
dark red; and mRNA is shaded in dark pink. ATAC-seq detects accessible regulatory 
elements, such as promoters and enhancers. leChRO-seq provides single nucleotide 
resolution of engaged and active Pol II across the genome. RNA-seq profiles poly-
adenylated mRNA transcripts. B) Principal component analysis (PCA) plots showing 
variation between replicate sets of prophase I substages for leChRO-seq, RNA-seq, 
and ATAC-seq libraries. C) Radioactive nuclear run-on results comparing the relative 
levels of nascent transcription between leptonema/zygonema (LZ), pachynema (P), 
diplonema (D), and round spermatids (RS). *p-value < 0.0117. **p-value < 0.0056. D) 
leChRO-seq signal at the Atr locus for LZ (top), P (center), and D (bottom). dREG 
peaks (teal) are shown for each prophase I substage. TSSs overlapping with dREG 
peak calls are shaded in blue. E) Violin plots of pause index values calculated from the 
ratio of pause peak density to gene body density of leChRO-seq reads. F) Metagene 
plot of median leChRO-seq signal intensity at annotated gene boundaries. G) MA 
plots showing the DEseq2-based differential expression analysis of leChRO-seq read 
counts within the gene bodies of all annotated genes comparing leptonema/zygonema 
and pachynema (left) and pachynema and diplonema (right).
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Transcriptional overload is a characteristic feature of meiosis and is modulated 

by promoter-proximal pausing in leptonema and zygonema. 

During early transcription elongation, promoter-proximal pausing represents a 

window of opportunity for regulating the timing of gene expression (Gaertner & 

Zeitlinger, 2014). Moreover, at the 3’ ends of protein-coding genes, Pol II density 

increases after post-polyadenylation signals, suggesting that transcription termination 

correlates with slowed RNA synthesis (Jonkers & Lis, 2015). The latter observation, 

coupled with transcriptional overload, has been proposed as a model for the negative 

selection of splicing of weak introns in meiosis, specifically (Naro et al., 2017). 

Therefore, to understand how Pol II density fluctuates at specific gene intervals as 

prophase I progresses, we clustered the expression profiles of P and D according to 

reads falling within the TSS + 250 bp (to capture paused Pol II), gene body, and post-

polyadenylation site (PAS) of all DE genes (Fig. 3A-B). Since high levels of 

transcription in P would quench the leChRO-seq signal for D, the read count matrix 

for these two stages were normalized to LZ. We identified two clusters of genes 

exhibiting differences in Pol II density within the intervals described above: cluster 1) 

amount of promoter-proximal Pol II is lower than the amount of Pol II detected within 

the gene body and post-PAS and cluster 2) density of nascent transcription was 

uniform throughout, with Pol II activity elevated in P and quiescent in D (Fig. 3A-B).  

Genome-wide studies have revealed that promoter-proximal Pol II is 

preferentially enriched at developmental-control genes (Gaertner & Zeitlinger, 2014). 

To investigate whether genes in cluster 1 displayed distinct functional properties with 

respect to known promoter classes prone to pausing, we performed a gene ontology 
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(GO) analysis (Fig. 3C). Notably, these genes were enriched in biological process 

categories with strong relevance for transcriptional regulation (for example: mRNA 

processing, RNA localization, histone modification, and methylation), post-

translational modification (for example: regulation of translation and regulation of 

protein stability), and meiosis (for example: DNA repair, chromosome segregation, 

and organelle fission) (Fig. 3C). Compared to cluster 1, the genes in cluster 2 did not 

display promoter-proximal accumulation of Pol II in LZ nor transcriptional bursting in 

P (Fig. 3A-B). Moreover, these genes were specifically enriched for post-meiotic GO 

terms such as spermatid differentiation, sperm motility, and single fertilization (Fig. 

3D). These observations indicate that the global reprogramming of gene expression 

during meiotic differentiation is finely tuned to support germ cell development.  

To test the model that transcriptional overload of meiotic genes may contribute 

to an increased proportion of spliced variants, we compared a list of published 

differentially regulated exons between spermatocytes and spermatids to the genes 

found in cluster 1(Naro et al., 2017). Of the genes in cluster 1, 17% were identified as 

having transcripts that are alternatively spliced (AS), compared to only 3% in cluster 

2. As previously suggested (W. Liu et al., 2017; Naro et al., 2017; Schmid et al., 

2013), these highly expressed, differentially spliced transcripts from cluster 1 are 

required for processes including RNA splicing, cilium organization, regulation of 

RNA stability, and microtubule cytoskeleton (Fig. S3). In line with Naro et al. (2017), 

we also found AS transcripts that intersected with our analysis for Ccdc39 (involved in 

the motility of cilia and flagella), Spata1 (spermatogenesis associated protein 1), and 

Ybx1 and Brdt (testis-specific negative regulators of transcription). These analyses 
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suggest that high transcription levels likely result in competition for recognition and 

excision by the splicing machinery during early meiosis. 

Figure 3. Read coverage analysis of enriched and depleted nascent RNA 
transcripts between prophase I substages. A) Heatmap of log2-transformed fold 
changes of nascent RNA transcripts enriched or depleted in the selected gene regions 
for all differentially expressed genes in prophase I identified with DESeq2. Genes 
were ranked according to changes in leChRO-seq read densities at the TSS + 250 bp, 
gene body, and post PAS between prophase I substages. Read counts for pachynema 
(P) and diplonema (D) were normalized to the read counts for leptonema/zygonema. 
B) Trajectories of leChRO-seq read density for individual differentially expressed 
genes for cluster 1 (top) and cluster 2 (bottom) identified in (A). C-D) Gene ontology 
analysis for cluster 1 (C) and cluster 2 (D) from the heatmap in (A). Gene ontology 
processes are ranked by Benjamini-Hochberg adjusted p-value and the ratio of the 
number of genes in each gene ontology to the number of total genes in each cluster.  
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Transcriptional regulatory networks inherent to meiotic and post-meiotic 

differentiation. 

We next sought to define the landscape of active transcriptional regulatory 

elements (TREs), including promoters and enhancers, for prophase I. TREs have a 

characteristic pattern of bidirectional Pol II initiation that enables their detection from 

leChRO-seq data using the sensitive machine-learning method, dREG (Z. Wang et al., 

2019). We observed a high degree of TRE reutilization between prophase I substages, 

with 34% retained throughout prophase I, 40% shared between LZ and P, and 15% 

shared between P and D (Fig. 4A). Furthermore, most prophase I TREs (65%) were 

proximal (< 1000 bp) to annotated TSSs. Differential expression analysis of TREs was 

performed using DESeq2 at a more permissive threshold (parameters: p-value < 0.35) 

to identify the top DE dREG peaks (>2000) for motif enrichment (Fig. 4B-C). The 

vast majority of TREs meeting our statistical cutoff were upregulated in P (3.3% of all 

dREG peaks) and downregulated in D (5.0%) (Fig. 4B-C). Intriguingly, the sole TRE 

downregulated in P was nearest to the TSS for Zeb1, a known zinc finger 

transcriptional repressor, with Zeb1 mRNA expression demonstrating a 2.3-fold 

decrease from LZ to P (Fig. 4B; **p-value < 0.01). In sum, these results reveal 

extensive genome reprogramming across prophase I and highlight a specific TRE 

program activated during P.  

To identify putative transcription factors responsible for maintaining the 

regulatory program described for P, we selected the top DE TREs between LZ and P 

and searched for enriched transcription factor binding motifs (rtfbsdb v3; Fig. 4D). We 

identified 38 unique motifs with a significant FDR threshold (p-value < 0.05), which 
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we then clustered into 13 distinct groups based on DNA-binding specificities and TF 

family (Fig. 4D). The MYB TF family, including Myb, Mybl1, and Mybl2, showed the 

greatest motif enrichment in P (Fig. 4E). As previously suggested, the MYB family of 

TFs is responsible for the establishment of meiotic super-enhancers and the activation 

of germline genes. Indeed, when we set out to identify the target genes of MYB, 

MYBL1, and MYBL2, we found MYB TF binding sites closest to 2145 DE genes, 

accounting for 35% of all DE genes in P (see Methods; Fig. 4F-G). Taken together, 

the target genes of both the MYB TF family and MEIS3, a member of the TALE 

family of homeobox proteins, are significantly enriched for GO terms reminiscent of 

cluster 1 in Fig. 3C: cilium assembly, microtubule-based movement, regulation of 

chromosome organization, organelle fission, nuclear division, and mRNA processing. 

We also found significantly enriched binding motifs for the bHLH (12/38 TF motifs) 

and C2H2 Zinc Finger families of TFs (4/38 motifs), both of which are essential for 

entry into meiosis, germ cell differentiation, and even methylation-dependent silencing 

of PIWI-related genes (Fig. 4D). Collectively, we identified TREs inherent to meiotic 

and post-meiotic differentiation and established candidate TFs coordinating the 

complex gene regulatory networks found in P.   
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Figure 4. Transcription factors influencing transcriptional activation in 
pachynema. A) Representative overlap of transcriptional regulatory elements (TREs) 
identified from dREG by stage. Stage-specific and shared regulatory elements are 
indicated for each stage of prophase I. Prophase I TREs show considerable overlap 
between all stages. The number of active TREs decreases throughout prophase I. B-C) 
Violin plots representing DEseq2-based differential expression analysis of dREG-
identified TREs comparing leptonema/zygonema and pachynema (B) and pachynema 
and diplonema (C). Transcription factor binding motif analysis was performed on the 
TREs meeting our statistical threshold and are shown in green. D) Donut plot showing 
the clustering of transcription factor binding motifs based on DNA-binding 
specificities and transcription factor family. E) Transcription factor binding motifs 
showing the most significant enrichment in upregulated TREs in pachytene 
spermatocytes. All motifs shown were identified by rtfbsdb and were significantly 
enriched with an FDR < 0.01. F) Representative example of MYB transcription factor 
binding motif discovered near the transcription start site of Tdrd5 following motif 
enrichment of dREG peaks. The DNA sequence of the Tdrd5-associated dREG peak is 
compared to the MYB transcription factor family consensus motif. G) cnetplot 
representing the clustering of MYB transcription factor family target genes based on 
gene ontology enrichment analysis.  
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Figure 4 (Continued) 
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Nascent transcription is predictive of mRNA levels in prophase I. 

Matched nuclear run-on sequencing and RNA-seq measurements are generally 

well correlated, suggesting that nascent transcription explains most of the variance 

detected in mRNA expression (Blumberg et al., 2021). To determine the degree to 

which transcriptional activity accounts for mRNA concentration in prophase I cells, 

we pooled technical replicates and compared leChRO-seq and poly(A)+ RNA-seq 

expression for all DE genes (Fig. 5A-C). Parallel analyses for each prophase I 

substage revealed a positive correlation, with the highest Pearson correlation 

coefficient in P (r = 0.67) and the weakest correlation in D (r = 0.52). The slope of the 

line of best fit [leChRO-seq/RNA-seq] decreased by 33% from P to D, leading us to 

speculate that there may be an accumulation of mRNA transcripts in D. To examine 

this, we visualized reads per million (RPM)-normalized RNA-seq libraries at the Coa3 

(Cytochrome C Oxidase Assembly Factor 3), Cntd1 (Cyclin N-terminal Domain 

Containing 1), and Becn1 (Beclin 1; Testis Secretory Sperm-Binding Protein Li 215e) 

loci (Fig. 5D). RNA-seq expression levels increased from LZ to D, and this pattern 

was consistent throughout the mouse genome. Together, these observations suggest 

that transcription is predictive of mRNA levels in LZ and P. However, there is a 

considerable difference in the degree of correlation for D, which may be due to an 

accumulation of stable mRNA transcripts in late prophase I. 
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Figure 5. Matched leChRO-seq and RNA-seq libraries are well correlated within 
individual prophase I substages. A-C) Scatterplots of leChRO-seq vs RNA-seq read 
counts for differentially expressed annotated genes in prophase I cells shown in units 
of log fragments per kilobase of transcript per million mapped reads (FPKM). (See 
Methods section). Panels represent scatterplots of matched leChRO-seq and RNA-seq 
libraries for leptonema/zygonema (A), pachynema (B), and diplonema (C). For each 
scatterplot, the Pearson correlation coefficient (r), number of differentially expressed 
genes, and p-value are shown. Parallel analyses for each prophase I substage revealed 
a positive correlation between nascent transcription and mRNA expression, with the 
highest Pearson correlation coefficient in pachynema. D) Reads per million (RPM)-
normalized RNA-seq signal at the Cntd1 locus for leptonema/zygonema (top), 
pachynema (center), and diplonema (bottom). mRNA expression levels are highest in 
diplonema.
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Identification of insulators and repressors responsible for temporal control of 

transcription during prophase I 

There have been major advancements in our understanding of chromatin 

accessibility and transcription factor binding for representative stages of 

spermatogenesis (Hammoud et al., 2014; Luo et al., 2020; Maezawa, Yukawa, et al., 

2018; Maezawa et al., 2020; X. Wu et al., 2021). However, there are no published 

analyses of regulatory function during the entirety of prophase I progression. Here, we 

sought to characterize the nature and magnitude of regulatory activity for isolated 

prophase I substages using ATAC-seq (Fig. 6A). We generated regulatory profiles for 

LZ, P, and D using Genrich, a peak-caller that creates intervals centered on 

transposase cut sites (Fig. 6A-B). Consistent with our analyses of nascent 

transcription, we observed an approximately two-fold increase in chromatin 

accessibility from LZ to P at H3K4me3 marked ATAC-seq peaks, representing sites of 

active promoters (****p-value < 0.0001; Fig. 6C). Of note, these regions were 

significantly less accessible in D when compared to earlier stages, suggesting that 

regulatory loci are largely inactive at the end of prophase I (****p-value < 0.0001). 

Furthermore, by performing paired dREG and ATAC-seq analyses, we were able to 

identify patterns of chromatin accessibility at both transcribed and non-transcribed 

regulatory elements and gene bodies (Fig. 6D-G). Interestingly, P and D displayed 

increased levels of RPKM-normalized read counts at non-transcribed TSSs and within 

intergenic and intragenic regions when compared to LZ (****p-value < 0.0001; Fig. 

6E-G). While the latter observation may be indicative of chromatin remodeling near 

transcriptionally active Pol II, our results lead us to speculate that these 
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transcriptionally silent, yet accessible, loci are bound by repressors in D. Taken 

together, these data suggest that H3K4me3 marked promoters are primed in LZ for 

gene activation and subsequently remodeled for efficient silencing in D.  

Integrating our ATAC-seq data with nuclear run-on sequencing enabled us to 

identify enriched binding motifs for insulators and transcriptional repressors, thus 

providing a comprehensive overview of the regulatory program utilized in prophase I 

(Fig. 6H). Among the non-transcribed ATAC-seq peaks unique to LZ and P, the most 

significant TF binding motif was for the male germ cell-specific insulator and CTCF 

paralog, brother of the regulator of imprinted sites or Boris. Strikingly, Rivero-

Hinojosa et al. (2017) demonstrated that the most robustly enriched testis-specific 

transcriptional regulator found at BORIS/CTCF bound regions was MYBL1. In 

agreement with this finding, BORIS binding is strongly associated with active 

promoters enriched for Pol II and H3K4me3 as well as H3K27ac-marked enhancers 

(Rivero-Hinojosa et al., 2021). Furthermore, a de novo search for putative repressors 

in P identified the zinc finger protein, SP1, which has been shown to bind to the 

promoters of a number of male germ cell target genes (Ma, Horvath, Kistler, & 

Kistler, 2008; Thomas et al., 2007). In the context of transcriptional repression in the 

mouse testis, SP1 binds to RIP-13/NCo-R to facilitate recruitment of histone 

deacetylases to regions bound by the preinitiation complex (Thomas et al., 2007). 

Additionally, in line with the temporal control of transcription during prophase I, the 

most significant TF binding motif enriched in non-transcribed ATAC-seq peaks 

unique to D was for the KRAB-ZNF repressor, ZNF274. In somatic cells, ZNF274 

recruits TRIM28 and SETDB1, a methyltransferase involved in mediating the 
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H3K9me3 silencing mark (Frietze, O’Geen, Blahnik, Jin, & Farnham, 2010; Valle-

García et al., 2016). Indeed, TRIM28 and SETDB1 are transcriptional regulators 

required for the DNA damage response, meiotic sex chromosome inactivation, 

homolog pairing, and synapsis during meiosis (Hirota et al., 2018). However, the role 

of ZNF274 has yet to be studied in male germ cells. In sum, we provided a 

mechanistic framework for the temporal control of transcription during prophase I.  
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Figure 6. Reprogramming of chromatin architecture through prophase I. A) 
Reads per million (RPM)-normalized RNA-seq signal at the Mus81 locus for 
leptonema/zygonema (top), pachynema (center), and diplonema (bottom). Chromatin 
accessibility is highest in pachynema. B) Table describing the classes of ATAC-seq 
peaks analyzed in C-G. C-G) Stage-resolved RPKM-normalized ATAC-seq signal at 
H3K4me3 ChIP-seq peaks (C); transcribed ATAC-seq peaks that overlap with 
annotated transcription start sites (TSSs) (D); non-transcribed ATAC-seq peaks that 
overlap with annotated TSSs (E); transcribed ATAC-seq peaks that do not overlap 
with annotated TSSs (F); non-transcribed ATAC-seq peaks that do not overlap with 
annotated TSSs (G). H) Representative transcription factor binding sites detected via 
HOMER of non-transcribed ATAC-seq peaks in prophase I substages. -log p-values: 
reported by the HOMER transcription factor binding motif enrichment algorithm. 
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Identification of candidate transcription factors responsible for silencing the sex 

chromosomes, DNA double-strand breaks, and recombination hotspots.  

We next asked what mechanisms are governing transcriptional silencing of the 

male sex chromosomes and at DNA double-strand break and recombination hotspots 

(Fig. 7A). Here, we first sought to achieve a comprehensive characterization of 

chromatin organization and gene expression of the X and Y chromosomes (Fig. 7A-

B). During male meiosis, the X and Y chromosomes experience transcriptional 

repression in a process known as Meiotic Sex Chromosome Inactivation (MSCI) 

(Turner, 2007). MSCI elicits a DNA damage response pathway to the sex 

chromosomes, which then undergo large-scale chromatin remodeling and 

compartmentalization into a nuclear subdomain known as the sex body (Turner, 2007). 

However, the patterns of nascent transcription for the sex chromosomes have yet to be 

explored. In our analysis of the X and Y chromosomes, we first integrated ATAC-seq 

and leChRO-seq data at the TSSs of sex-linked genes (Fig. 7A). These sites were 

considerably inaccessible to transposition, nonetheless, the X chromosome displayed 

low retention of Pol II at TSSs in P. Furthermore, when nascent transcription within 

gene bodies was compared between sex-linked and autosomal loci, we found that the 

X and Y chromosomes maintained de novo transcription at substantially lower levels, 

if at all (Fig. 7B).  

To confirm the transcriptional repression of sex-linked genes known to be 

silenced by MSCI (Royo et al., 2010), we plotted their leChRO-seq transcript levels 

and mapped DE genes to their chromosomal loci (Fig. 7C-D). The expression of sex-

linked genes, Slx, Zfy1, and Zfy2, and the pseudoautosomal region (PAR)-associated 
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gene, Asmt, did not significantly change during the transition from LZ to P (p-value > 

0.19), however, Pol II activity was markedly repressed in D (*p-value < 0.02 ; Fig. 

7C). Moreover, the P-specific transcriptional activity of Slx, Zfy1, Zfy2, and Asmt were 

significantly downregulated when compared to the autosomal genes Brdt and Adam2 

(****p < 0.0001). DE genes on the X and Y chromosomes were also compared to the 

expression patterns on chromosomes 5, 14, and 15 (Fig. 7D). Interestingly, we 

observed only 20 X-linked DE genes (20/2474 genes or 0.8% DE) in P, with Cox7b 

(Cytochrome C Oxidase Subunit 7B; required for sperm motility; (Park & Pang, 2021) 

demonstrating the most significant upregulation (Fig. 7D). Next, we sought to identify 

putative transcription factors coordinating the activation or suppression of X-linked 

genes (Fig. 7G). The only consensus transcription factor binding motif enriched in 

both accessible sites and dREG peaks was for the zinc finger protein, ZFP281. 

Notably, the binding motif for ZFP281 was not enriched near the TSSs of the X-linked 

DE genes described in Fig. 7D. ZFP281 is a known transcriptional repressor of the 

embryonic differentiation program (Huang, Bashkenova, Yang, Li, & Wang, 2021), 

however, its function in spermatocytes has yet to be studied. Overall, we identified the 

extent of transcriptional repression of the sex chromosomes, uncovered genes that 

escape MSCI, and described a putative regulator of X chromosome silencing. 

Finally, we focused on the expression profiles of recombination and DSB 

hotspots, using PRDM9 binding motifs and Spo11 oligos as classifiers of these sites. 

The designation of meiotic recombination hotspots is coordinated by the capabilities 

of PRDM9, namely DNA binding, H3K4 and K3K36 methylation, and recruitment of 

proteins required for DSB formation(Grey, Baudat, & de Massy, 2018). PRDM9 
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binding motifs and, consequently, sites of meiotic recombination are mostly located 

within genic and intergenic regions (Grey et al., 2018). We demonstrated that these 

PRDM9 and Spo11 binding sites co-occur in regions of accessible chromatin, though 

this is not surprising given their association with H3K4me3 and H3K36me3 histone 

marks (Grey et al., 2018) (Fig. 7A). Strikingly, however, DSB and recombination 

hotspots displayed limited levels of transcription (Fig. 7A). This led us to ask whether 

the DNA sequence of ATAC-seq peaks falling within these hotspots were enriched for 

motifs of transcriptional repressors. Our analysis identified motifs for the negative 

regulators of transcription BATF3, NR2E1, HOXA9, and PRDM10 (Fig. 7H-I). 

Interestingly, HOXA9 has been demonstrated to interact with G9a/EHMT2, a histone 

methyltransferase that facilitates repressive DNA methylation during embryonic 

development (Auclair et al., 2016) and cellular proliferation (L. Wang et al., 2018). 

We also confirmed expression of these transcriptional repressors during prophase I 

using our RNA-seq data. Thus, we have identified candidate transcription factors that 

may contribute to the silencing of DSBs and regions of meiotic recombination.  
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Figure 7. The landscape of nascent transcription and chromatin accessibility at 
the X chromosome and DSB hotspots. A) leChRO-seq and RPM-normalized 
ATAC-seq signal centered on annotated transcription start sites (TSSs) genome-wide, 
TSSs for genes on the X chromosome, DSB hotspots inferred from SPO11 oligos, and 
the PRDM9 binding motif for leptonema/zygonema (LZ), pachynema (P), and 
diplonema (D). B) Manhattan plot showing leChRO-seq expression levels (FPKM) for 
all annotated genes per chromosome for pachytene spermatocytes. Only leChRO-seq 
reads aligning to gene bodies were used. C) Boxplot representing leChRO-seq 
expression levels (log10 FPKM) for Brdt, Adam2, Asmt, Slx, Zfy1, and Zfy2 for LZ, P, 
and D. *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001, ****p-value < 0.0001. 
D) Loci map of autosomal and sex-linked differentially expressed genes in pachynema 
for chr 5, 14, 15, X, and Y. leChRO-seq reads aligning to gene bodies were used. 
There are 20 differentially expressed X-linked genes. E) Transcription factor binding 
site for ZFP281 detected by HOMER and rtfbsdb from X-linked ATAC-seq and 
dREG peaks, respectively. -log p-values: reported by the HOMER or rtfbsdb 
transcription factor binding motif enrichment algorithms. F-G) Representative 
transcription factor binding sites detected via HOMER for ATAC-seq peaks 
overlapping with DSB hotspots (F) or PRDM9 binding motifs (G). -log p-values: 
reported by the HOMER motif enrichment algorithm. 
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DISCUSSION 

Prophase I spermatocytes require extensive reprogramming of gene expression 

to support the transition into meiosis and then accomplish the morphological 

transformation of germ cells during spermiogenesis (da Cruz et al., 2016; Geisinger et 

al., 2021; Grive et al., 2019; Luo et al., 2020; Maezawa et al., 2020; Margolin, Khil, 

Kim, Bellani, & Camerini-Otero, 2014; Patel et al., 2019; Vara et al., 2019; Zuo et al., 

2021). Although meiotic chromosomes are highly organized by the synaptonemal 

complex, prophase I cells maintain an extremely diverse, complex, and tightly 

regulated transcriptional program (Luo et al., 2020; Patel et al., 2019; Vara et al., 

2019; Zuo et al., 2021). While recent advances in high-throughput sequencing have 

identified the overall structure of meiotic chromosomes and transcription hub 

formation, scant information is available on the coordinated recruitment of the 

transcription machinery to meiotic chromatin. Here, we used leChRO-seq to directly 

map the presence of transcriptionally competent RNA Polymerase II (Pol II) at single 

nucleotide resolution for all meiotic prophase I substages from L to D (Fig. 2). We 

found that the transcriptional activity of Pol II is nearly three times greater in P than 

LZ, D, and RS, placing P-specific gene expression at the center of the testis 

developmental program (Fig. 1-2). We provide evidence that Pol II pausing during 

early elongation in LZ is a general feature of the transcription cycle in prophase I and 

is connected to the rapid and synchronous activation of gene induction in P (Fig. 2). 

Indeed, the differentially expressed (DE) genes most strongly associated with pausing 

encode essential regulators of male germ cell differentiation, including those required 

for meiotic progression, sperm motility, and testis-specific transcription factors (Fig. 
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3). Thus, Pol II pausing provides a mechanism to finely tune meiotic genes to distinct 

regulatory cues and execute stringent temporal control of transcription during 

prophase I.  

One key feature of mammalian prophase I chromosomes is the spatial 

clustering of highly transcribed loci even as topologically associated domains (TADs), 

or long-range contacts, are lost (Luo et al., 2020; Patel et al., 2019; Vara et al., 2019; 

Zuo et al., 2021). Because super-enhancer switching is thought to drive the dynamic 

transcriptional burst in P (Maezawa et al., 2020), we profiled active transcriptional 

regulatory elements (TREs) and insulator binding sites at high resolution using a 

comparative analysis of nascent transcription and chromatin accessibility (Figs. 4 and 

6). Our data suggest that the majority of prophase I TREs are established upon entry 

into meiosis, with 34% of dREG-identified regulatory loci retained throughout 

prophase I and 40% shared between LZ and P (Fig. 4). Regulatory element usage in 

early prophase I coincides with the global accumulation of promoter-proximal Pol II 

and, intriguingly, paused Pol II has been shown to have a crucial role in maintaining 

accessible promoter chromatin architecture prior to and independently from gene 

activation (Gilchrist et al., 2010). We next asked whether insulator binding facilitated 

or constrained interactions between these active promoters and enhancers before 

meiotic chromosomes underwent reorganization around the synaptonemal complex. 

We discovered significant enrichment of BORIS, brother of the regulator of imprinted 

sites, binding sites in LZ at transcriptionally silent, yet accessible, loci (Fig. 6). 

Multiple lines of evidence suggest that BORIS sites are associated with highly 

expressed male germ cell-specific genes (Rivero-Hinojosa, Kang, Lobanenkov, & 
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Zentner, 2017; Rivero-Hinojosa et al., 2021). When aberrantly expressed in cancer 

cells, BORIS activity results in altered chromatin looping that leads to the formation 

of super-enhancers and transcriptional reprogramming(Debruyne et al., 2019). Taken 

together, we propose BORIS as a novel candidate responsible for stabilizing promoter-

enhancer contacts in early prophase I, thereby poising meiotic genes for recruitment of 

the transcription machinery. 

Our comprehensive, genome-wide analysis of nascent transcription for all 

prophase I substages provides several insights into the transcriptional regulatory 

networks of male germ cells. Here, we demonstrate the ability of leChRO-seq to 

identify the regulatory activity of transcription factors (TFs) directly correlated with 

differential gene expression in P (Fig. 4). We report 38 TFs falling into 13 unique TF 

families, whose target genes are notably correlated with transmeiotic differentiation, 

and transcriptional and post-transcriptional regulation. Our study highlights the 

significant enrichment of six TFs, MYB, MEIS3, KLF9, MECOM, GATA1, and 

NR5A2, whose collective activity remarkably accounts for the upregulation of all 

differentially expressed genes in P. Importantly, we provide evidence for the central 

role of MYB-dependent activation of germ line genes and provide additional support 

for the MYB TF family in driving cell cycle progression in mid-prophase I. Among 

the factors we identified, the bHLH and homeobox TF families showed the greatest 

number of enriched binding motifs in active TREs. Notably, a subset of these TFs, 

such as SOHLH2, ID2, and LHX8 are found in the germ line of mice and humans and 

may represent an evolutionarily conserved mechanism of cell proliferation and 

differentiation during mammalian gametogenesis (Ballow, Xin, Choi, Pangas, & 
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Rajkovic, 2006; Buzzard, Wreford, & Morrison, 2003; Hai et al., 2015; B. Li et al., 

2005; N. Singh, Singh, & Modi, 2021; Suzuki et al., 2012; Zhang, Liu, et al., 2015; 

Zhang, Zhang, et al., 2015). Furthermore, integrating our chromatin accessibility data 

with leChRO-seq enabled us to identify transcriptional repressors in D, when TREs 

are remodeled for global and systemic silencing (Fig. 6). In support of our general 

approach, the most significant TF binding motif enriched in transcriptionally silent 

peaks unique to D was for the KRAB-ZNF repressor, ZNF274. ZNF274 is involved in 

mediating the H3K9me3 silencing mark by complexing with TRIM28 and SETDB1, 

and is of particular interest because ZNF274 was originally implicated in idiopathic 

spermatogenic failure and Prader-Willi Syndrome (Frietze et al., 2010; Gianotten, n.d.; 

Langouët et al., 2020; Prokop et al., 2014; N. Singh et al., 2021). Thus, our study adds 

new TFs to the existing literature and provides substantial information about the well-

coordinated regulatory activities of TFs during the entirety of prophase I. 

Previous studies have indicated that a pervasive intron retention (IR) program 

in meiosis controls the timely translation of thousands of mRNA transcripts specific to 

sperm production (Naro et al., 2017). Since de novo synthesis of mRNA is ceased in 

post-meiotic cells, IR-mediated nuclear storage of poly(A)+ transcripts during meiosis 

is an attractive model for stabilizing highly expressed transcripts required for later 

stages of differentiation (Braunschweig et al., 2014; Wegener & Müller-McNicoll, 

2018). Transcriptional overload by Pol II during meiosis is hypothesized to contribute 

to competition for recognition by the splicing machinery and result in an increased 

proportion of spliced variants. Here, we compared a list of published differentially 

regulated exons for spermatocytes and spermatids to genes with the highest active 
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transcription rates inferred from leChRO-seq (Naro et al., 2017). Of the genes 

displaying the greatest “transcriptional burden”, 17% were identified as having 

transcripts that are alternatively spliced, compared to only 3% of genes with low to 

moderate levels of Pol II density. Strikingly, these highly expressed, differentially 

spliced transcripts are required for processes including RNA splicing, cilium 

organization, regulation of RNA stability, and microtubule cytoskeleton. Overall, our 

results are consistent with studies in Drosophila, yeast, plants, mice, and humans 

showing that IR is strongly associated with stalling by Pol II, especially at the 3’ ends 

of genes (Ameur et al., 2011; Herzel, Straube, & Neugebauer, 2018; Moehle, Braberg, 

Krogan, & Guthrie, 2014; Munding, Shiue, Katzman, Donohue, & Ares, 2013; Oh et 

al., 2017; Pai et al., 2017; Zhu et al., 2020). In sum, we provide direct evidence that IR 

during prophase I is tightly linked to the increased occupancy of Pol II at the genomic 

level and may represent an important mechanism for the improved stability of meiotic 

transcripts.  

In mammalian meiosis, chromosomes that fail to undergo synapsis and 

recombination are subject to a surveillance mechanism termed meiotic silencing of 

unsynaped chromatin (MSUC) (Hirota et al., 2018; Turner, 2007). MSUC is triggered 

by either persistent DNA damage or asynapsis and deprives germ cells of critical 

transcripts via a megabase-scale chromatin remodeling process. Meiotic silencing is 

also responsible for the inactivation of the asynapsed regions of the X and Y 

chromosomes, which can only pair and form crossovers at the ~1 Mb 

pseudoautosomal region. Meiotic sex chromosome inactivation (MSCI) occurs as 

spermatocytes enter P and results in the compartmentalization of the XY 
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chromosomes into a heterochromatin rich nuclear subdomain known as the sex body. 

Disruption of MSCI induces mid-pachytene arrest of germ cells and can lead to 

meiotic infertility (Turner, Mahadevaiah, Ellis, Mitchell, & Burgoyne, 2006; Turner et 

al., 2004). However, it remained unknown whether XY chromatin was permissive to 

Pol II recruitment and initiation at select loci. Here, we demonstrate that the X and Y 

chromosomes maintained de novo transcription at substantially lower levels, if at all, 

when compared to the autosomes. Moreover, we confirmed the transcriptional 

repression of toxic sex-linked genes known to be silenced by MSCI, namely Slx, Zfy1, 

and Zfy2, using leChRO-seq data. Our differential expression analysis identified only 

20 DE X-linked genes (0.8% of all X-linked genes), which were enriched for 

functional categories related to housekeeping cellular processes. In agreement with our 

results, single cell RNA-seq analysis of the human testis detected 29 X-linked DE 

genes, with 13 belonging to the Cancer-Testis Antigen Gene (CTAG) family (Fan et 

al., 2021). Of note, we were unable to detect significant expression of X-linked 

noncoding RNAs, suggesting that these loci are subject to MSCI as previously 

demonstrated by Royo et al., 2015 (Royo et al., 2015). In addition, we found evidence 

of ZFP281 binding on the X chromosome distal from the TSSs of the X-linked DE 

genes presented herein. Given the role of ZFP281 as a transcriptional repressor of 

embryonic differentiation and retrotransposon activity, as well as its association with 

H3K9me3 chromatin, ZFP281 is a compelling candidate as a regulator of MSCI (Dai 

et al., 2017; Fidalgo et al., 2011). Indeed, these findings represent a valuable resource 

for further investigation into the regulatory programs underlying MSCI initiation as 

well as escape. 
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The programmed formation of hundreds of DNA double-strand breaks (DSBs) 

is essential for initiating meiotic recombination and ensuring proper fertility (Gray & 

Cohen, 2016). In mice and humans, the designation of meiotic DSBs is catalyzed by 

the coordinated activities of PRDM9 and SPO11 (Cohen, Pollack, & Pollard, 2006; 

Gray & Cohen, 2016). PRDM9 is a histone methyltransferase that generates 

H3K4me3 and H3K36me3 near its binding sites and creates a permissive chromatin 

environment for the recruitment of proteins required for DSB formation, namely 

SPO11 (Diagouraga et al., 2018; Grey et al., 2018; Lange et al., 2016). More recently, 

PRDM9 binding motifs and, consequently, sites of meiotic recombination were shown 

to be more strongly associated with euchromatin within intragenic regions (Patel et al., 

2019). DSB initiation and recombination are clearly influenced by chromatin 

accessibility and differential PRDM9 binding activity (Patel et al., 2019), however, 

little is known about the activity of Pol II at these sites. To further explore the control 

of gene expression at DNA DSBs and recombination hotspots, we overlaid our 

profiles of chromatin accessibility and nascent transcription with previously published 

maps of SPO11 and PRDM9 binding in C57Bl/6 males. In particular, we found that 

PRDM9 and SPO11 binding sites co-occur in regions of accessible chromatin, yet 

maintain limited levels of transcription. Interestingly, previous studies of DNA 

damage repair (DDR) in somatic cells reported a mechanism for coupling between 

DDR signaling and Pol II pause release (Bunch et al., 2015; S. Singh et al., 2020). In 

this model, stalled Pol II at sites of DNA lesions is hypothesized to elicit the DDR 

pathway through its association with TRIM28, γH2AX, and ATM (Bunch et al., 

2015). Certainly, given PRDM9’s binding preference at actively transcribed genes, 
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transcription-coupled DNA damage repair during mammalian meiotic recombination 

makes for an exciting future research direction. 

In summary, we report the first comprehensive profiling of Pol II occupancy 

genome-wide in prophase I spermatocytes. Our study directly demonstrates the global 

presence of paused Pol II at the TSSs of highly expressed genes in early prophase I, 

thus providing a mechanism for the temporal control of transcription during 

spermatogenesis. We examined active cis-regulatory elements and identified multiple 

TF pathways coordinating the massive transcriptional activation observed in P. Our 

leChRO-seq data also revealed that transcriptional overload is a characteristic feature 

of meiosis and may be responsible for the increased rates of AS transcripts unique to 

the testis. Furthermore, our observations of dynamic gene expression during prophase 

I provide new insights into the regulation of key meiotic events, such as MSCI 

initiation and escape as well as DSB repair. Indeed, these data represent an essential 

resource for the discovery of previously unknown regulatory elements and TFs 

coordinating the developmental transitions of spermatogenesis and ensuring successful 

male fertility.  
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CHAPTER 3 

 
INVESTIGATING THE TRANSCRIPTIONAL ROLE OF BRDT DURING 

PROPHASE I WITH SMALL MOLECULE INHIBITION BY JQ1 

The results presented in this chapter are part of a preliminary study to 

investigate the transcriptional role of BRDT during spermatogenesis and are not 

ready for publication. Further studies exploring the effects of small molecule 

inhibition with the pan-BET inhibitor, JQ1, are ongoing. Dr. Jelena Lujic and 

graduate students Leah Simon and Stephanie Tanis are currently investigating the 

effects of multiple BRDT inhibitors, including JQ1, on sperm production for potential 

use as a male contraceptive. Dr. Jelena Lujic, Leah Simon, and Stephanie Tanis are 

collaborating with Dr. Martin Matzuk from Baylor College of Medicine to assess the 

effects of BRDT inhibition on the transcriptome of the male germline. The findings I 

describe here provided impetus for their rigorous testing of BET inhibitors as novel 

male contraceptive agents. 

INTRODUCTION 

In the preceding chapter, I demonstrated that RNA Polymerase II (Pol II) 

pausing in leptonema and zygonema is strongly associated with the rapid and 

synchronous activation of gene induction in pachynema. Given the functional 

association of BRDT with the negative elongation factor (NELF) and positive 

transcription elongation factor b (PTEF-b) complexes (Lambert et al. 2019), I 

hypothesized that Pol II pause-release in pachynema is regulated in part by the 

coordinated activities of BRDT (Fig. 1). Here, I provide preliminary evidence that 
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BRDT inhibition with the pan-BET inhibitor, thienodiazepine (+)-JQ1, significantly 

alters meiosis and impairs spermatogenesis. These results demonstrate that BRDT 

plays an important role in exerting transcriptional regulation during prophase I and 

regulating transcriptional silencing of the sex chromosomes in pachynema. Future 

studies will investigate the effects of Brdt ablation on the global release of paused Pol 

II and identify members of BRDT-containing complexes in pachytene spermatocytes. 

 

 
Figure 1. Model for the role of BRDT in exerting transcriptional regulation of 
meiotic genes during prophase I. The transcription start site (TSS) is labelled with 
an arrow; nucleosomes are shown in teal; and nascent RNA is depicted in dark red. 
Through an extensive literature search, I hypothesize that BRDT regulates 
transcription during prophase I in a multi-step process: i) BRDT gains access to 
promoters via its first bromodomain, which recognizes acetylated histones; ii) BRDT 
engages P-TEFb at sites of paused RNA Polymerase II, releasing paused Pol II into 
elongation in pachynema; and iii) BRDT recruits transcriptional co-repressors and 
directs heterochromatin formation at active loci in diplonema, when nascent 
transcription and chromatin accessibility is significantly downregulated. I will test the 
hypothesis that BRDT activity regulates gene expression during prophase I using the 
pan-BET inhibitor JQ1.    
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Like other members of the double bromodomain and extra-terminal (BET) 

family of adaptor proteins, BRDT is an epigenetic “reader” with diverse roles in 

regulating transcription by Pol II (Her et al., 2021). Mammals possess four BET 

proteins, BRD2, BRD3, BRD4, and BRDT, each of which contains a pair of tandem 

N-terminal bromodomains (BD1 and BD2) which bind acetylated lysine residues on 

histone and non-histone proteins; an extra-terminal domain that mediates protein-

protein interactions; and a C-terminal domain that is unique to each member of the 

protein family (Berkovits & Wolgemuth, 2013). BRD2 modulates transcription of cell 

cycle regulatory genes by acting as a scaffold for the TATA-binding protein (TBP) 

and E2F (Denis, Vaziri, Guo, & Faller, 2000; Guo, Faller, & Denis, 2000; Peng et al., 

2007). Similarly, BRD3 recognizes multi-acetylated GATA1 via its BD1 and regulates 

expression of GATA1-controlled genes (Lamonica et al., 2011). BRD4, unlike BRD2 

and BRD3, encodes a long carboxyl-terminal domain (CTD) after its extra-terminal 

domain and acts as a transcriptional activator by binding to the positive transcription 

elongation factor b (P-TEFb) via its CTD (Jang et al., 2005). The CTD of BRDT was 

also found to interact with the P-TEFb components, cyclin T1 and Cdk9, and may 

function similarly to BRD4 (Bisgrove et al. 2007; Lambert et al. 2019).  

Unique among the mammalian BET protein family, BRDT is expressed 

exclusively in the testis, specifically in pachytene and diplotene spermatocytes and 

round spermatids (Fig. 2) (Berkovits & Wolgemuth, 2013; Her et al., 2021; Jones, 

Numata, & Shimane, 1997; Shang et al., 2004). Genome-wide association studies have 

identified polymorphisms in Brdt that are significantly associated with azoospermia in 

humans (Barda et al., 2014; L. Li et al., 2017; Plaseski, Noveski, Popeska, Efremov, & 
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Plaseska-Karanfilska, 2012; Zhang et al., 2015). Genetic studies in male mice have 

shown that loss of the BD1 domain of BRDT results in defective spermiogenesis with 

impaired nuclear compaction in spermatids (Berkovits & Wolgemuth, 2011; Kim et 

al., 2020; Shang, Nickerson, Wen, Wang, & Wolgemuth, 2007). Furthermore, 

complete ablation of Brdt induces arrest in meiotic cells and confers sterility in mice 

(Manterola et al., 2018). BRDT is known to control the expression of over 3000 genes 

during male germ cell differentiation, of which 1864 were downregulated and 1153 

were upregulated in the absence of BRDT (Gaucher et al., 2012). The role of BRDT in 

later stages of spermatogenesis has been well described: the first bromodomain of 

BRDT is essential for the hallmark feature of spermatids, namely the global 

replacement of hyperacetylated histones with transition proteins (Berkovits & 

Wolgemuth, 2011; Dhar, Thota, & Rao, 2012; Pivot-Pajot et al., 2003; Shang et al., 

2007). Other studies in mice have also shown that BRDT regulates translation by 

serving as a component of the spliceosome and modulating 3’-untranslated region (3’-

UTR) processing in spermatocytes and round spermatids (Berkovits, Wang, Guarnieri, 

& Wolgemuth, 2012). Loss of BRDT also affects the normal chromatin organization 

of spermatocytes, length of the synaptonemal complex (SC) of autosomes, and 

formation and distribution of crossovers during pachynema(Manterola et al., 2018). 

Taken together, these data demonstrate that BRDT is an essential regulator of male 

meiosis and the formation of spermatozoa in mammals. 
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Figure 2. Expression of bromodomain (BD) genes in the mouse testis. Single cell 
RNA-seq analysis showing expression of Brdt predominantly in spermatocytes 
(Sycp3-marked). Brd2, Brd4, and Brwd1 are strongly expressed in spermatogonia 
(Dmrt1-marked) and spermatocytes. Brd3 mRNA is found in all stages of 
spermatogenesis, including post-meiotic spermatids (Tnp1-marked). Data adapted 
from Grive et al (2019). Future studies will confirm the localization patterns of BD 
proteins in the testis.
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Recent studies of BRDT-containing complexes have shown that BRDT recruits 

chromatin remodelers to active promoters to suppress transcriptional activity during 

male meiosis (Manterola et al., 2018). BRDT recognizes acetylated histones through 

BD1, but not BD2 (Morinière et al., 2009), and recruits known transcriptional 

repressors (Wang & Wolgemuth, 2016), such as TRIM28, a transcriptional 

corepressor which acts as a scaffold for heterochromatin-inducing factors (Bunch & 

Calderwood, 2015); HDAC1, a class I histone deacetylase associated with 

transcriptional repression (Hassig et al., 1998); and PRMT5, an arginine-specific 

histone methyltransferase that mediates symmetrical demethylation of arginine 3 on 

histone H2A and H4 tails (Stopa, Krebs, & Shechter, 2015). There are 26 known 

interactors shared between all BET proteins, however, TRIM28, HDAC1, and PRMT5 

are unique to BRDT (Cheung, Kim, & Zhou, 2021; Lambert et al., 2019). Depletion of 

BRDT causes defects in both the localization of repressive histone modifications, 

including γH2AX and H3K9me3, and removal of markers of active transcription, such 

as H3K9ac, from the sex body in pachytene and diplotene spermatocytes (Manterola et 

al., 2018). However, beyond the essential role for BRDT in meiosis and in 

spermiogenesis, little is known about the key transcriptional changes that are mediated 

by BRDT as part of these critical functions. 

Studies by the Matzuk group, and others, have demonstrated that the small 

molecule inhibitor of BET proteins, thienodiazepine (+)-JQ1 (hereafter referred to as 

JQ1), can reversibly impair male fertility, presumably through the action of this drug 

on BRDT (Matzuk et al., 2012; Yu et al., 2021). JQ1 competitively inhibits the acetyl-

lysine binding module of the BD1 domain of BRDT with high ligand efficiency. 
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Administration of JQ1 was shown to inhibit BRDT function in spermatocytes, 

resulting in reduced sperm counts, sperm motility, and testis weights, in male mice 

injected daily. The inhibitory effects of JQ1 are recovered once the drug is removed, 

suggesting that BRDT inhibition confers a reversible contraceptive effect in males 

(Matzuk et al., 2012). Importantly, JQ1 also exhibits high testicular bioavailability 

(AUCtestis/AUCplasma = 259%) without affecting testosterone or luteinizing hormone levels 

in male mice (Matzuk et al., 2012). Given that JQ1 administration results in the 

targeted depletion of male germ cells expressing BRDT without altering hormone-

dependent processes (Matzuk et al., 2012), JQ1 is an attractive pharmaceutical agent 

for studying the effects of BRDT inhibition on the development of spermatozoa.  

Inhibition of BRDT is emerging as a novel and promising contraceptive 

method, however, a precise understanding of the diverse roles of BRDT during 

spermatogenesis is essential for future clinical translation. In this study, I used JQ1 to 

investigate the phenotypic effects of BRDT inhibition on meiotic disruption and 

potential recovery following drug withdrawal in male C57Bl/6 and DBA/2J mice. I 

report that small molecule inhibition of BRDT with JQ1 results in a time-dependent 

inhibitory effect on sperm production and meiotic progression. JQ1 treatment results 

in the targeted depletion of post-meiotic male germ cells, reduced sperm motility, and 

abnormal sperm morphology. I show here that loss of BRDT function interferes with 

SC architecture and meiotic sex chromosome inactivation during prophase I. This 

study demonstrated that JQ1 administration reversibly disrupts meiosis, but not sperm 

development, following a 4-week recovery period. These findings indicate that BRDT 

plays an important role in maintaining the diverse chromatin environment during 
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prophase I and provide a framework to better understand the consequences of BET 

inhibition during spermatogenesis. 

MATERIALS AND METHODS 

Care and use of experimental animals 

The experiments described herein used mice on the C57Bl/6J and DBA/2J 

backgrounds, obtained from Jackson Laboratories. Male mice on the C57Bl/6J 

background were 9 weeks old and males on the DBA/2J background were 6 weeks old 

at the time of experiments. All mice were housed under strictly controlled conditions 

of temperature and light:day cycles, with food and water ad libitum. All mouse studies 

were conducted with prior approval by the Cornell Institutional Animal Care and Use 

Committee, under protocol 2004-0063. 

Generation of Brdt null mice 

For a detailed description of the methods used to generate and validate the Brdt 

null mouse line, please refer to the Appendix. A Brdt-/- founder was used to validate 

the mouse anti-BRDT antibody (SC-515674) shown in Fig. 3. 

JQ1 dosage and injections 

JQ1 dosage followed the original study by Matzuk et al. (2012). Briefly, JQ1 

sourced from Sigma Aldrich or AdooQ Bioscience was first dissolved in DMSO at an 

initial concentration of 50 mg/ml and then diluted 1:10 in 10% (2-Hydroxypropyl)-β-

cyclodextrin. This mixture was injected intraperitoneally (i.p.) into male mice at 1% of 

their body weight for 1, 3, or 7 weeks for mice on the C57Bl/6J background and 3 

weeks on the DBA/2J background. Two different mouse strains were used to 

determine whether JQ1 treatment produced a strain-dependent effect on phenotype 
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severity. Control animals received a similar i.p. daily injection of DMSO dissolved 

1:10 in 10% (2-Hydroxypropyl)-β-cyclodextrin. Both control and treatment mice were 

weighed daily prior to injections and doses were adjusted accordingly. Three mice 

were used for each of the three treatment and three control groups.  

Chromosome spreading and immunofluorescence staining 

Prophase I chromosome spreads and immunofluorescent staining for Brdt-/- 

founder male (n =1) and JQ1 treated mice were prepared as previously described by 

Holloway et al. (2014). Testis tubules were incubated in hypertonic elution buffer 

(30mM Tris-HCl pH 7.2, 50 mM sucrose, 17 mM trisodium dehydrate, 5 mM EDTA, 

0.5 mM DTT, 0.1 mM PMSF, pH 8.2-8.4) for one hour. Small sections of tubules 

were minced in 100 mM sucrose solution and spread onto 1% Paraformaldehyde, 

0.15% Triton X-100 coated slides. Slides were incubated in a humid chamber for 2.5 

hours at room temperature. Slides were dried for 30 minutes, washed in 0.4% Photoflo 

(KODAK, Geneva NY) diluted in PBS (800 ml in 200 mL PBS), 0.1% Triton X-100 

diluted in PBS (1 mL and 199 mL PBS) and blocked in 10% antibody dilution buffer 

(ADB:3% bovine serum albumin, 0.05% Triton in 1 x PBS) diluted in PBS (20 mL 

and 180 mL). Primary antibodies used included rabbit-anti-SYCP3 (custom-made; 

Kolas et al., 2005), mouse anti-BRDT 1:50 (SC-515674), mouse-anti-RNA Pol II 

(Millipore Sigma #05-623), rat-anti-RNA Pol II Ser2P (Millipore Sigma # 04-1571), 

rat-anti-RNA Pol II Ser5P (Millipore Sigma #04-1572), mouse anti-γH2AX 1:10000 

(EMD Millipore 05-636), rabbit-anti-SYCP1 (Abcam #ab15090), mouse-anti-SYCP3 

(Abcam #ab97627), rabbit-anti-H3K9me3 (Sigma-Aldrich #07-442), and rabbit-anti-

acetylated lysine (Cell Signaling Technology #94415). Primary antibodies were 
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diluted in antibody dilution buffer, spread across the surface of the slide, and 

incubated at room temperature overnight. Slides were washed for 10 minutes each in 

0.4% Photoflo, 0.1% Triton X, and 10% antibody dilution buffer. Alexafluor™ 

secondary antibodies (Molecular Probes Eugene OR, USA) were used for 

immunofluorescent staining at 37°C for one hour. Secondary antibodies were diluted 

in antibody dilution buffer and spread in a similar fashion to the primary antibodies. 

Slides were washed as previously described, dried, and mounted with Prolong Gold 

antifade (Molecular Probes) with DAPI. All secondary antibodies were raised 

specifically against Fc fraction, Fab-fraction purified and conjugated to Alexafluor 488 

or 594. 

Sperm capture methods 

Swim up sperm collection. Swim up sperm count is correlated with fertility, sperm 

motility, and semen quality (Parrish & Foote, 1987). Swim up sperm collection for 

mice on the DBA/2J background treated with JQ1 or vehicle control was performed 

similarly to Ricci et al. (2009) with minor modifications. Briefly, sperm were collected 

from the cauda epididymis by allowing sperm to swim out into pre-warmed TYH 

media for 1 hr. The sperm were then collected and gently pelleted in a 15 mL Falcon 

tube before adding 4% BSA in DMEM. Sperm were then incubated at 37°C at a 45° 

angle for 4 hours and the top 500 µl was collected as swim up sperm. The remaining 

sperm were classified as non-swim up sperm. Dilutions of swim up and non-swim up 

sperm were made to a 1:10 concentration in 10% neutral buffered formalin and stored 

at 4˚C until counting was performed using a hemocytometer. Morphology of swim up 

and non-swim up sperm were analyzed by sperm smears.  
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Total epididymal sperm collection. The caudal epididymides of adult mice treated 

with JQ1 or vehicle control were transferred and dissected into sperm count media 

(4% BSA in 1 x PBS). The samples were incubated at 30˚C for 30 minutes in order to 

allow sperm to swim out into the media. Dilutions were made to a 1:10 concentration 

in 10% neutral buffered formalin and stored at 4˚C until counting was performed using 

a hemocytometer. Morphology of total epididymal sperm was analyzed with sperm 

smears.  

Sperm smears. 20 µl of swim up sperm, non-swim up sperm, or total epididymal 

sperm were added to 240 µl of 4% paraformaldehyde (PFA), spread on a glass slide, 

and air dried for 6 hours at room temperature. Slides were stored at 4°C until use. 

Slides were washed in PBS and stained with DAPI. 

Image acquisition  

Images were acquired using a Zeiss Axiophot Z1 microscope attached to a cooled 

charge-coupled device (CCD) Black and White Camera (Zeiss McM). The images 

were captured and pseudo-colored by means of ZEN 2 software (Carl Zeiss AG, 

Oberkochen. Germany). Brightness and contrast of images were taken into account by 

adjustments using ImageJ (National Institutes of Health, USA) and Adobe Photoshop. 

Exposure time was consistent between antibodies, cells, and mice.  

FIJI ImageJ macro script for BRDT fluorescence intensity measurements 

A FIJI macro script was created using the available tools in FIJI. Images were in .czi 

file format, with DAPI in blue; SYCP3 in green; and BRDT in red. Intensities of 

DAPI and BRDT were determined using Otsu’s thresholding; BRDT signal intensity 

was normalized to DAPI signal intensity to account for the DNA content of each cell. 
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The script used was as follows: 

  dir=getDir("Choose the directory containing czi files"); 

outfile=substring(dir,0,dir.length-1); 

outfile=outfile+".txt"; 

files=getFileList(dir); 

  run("Set Measurements...", "mean limit redirect=None decimal=2"); 

  //Array of averages for each channel 

Dave=newArray(3); 

fp=File.open(outfile); 

  for (k = 0; k < files.length; k++) { 

run("Bio-Formats", "open=["+dir+files[k]+"] color_mode=Grayscale quiet 

view=Hyperstack stack_order=XYCZT"); 

            for (i = 0; i < 3; i++) { 

                        Stack.setPosition(i+1,1,1); 

                        setAutoThreshold("Otsu dark"); 

                        run("Measure"); 

                        Dave[i]=getResult("Mean"); 

                        } 

            print(fp,files[k]+"\t"+Dave[0]+"\t"+Dave[1]+"\t"+Dave[2]); 

            close(); 

            }  

File.close(fp); 
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FIJI ImageJ macro script for measuring chromosome length with SYCP1 

An Image J macro script was created to measure the length of the synaptonemal 

complex using the available tools in ImageJ. Images were in .czi file format, with 

SYCP3 in green and SYCP1 in red. The length of the central element of the 

synaptonemal complex, inferred from SYCP1, was measured in pachytene staged 

cells. The script used was as follows: 

  //input:chosen directory in which czi files are located 

//output: data.txt in the same directory with fname, roi#, length (tab 

delineated), 

//and roi.zips for each image 

  //User adjustable paramaters 

alpha=0.8; //Number of standard deviations above the median for the threshold 

cw=0.9; //Average chromosome width for translating perimeter to length 

mcs=2.0; //Min chromosome area (in image units) for filtering out noise 

  

dir=getDir("Choose Directory in which data files are stored"); 

print(dir); 

files=getFileList(dir); 

fp=File.open(dir+"data.txt"); 

print(fp, "fname\troi#\tlength"); 

for (k = 0; k < files.length; k++) { 

               iCzi=indexOf(files[k],".czi"); 

               if (iCzi != -1) { 
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                               fname=substring(files[k],0,iCzi); 

                    run("Bio-Formats", "open="+dir+files[k]+" 

color_mode=Composite"); 

                               run("Split Channels"); 

                               close("\\Others"); 

                               run("Unsharp Mask...", "radius=20 mask=0.9"); 

                               med=getValue("Median"); 

                               stdev=getValue("StdDev"); 

                               thresh=med+alpha*stdev; 

                               maxBD=bitDepth(); 

                               maxBD=Math.pow(2,maxBD)-1; 

                               setThreshold(thresh, maxBD); 

                               run("Convert to Mask"); 

                               run("Analyze Particles...", "size="+mcs+"-Infinity exclude clear 

add"); 

                               roiManager("Save", dir+fname+".zip"); 

                               nroi=roiManager("count"); 

                               for (i = 0; i < nroi; i++) { 

                                              roiManager("select", i); 

                                              perim=getValue("Perim."); 

                                              len=(perim-PI*0.9)/2.0; 

                                              print(fp, fname+"\t"+i+1+"\t"+len); 

                                              roiManager("deselect"); 
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                                              } 

                               close(); 

                               } 

               } 

               File.close(fp); 

               run("Close"); 

 Statistical analysis 

Statistical analyses were completed using GraphPad Prism version 6.0 for 

Macintosh (GraphPad Software, San Diego California USA, www. graphpad.com). 

Mann-Whitney tests were performed to determine statistical significance. Mean values 

were presented ± standard deviation (SD) and alpha values were established at 0.05. 

All statistical analyses performed utilized two-sided tests. 

RESULTS 

Localization of BRDT on meiotic chromosome spreads from mouse 

spermatocytes 

Previous studies have demonstrated that Brdt expression is robust throughout 

prophase I in the mouse (Manterola et al., 2018). Indeed, Manterola et al. (2018) 

demonstrated the pattern of BRDT protein localization beginning in early pachynema 

and persisting through diplonema. Here, we sought to determine the specificity of a 

commercially available BRDT antibody (SC-515674) on meiotic chromosome spreads 

from WT and Brdt null male mice. To do this, we examined the spatiotemporal 

localization of BRDT in prophase I spermatocytes using fluorescence imaging (Fig. 

3). We found strong BRDT signal uniformly distributed throughout the nuclei of WT 
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pachytene and diplotene spermatocytes (Fig. 3A-D, F-I). Specifically, BRDT 

colocalization with the SC is more apparent in pachynema and becomes more equally 

distributed throughout the nucleus in diplonema. BRDT signal was detected along the 

axes of the X and Y chromosomes in pachynema and diplonema. Immunodetection of 

BRDT was lost in the Brdt null founder male (Fig. 4E and J), indicating the specificity 

of the anti-BRDT antibody. Similarly to Manterola et al. (2018), we observed strong 

BRDT signal on autosomal chromatin and weak BRDT signal at the X and Y 

chromosomes.  
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Figure 3.  Localization of BRDT on meiotic chromosome spreads from WT and 
BRDT-/- mouse spermatocytes. A-D; F-I) Immunolocalization of BRDT (red), 
SYCP3 (green) and DAPI (blue) in WT pachytene and diplotene spermatocytes. E; J) 
Immunolocalization of BRDT (red), SYCP3 (green), and DAPI (blue) in Brdt-/- 
pachytene and diplotene spermatocytes. BRDT protein is undetectable in null 
spermatocytes. The X and Y chromosomes are outlined in white (D, I) BRDT signal is 
diffuse throughout the nucleus in both pachynema and diplonema. (n=40 images)
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Small-molecule inhibition of BRDT by JQ1 results in reduced testis size and poor 

sperm quality 

We used two commercially available sources for JQ1, Sigma Aldrich and 

AdooQ, to investigate the transcriptional role of BRDT during prophase I. The two 

sources were used because the supply of JQ1 offered by Sigma Aldrich was limited. 

Since use of the AdooQ JQ1 is not published in the scientific literature, we performed 

an immunofluorescence analysis to quantitatively measure JQ1 (AdooQ) inhibition of 

BRDT during prophase I (Fig. 4). Immunofluorescence imaging showed significant 

depletion of BRDT signal in pachytene spermatocytes between control and JQ1 

(AdooQ) treated males after 3 weeks (Fig. 4; p-value < 0.05). This result was similar 

to that observed with the Sigma Adrich JQ1 drug, indicating similar efficacy between 

the drug sources.  

Having confirmed that the JQ1 from both Sigma Aldrich and AdooQ 

effectively target BRDT, we next sought to investigate the effects of JQ1 treatment 

and withdrawal on progression of prophase I, along with the outcomes for testis 

weights, sperm counts, and sperm morphology. After drug or vehicle treatment, mice 

were sacrificed and testis weights, sperm counts, sperm morphology, and meiotic 

progression were assessed.  
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Figure 4.  Localization of BRDT on meiotic chromosome spreads from control 
and JQ1 (AdooQ) treated DBA/J2 male mice. Immunolocalization of BRDT (red), 
SYCP3 (green) and DAPI (blue) in pachytene spermatocytes from control (A) and 
JQ1 (AdooQ) treated mice (B). C) Quantification of BRDT signal intensity in 
pachytene spermatocytes. BRDT detection is significantly lower in JQ1 (AdooQ) 
treated spermatocytes (p < 0.05). 
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JQ1 (Sigma Aldrich) administration did not significantly affect testis weight 

between treatment and control mice within the 1-, 3-, and 7-week groups (p-value > 

0.05; Fig. 5A). By contrast, all JQ1 (AdooQ) treated males demonstrated a significant 

reduction in testis volume compared to vehicle treated mice (p-value < 0.001; Fig. 

5B). With daily injections of JQ1 (AdooQ), males treated for 3 weeks demonstrated a 

reduction in testis weight of 74.4% of control (Control: 0.43 testis weight as percent of 

body weight; JQ1 (AdooQ) treatment: 0.32 testis weight as percent of body weight; 

Fig. 5B).  

 

 
Figure 5. BRDT inhibition with the testis-permeable small molecule, JQ1, results 
in reduced testis size. A) Testis weights for 1-, 3-, and 7-week C57Bl/6 treatment 
groups injected with JQ1 (Sigma Aldrich). Testis weights were not significantly 
different from controls after 1, 3, and 7 weeks of treatment (p > 0.05). B) Testis 
weights for DBA/2J male mice treated with JQ1 (AdooQ) for 3 weeks. Testis weights 
were significantly lower compared to controls (p < 0.01). 
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Further, epididymal sperm counts were performed to determine the effect of 

JQ1 or vehicle treatment on sperm production (Fig. 6). Sperm number was 

significantly reduced to 35.2% (Sigma Aldrich) and 58.0% (AdooQ) of control after 3 

weeks of treatment and 30.2% of control after 7 weeks of 50 mg/kg daily exposure (p-

value < 0.05; Fig. 6A-B). Analysis of sperm motility after 3 weeks of JQ1 (AdooQ) 

injections using the swim up method revealed a significant decrease in the number of 

non-swim up sperm (41.9% of control) and swim-up sperm (54.9% of control) (p-

value < 0.05; Fig. 6C-D).  

Moreover, following 4 weeks of drug removal, testis weight and swim up 

sperm number significantly recovered when compared to control (Fig. 5B; Fig. 6D). 

However, total sperm and non-swim up sperm numbers did not return to pre-treatment 

levels after the recovery period (p-value < 0.05; Fig. 6B-C). Thus, daily treatment with 

JQ1 significantly reduced testis volume, sperm numbers, and sperm motility and 

conferred a prolonged contraceptive effect even after a 4-week recovery period.  
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Figure 6. Effect of JQ1 treatment on sperm count and motility in C57Bl/6 and 
DBA/2J male mice. A) Sperm counts for 1-, 3-, and 7-week C57Bl/6 treatment 
groups injected with JQ1 (Sigma Aldrich). Males treated with JQ1 for 3 and 7 weeks 
showed significantly reduced sperm counts compared to controls (p < 0.05). B-D) 
Sperm counts for total sperm, non-swim up sperm, and swim up sperm for DBA/2J 
mice injected with JQ1 (AdooQ) for 3 weeks. Counts for total sperm, non-swim up 
sperm, and swim up sperm were significantly reduced compared to controls (p < 0.05).
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Based on the observed reduction in sperm motility, we further examined the 

phenotypic consequences of JQ1 administration on sperm morphology. DAPI-stained 

sperm smears obtained from DBA/2J male mice injected with control solution or JQ1 

(AdooQ) for 3 weeks were imaged using fluorescence microscopy, and any observed 

abnormalities were scored (Fig. 7A-B). Bent and misaligned sperm tails were the most 

frequent abnormality observed in males treated with JQ1 (AdooQ) (Fig. 7B). Total 

sperm and non-swim up sperm from JQ1 (AdooQ) treated males showed a significant 

increase in abnormal morphology after 3 weeks of treatment (68.4% of total sperm in 

JQ1 treated males vs 31.7% for control; 55.6% of non-swim up sperm in JQ1 treated 

males vs. 37.5% for control) (p < 0.05; Fig. 7C-D). Swim up, and hence motile, sperm 

from JQ1 treated males showed similar levels of abnormal and normal morphology as 

sperm from control mice (30-40% abnormal sperm; Fig. 7E).  

To evaluate the reversibility of the JQ1-induced defects in sperm tail 

formation, we also examined sperm morphology after JQ1 treatment was ceased (Fig. 

7C-E). We found that abnormal sperm tail morphology persisted after the 4-week 

recovery period, indicating a lasting effect of JQ1 on sperm development (p-value < 

0.05; Fig. 7C).  

 

 

 

 

 

 



 

126 

 
Figure 7. BRDT inhibition with JQ1 affects normal sperm morphology in 
DBA/2J male mice. A-B) DAPI-stained sperm smears obtained from DBA/2J male 
mice injected with control solution (A) or JQ1 (AdooQ) (B) for 3 weeks. Bent and 
misaligned sperm tails were the most frequently observed phenotype in mice treated 
with JQ1. C-E) Quantification of abnormal sperm morphology from total sperm (C), 
non-swim up sperm (D), and swim up sperm (E). Total sperm and non-swim up sperm 
demonstrated a significant increase in the proportion of bent and misaligned sperm 
tails after 3 weeks of treatment (p < 0.05). Swim up sperm from JQ1 treated males had 
comparable levels of sperm with abnormal morphology to control mice. 
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BRDT inhibition disrupts meiotic sex chromosome remodeling and silencing  

During male meiosis, the X and Y chromosomes undergo transcriptional 

repression in a process known as Meiotic Sex Chromosome Inactivation (MSCI) (Abe 

et al., 2020). MSCI occurs in pachytene spermatocytes and is concomitant with the 

sequestration of the sex chromosomes into a heterochromatin-rich nuclear subdomain 

known as the sex body (Abe et al., 2020; Turner, 2007; Turner et al., 2004). 

Disruption of MSCI induces mid-pachytene arrest of germ cells and can lead to male 

infertility (Hirota et al., 2018; Modzelewski, Holmes, Hilz, Grimson, & Cohen, 2012; 

Turner et al., 2004). Loss of BRDT expression is known to alter sex body formation 

and MSCI maintenance, leading to aberrant synapsis and silencing of the X and Y 

chromosomes (Manterola et al., 2018). However, the effects of small molecule 

inhibition of BRDT on MSCI have yet to be evaluated in spermatocytes from JQ1 

treated mice. 

To examine the sex body morphology of JQ1 treated males, we investigated 

the localization of components important for maintaining sex body integrity and 

MSCI. To test this, we utilized a suite of antibodies (γH2AX, RNA Pol II, Ser2P) 

against essential regulators of MSCI. A fundamental role for the phosphorylation of 

H2AX in initiating meiotic silencing of the sex chromosomes is well established 

(Fernandez-Capetillo et al., 2003; Turner, 2007; Turner et al., 2004). γH2AX recruits 

TRIM28 and SETDB1 to catalyze the repressive histone mark H3K9me3 on the X and 

Y chromosomes (Hirota et al., 2018). Thus, γH2AX is essential for H3K9me3 

deposition and is critical for sex chromosome condensation and XY gene silencing 

(Hirota et al., 2018). Consequently, Pol II is excluded from the heterochromatic sex 
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body through pachynema to maintain transcriptional silencing of the sex chromosomes 

(Hirota et al., 2018).  

We first performed immunodetection of γH2AX on pachytene and diplotene 

spermatocytes from male mice treated with JQ1 for 1, 3, or 7 weeks (Sigma Aldrich 

for all treatment durations; AdooQ for only 3 weeks), or from male mice treated with 

JQ1 (AdooQ) for 3 weeks and then allowed to recover for 4 weeks before sacrifice. 

Pachytene spermatocytes from JQ1 (Sigma Aldrich and AdooQ) treated males 

displayed expanded γH2AX staining beyond the sex body after 3 weeks of dosage, 

indicative of silencing of the autosomes through meiotic silencing of unsynapsed 

chromatin (Figs. 8-9). Aberrant γH2AX localization was more severe in 

spermatocytes from C57Bl/6 males treated with JQ1 (Sigma Aldrich), however this 

localization was often associated with synapsed, and thus not silenced, autosomes (p < 

0.05; Fig. 8A-B, G). The localization of γH2AX during diplonema was restricted to 

the sex body in JQ1 (Sigma Aldrich) treated mice (data not shown), suggesting that 

pachytene cells exhibiting disrupted MSCI are eliminated early on.  

Consistent with γH2AX staining in spermatocytes from JQ1 treated males, 

BRDT inhibition resulted in a loss of Pol II exclusion from the sex body (Figs. 8 and 

10). A significant fraction of pachytene spermatocytes from males administered JQ1 

(Sigma Aldrich) for at least 3 weeks exhibit diffuse localization of Pol II and the 

transcriptionally active isoform of Pol II, Ser2P, within the sex body (Fig. 8C-F, H-I).  
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Figure 8.1. JQ1 (Sigma Aldrich) treatment for 1 week does not alter the 
localization of histone modifications or distribution of Pol II in spermatocytes 
from C57Bl/6 mice. Immunolocalization of SYCP3 (A-F), γH2AX (A-B), Pol II (C-
D), and Ser2P (E-F) in pachytene spermatocytes. γH2AX localizes to the sex body in 
treatment and control mice. Pol II and Ser2P signal is excluded from the sex body in 
treatment and control mice. G-I) There were no significant differences in the 
localization patterns of γH2AX, Pol II, and Ser2P in treatment versus control 
spermatocytes following 1 week of injections (p > 0.05).
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Figure 8.2. JQ1 (Sigma Aldrich) disrupts γH2AX and Pol II localization in 
pachytene spermatocytes after 3 weeks of treatment. Immunolocalization of 
SYCP3 (A-F), γH2AX (A-B), Pol II (C-D), and Ser2P (E-F) in pachytene 
spermatocytes. A-B) Spermatocytes from JQ1 treated mice display expanded γH2AX 
localization on the synapsed autosomes. C-F) Pol II and Ser2P are diffusely localized 
to the sex body in treatment mice. G-I) Quantification of disrupted γH2AX, Pol II, and 
Ser2P localization in spermatocytes from control and JQ1-treated mice (p < 0.05). 
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Figure 8.3. JQ1 (Sigma Aldrich) disrupts γH2AX and Pol II localization in 
pachytene spermatocytes after 7 weeks of treatment. Immunolocalization of 
SYCP3 (A-F), γH2AX (A-B), Pol II (C-D), and Ser2P (E-F) in pachytene 
spermatocytes. A-B) Spermatocytes from JQ1 treated mice display pseudo-sex body 
formation and expanded γH2AX localization at autosomal loci. C-F) Pol II and Ser2P 
signal is detectable on the sex chromosomes. G-I) After 7 weeks, pachytene 
spermatocytes from JQ1 treated mice displayed significantly altered γH2AX, Pol II, 
and Ser2P localization patterns compared to control mice (p < 0.05). 
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To assess the reversibility of the JQ1-induced disruption of MSCI, I examined 

whether meiotic silencing returned after JQ1 administration was halted (Figs. 9-10). 

Indeed, there was no significant difference in the percent of abnormal γH2AX (Fig. 

9C) or Pol II (Fig. 10C) localization between control and recovery groups treated with 

JQ1 (AdooQ) (p-value > 0.05). Taken together, these results suggest that BRDT 

inhibition by JQ1 reversibly disrupts meiotic sex chromosome condensation and 

transcriptional silencing. 

 

 
Figure 9. Small molecule inhibition of BRDT with JQ1 (AdooQ) reversibly 
disrupts the localization and incorporation of gH2AX at the sex body in 
pachytene spermatocytes from DBA/2J male mice. Immunolocalization of γH2AX 
(red) and SYCP3 (green) in control (A and C), treatment (B), and recovery (D) 
pachytene spermatocytes. γH2AX localization is restricted to the sex body in 
spermatocytes from control mice. γH2AX signal is expanded to the autosomes in 
JQ1treated mice but is restricted to the sex body in spermatocytes 4 weeks after 
removal of JQ1. (E) A two-fold higher percentage of JQ1 treated spermatocytes 
displayed abnormal γH2AX localization patterns than control spermatocytes (p > 
0.05). There was no significant difference in the percent of abnormal γH2AX between 
control and recovery groups (p > 0.05).  
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Figure 10. Removal of JQ1 (AdooQ) reverses MSCI disruption in pachytene 
spermatocytes from DBA/2J male mice. Immunolocalization of Pol II (red) and 
SYCP3 (green) in control (A and C), treatment (B), and recovery (D) pachytene 
spermatocytes. Pol II localizes to the autosomes and is excluded from the SB in 
control and recovery groups. Pol II is detected on the sex chromosomes of pachytene 
spermatocytes from JQ1 treated mice. (E) A two-fold higher percentage of JQ1 treated 
spermatocytes showed abnormal Pol II localization compared to spermatocytes from 
control and recovery groups (p > 0.05).
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JQ1 treatment alters the chromatin organization of pachytene spermatocytes  

The defects I observed in sex body formation and MSCI initiation prompted us 

to ask whether chromatin organization during pachynema was normal for the 

autosomes following JQ1 treatment. To test this, I measured the chromosome axis 

lengths in pachytene spermatocytes from control and 3-week JQ1 (AdooQ) treated 

males (Fig. 11). Chromosome length, measured by SYCP1 (Fig. 11A-D), is 

significantly reduced in pachytene spermatocytes from mice injected with JQ1 

compared to control autosomes (p-value < 0.001) (Fig. 11E). Autosomal axis lengths 

were recovered 4 weeks after treatment was halted (Fig. 11E). Importantly, I did not 

observe synapsis defects of the autosomes or sex chromosomes. These results indicate 

that depletion of BRDT alters the chromatin organization of the autosomes and 

influences the length of the chromosome axis during prophase I. 

 

 
Figure 11.  Depletion of BRDT results in a decrease in the length of the 
synaptonemal complex of autosomal chromosomes. Immunolocalization of SYCP1 
(red) and SYCP3 (green) in control (A and C), treatment (B), and recovery (D) 
pachytene spermatocytes. Inhibition of BRDT with JQ1 (AdooQ) does not affect 
synapsis of the autosomes or X and Y chromosomes. E) Chromosome length, 
measured by SYCP1, is significantly shorter in pachytene spermatocytes from mice 
injected with JQ1 (p < 0.001).   
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Manterola et al. (2018) demonstrated that Brdt-/- spermatocytes exhibit altered 

patterns of H3K9me3 and H3K9ac protein localization in later stages of prophase I. In 

mouse spermatocytes, H3K9me3 localizes to the pericentromeric heterochromatin of 

the autosomes and transcriptionally silenced sex chromosomes (Manterola et al., 

2018). In contrast, H3K9ac associates with transcriptionally active loci on the 

autosomes and is undetectable on the chromatin of the sex chromosomes (Manterola et 

al., 2018). In the current study, the localization of H3K9me3 and acetylated lysine 

(AcK) in pachytene spermatocytes was similar between control and JQ1 (AdooQ) 

treated males (Fig. 12). H3K9me3 signal was detected at sites of pericentromeric 

heterochromatin and within the sex body for both control and JQ1 treated mice (Fig. 

12A-D). In spermatocytes from control and JQ1 treated mice, AcK signal was diffuse 

throughout the nucleus, except at sites of pericentromeric heterochromatin (Fig. 12E-

H). These data suggest that BRDT inhibition by JQ1 was not sufficient to recapitulate 

the full Brdt null phenotype during prophase I. Further, these data suggest that the 

shortening of the chromosome axes in spermatocytes from JQ1 treated males is not 

associated with disturbances in H3K9me3 or AcK localization. 
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Figure 12. Inhibition of BRDT with JQ1 (AdooQ) does not affect the timing or 
localization of H3K9me3 deposition or lysine acetylation (AcK). 
Immunolocalization of H3K9me3 (red) and SYCP3 (green) in control (A and C), 
treatment (B), and recovery (D) pachytene spermatocytes. H3K9me3 signal is detected 
in pericentromeric heterochromatin (PH) and within the sex body for both control and 
JQ1 treated mice. Immunodetection of lysine acetylation (AcK; red) and SYCP3 
(green) in control (E and G), treatment (F), and recovery (H) pachytene spermatocytes. 
In spermatocytes from control and JQ1 treated mice, AcK9 signal is diffuse 
throughout the autosomes and sex body, except at sites of PCH.  
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DISCUSSION 

The testis-specific member of the double bromodomain and extraterminal 

(BET) protein family, BRDT, has been reported as one of the most critical factors 

involved in reprogramming the genome of the male germline (Berkovits & 

Wolgemuth, 2013). Through small molecule inhibition of BRDT by JQ1, I show that a 

loss of BRDT function results in defective MSCI and reduced SC length during 

meiotic prophase I. This leads to impaired meiotic progression in JQ1-treated mice, 

leading to reduced testis volume and sperm number. Pachytene spermatocytes from 

JQ1 treated males display expanded γH2AX staining beyond the XY pair, often 

associating with synapsed autosomes. Aberrant γH2AX localization also correlates 

with diffuse Pol II and Ser2P signal within the sex body. While these results suggest 

that BRDT inhibition with JQ1 disrupts silencing of the sex chromosomes, whether 

BRDT is directly or indirectly responsible for maintaining MSCI remains to be 

determined.  

  Although small molecule inhibition of BRDT produced a significant 

contraceptive effect in male mice, JQ1 administration was not sufficient to fully 

phenocopy Brdt null spermatocytes. Manterola et al. (2018) showed that ablation of 

Brdt resulted in a nearly 8-fold increase in TUNEL-positive pachytene spermatocytes 

compared to WT animals, in addition to complete sterility in male mice. Furthermore, 

BRDT was shown to be essential for synapsis of the sex chromosomes, the 

spatiotemporal localization of H3K9ac and H3K9me3 in pachynema, and the 

formation and distribution of crossovers (Manterola et al., 2018). Given that, in the 

current study, I did not observe male sterility, sex chromosome asynapsis, or 
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disturbances in H3K9me3 or AcK localization, my results suggest that JQ1 treatment 

for up to 7 weeks does not fully impair BRDT function in prophase I. While Matzuk et 

al. (2012) demonstrated significantly reduced testis weights in male mice following 3-

6 weeks of JQ1 administration, even greater reductions in testis weights and sperm 

numbers were observed after 9-12 weeks of treatment. Consequently, treatment 

periods longer than 3- and 7-weeks, with JQ1 administered twice daily (Matzuk et al., 

2012), may be required to achieve complete inhibition of BRDT. Though unlikely, I 

cannot exclude the possibility that other BET or bromodomain proteins may partially 

substitute for BRDT inhibition during this short period of time. 

This study demonstrates that small molecule inhibition of BRDT with JQ1 

reversibly disrupts meiosis, but not sperm production, following a 4-week recovery 

period. Drug removal restores testis weights, SC length, and sex chromosome 

silencing, however, sperm counts remain significantly lower in the recovery group 

compared to vehicle treated mice. Matzuk et al. (2012) further demonstrated that 

sperm numbers did not return to normal levels until 4 months after treatment was 

halted, suggesting that JQ1 administration results in extended periods of infertility 

following drug removal. While I conclude that inhibition of BRDT induces a 

reversible contraceptive effect in male mice, there are two features of JQ1 that limit its 

use as a viable contraceptive option. First, JQ1 is metabolized rapidly and requires 

extended treatment periods to achieve sperm depletion (F. Li et al., 2020). Second, 

JQ1 displays a higher binding affinity for the somatic members of the BET protein 

family, BRD2, BRD3, and BRD4 (Yu et al., 2021). Single cell RNA-seq analysis of 

all spermatogenic cell types revealed that BRD2, BRD3, and BRD4 are dynamically 
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expressed during spermatogenesis (Fig. 2). Recently, Yu et al. (2021) employed the 

DNA-encoded chemistry technology (DEC-Tec) platform to identify two highly 

selective inhibitors of BRDT, CDD-1102 and CDD-1302, that potently target BRDT-

BD2. Indeed, calculated binding constants (Kd) verified that CDD-1102 and CDD-

1302 have higher binding affinities for BRDT-BD2 than JQ1, however, their 

contraceptive potential has yet to be explored. 

Future studies will investigate the consequences of BRDT inhibition on 

transcriptional activity and gene expression in prophase I spermatocytes and round 

spermatids. Matzuk et al. (2012) found that multiple genes essential for male fertility 

were suppressed upon treatment with JQ1, suggesting that loss of BRDT function 

significantly alters the transcriptional program of male germ cells. Specifically, JQ1 

treatment affected expression of Ccna1 (pachytene spermatocytes), Msy2 (pachytene 

spermatocytes and post-meiotic germ cells), Plk1 (late prophase I spermatocytes), 

Aurkc (chromocenter clusters in diplotene spermatocytes), and Akap4 (post-meiotic 

germ cells) (Matzuk et al., 2012). Furthermore, BRDT was determined to be 

responsible for the regulation of 2,360 genes unique to meiotic and post-meiotic 

processes (Matzuk et al., 2012). Thus, in order to advance our understanding of BET 

inhibitors as potential contraceptive agents, it will be important to evaluate male germ 

cell specific transcriptional activity following drug administration.  
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CHAPTER 4 

 
CONCLUSIONS 

Conclusions 

Prophase I spermatocytes require extensive reprogramming to support not only 

meiotic differentiation, but also the transcriptionally silent stages of spermiogenesis 

(DeJong, 2006; Eddy, 1998; Geisinger, Rodríguez-Casuriaga, & Benavente, 2021; 

Hermann et al., 2018; Patel et al., 2019; Sassone-Corsi, 2002; Shima, McLean, 

McCarrey, & Griswold, 2004). Consequently, male prophase I cells have one of the 

most complex and diverse transcriptomes of all mammalian cell types (Soumillon et 

al., 2013). However, recent studies have only begun to characterize the patterns of 

transcription during prophase I (Grive et al., 2019; Hermann et al., 2018; Luo et al., 

2020; S. Suzuki, Diaz, & Hermann, 2019; M. Wang et al., 2018; Zhengpin Wang et 

al., 2019). Thus, my thesis research aimed to identify novel regulatory mechanisms of 

gene expression during meiotic prophase I in Mus musculus. Specifically, I asked what 

regulatory strategies dictate transcriptional initiation and elongation at 

spermatogenesis-related genes through prophase I. Furthermore, I sought to answer 

how meiotic chromosomes accommodate the transcription machinery in the context of 

key prophase I events, such as DNA double-strand break (DSB) formation, 

synaptonemal complex (SC) loading, and recombination.  

In this study, I hypothesized that promoter-proximal “stalling”, known as 

transcriptional pausing (Gilchrist et al., 2012), of Pol II is responsible for the 

spatiotemporal control of gene expression during prophase I. To determine how 
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transcription changes during meiosis in mouse, I analyzed both nascent transcription 

(leChROseq) and chromatin accessibility (ATAC-seq) during discrete prophase I 

substages: leptonema/zygonema, pachynema, and diplonema. I evaluated the critical 

role of Pol II pausing in representative mouse prophase I cells by characterizing the 

paused state of Pol II and profiling accessible chromatin at regulatory loci for meiotic 

and post-meiotic genes. Finally, through a combination of experimental and 

computational analyses, I provided direct evidence of the molecular mechanisms 

behind active transcription in prophase I spermatocytes and highlighted specific 

regulatory programs required for male germ cell differentiation.   

To evaluate the absolute degree to which nascent transcription differs between 

prophase I substages, I performed a nuclear run-on assay using radioactive 

[α32P]CTP. I found that the transcriptional activity of Pol II is nearly three times 

greater in pachynema than leptonema/zygonema and diplonema. Length extension 

chromatin run-on with sequencing (leChRO-seq) was employed to characterize 

genome-wide patterns of nascent transcription, identify clusters of differentially 

expressed (DE) genes, and classify regulatory element usage. I identified a genome-

wide pattern of promoter-proximal accumulation of transcriptionally engaged but 

paused Pol II in leptonema/zygonema prior to gene induction in pachynema. Since 

studies on the biological role of Pol II pausing have demonstrated that promoter-

proximal Pol II is preferentially enriched at developmental-control genes (Gaertner & 

Zeitlinger, 2014), I performed a gene ontology analysis on the cluster of genes with 

the highest pausing indices in early prophase I. Notably, genes exhibiting significant 

levels of paused Pol II were enriched in biological process categories with strong 



 

148 

relevance for transcriptional regulation, post-translational modification, cilium 

assembly, and meiotic cell cycle. Thus, I propose a model whereby Pol II is recruited 

to promoters of genes required for meiotic and post-meiotic processes in 

leptonema/zygonema to enable the rapid and synchronous activation of gene 

expression in pachynema. 

During the course of my studies, my analysis of leChRO-seq data revealed 

essential transcription factors (TFs) exerting transcriptional control during prophase I. 

These TFs were identified using rtfbsdb (Zhong Wang, Martins, & Danko, 2016) for 

DE TREs identified by dREG (Zhong Wang, Chu, Choate, & Danko, 2019). I 

discovered 38 unique TF binding motifs with a significant FDR threshold (p-value < 

0.05), which were then classified into 13 distinct groups based on DNA-binding 

specificities and TF family. This analysis resulted in the significant enrichment of six 

TFs, MYB, MEIS3, KLF9, MECOM, GATA1, and NR5A2, whose binding activity 

accounted for the upregulation of all differentially expressed genes in pachynema. 

Furthermore, the MYB (myoblastosis) TF family, which is responsible for the 

establishment of meiotic super-enhancers and the activation of germline genes 

(Bolcun-Filas et al., 2011; Maezawa et al., 2020), showed the greatest motif 

enrichment in pachynema. When I set out to identify the target genes of the MYB TF 

family, I found MYB binding sites closest to 2,145 DE genes, accounting for 35% of 

all DE genes in pachynema.  

By integrating my ATAC-seq data with nuclear run-on sequencing, I identified 

binding motifs for insulators of prophase I chromosomes. Among the non-transcribed 

ATAC-seq peaks unique to leptonema/zygonema and pachynema, the most significant 
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binding motif was for the male germ cell-specific insulator, Boris. Interestingly, 

previous studies have demonstrated that BORIS-bound regions are significantly 

enriched for A-MYB, a known regulator of meiotic progression and cellular division 

(Rivero-Hinojosa, Kang, Lobanenkov, & Zentner, 2017; Rivero-Hinojosa et al., 2021). 

In agreement with this finding, BORIS binding is also associated with active 

promoters and enhancers in the testis (Rivero-Hinojosa et al., 2017, 2021; T. Suzuki et 

al., 2010). Furthermore, anti-BORIS immunofluorescence staining revealed that 

BORIS localizes strongly to the SC cores and diffusely throughout the meiotic nucleus 

(Fig 1A). Given the functional role of BORIS in chromatin looping (Debruyne et al., 

2019; Lobanenkov & Zentner, 2018; Martin-Kleiner, 2012), BORIS represents an 

exciting candidate TF required for transcriptional reprogramming during early 

prophase I. The diagrammatic illustration in Fig. 2 displays my putative model for the 

role of Pol II pausing, pachytene-enriched TFs, and BORIS in modulating the 

temporal control of transcription during prophase I.  
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Figure 1. Localization of BORIS, BATF3, NR2E1, HOXA9, and A-MYB on 
meiotic chromosome spreads. A-E) Pachytene spermatocytes from wildtype C57Bl/6 
mouse stained with anti-SYCP3 (green). A) BORIS (red) staining was evident in the 
nucleus, with the most intense staining occurring along the cores of the synaptonemal 
complex (SC). B) BATF3 (red) signal co-localizes with regions of pericentromeric 
heterochromatin. BATF3 is not detected at the sex body. C) NR2E1 (red) signal is 
detected diffusely throughout the pachytene nucleus and co-localizes with the SC. D) 
HOXA9 (red) forms discrete puncta along the length of the SC. E) A-MYB (red) 
signal is strongest at the sex body and faintly detected on autosomal chromatin. 
 
*Note: These are the first chromosome spreads showing the patterns of BORIS, 
BATF3, NR2E1, HOXA9, and A-MYB localization in pachytene spermatocytes. 
BORIS was identified from TFBM enrichment analysis of transcriptionally silent 
ATAC-seq peaks. The binding motifs for BATF3, NR2E1, and HOXA9 were 
significantly enriched at accessible SPO11 and PRDM9 binding sites. A-MYB 
binding was enriched at differentially expressed dREG peaks in pachynema. 
 
*Antibody information: anti-BORIS (NBP2-52405; 1:1000 dilution); anti-BATF3 
(ab211304; 1:2000 dilution); anti-NR2E1 (sc-377240; 1:2000 dilution); anti-HOXA9 
(EMD Millipore 07-178; 1:500); anti-A-MYB (gift from Schimenti lab; Sigma 
Prestige Antibodies HPA-008; 1:1000 dilution). 
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To assess whether Pol II activity is influenced by PRDM9 binding and DSB 

formation, I performed a comprehensive characterization of chromatin organization 

and gene expression at recombination hotspots and regions of SPO11-catalyzed DSBs 

(Lange et al., 2016). Lange et al. (2016) sequenced SPO11 oligos to develop genome-

wide maps of meiotic DSB midpoints paired with putative PRDM9 binding motifs. 

These results were published as I was just beginning my thesis research and allowed 

me the exciting opportunity to ask whether engaged Pol II is detectable with leChRO-

seq at sites of DNA lesions. I found that PRDM9 and SPO11 binding sites co-occur in 

regions of accessible chromatin yet display extremely low levels of nascent 

transcription throughout prophase I. Interestingly, the DNA sequence of accessible 

PRDM9 binding sites and DSB hotspots were enriched for transcriptional repressors, 

such as BATF3, NR2E1, and HOXA9, and immunofluorescence imaging 

demonstrated that these repressors are indeed expressed in prophase I spermatocytes 

(Fig. 1B-D). Given that I do not yet have a clear answer as to how Pol II activity is 

regulated at sites of DNA lesions or meiotic recombination, it would be very 

interesting to study how transcription is silenced within accessible, euchromatic gene 

bodies- where DSB and recombination hotspots are most likely to occur (Patel et al., 

2019).  
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Figure 2. Putative model explaining the role of Pol II pausing, pachytene-
enriched transcription factors, and BORIS in mediating the temporal control of 
transcription during male prophase I. I found that the promoter-proximal 
accumulation of paused Pol II occurs in leptonema/zygonema prior to gene induction 
in pachynema. Nearly 75% of prophase I transcriptional regulatory elements are 
established in leptonema/zygonema and show significant enrichment for the 
transcription factor binding motifs of MYB, MEIS3, KLF9, MECOM, GATA1, and 
NR5A2 in pachynema. I propose that BORIS binding anchors chromatin loops in 
leptonema/zygonema and pachynema to facilitate regulatory element interactions.    
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Future Directions 

Taken together, my data represent a novel resource for the discovery of 

previously unknown regulatory elements and TFs underlying the temporal control of 

transcription during prophase I. As the first comparative analysis of gene expression 

and chromatin accessibility at discrete prophase I substages, the results of my thesis 

will provide impetus for further exploration of the profound genomic changes that 

accompany male germ cell development. The findings presented herein offer a number 

of exciting regulatory pathways specific to male gametogenesis that have yet to be 

studied in greater detail. Future functional studies of prophase I include, but are not 

limited to, identifying essential regulators of Pol II pause-release, the effect of MYB 

TF family binding on nascent transcription, mechanisms of genome topology 

maintenance, and the role of post-transcriptional regulation in stabilizing mRNA 

molecules.  

How is Pol II pause-release regulated in the male germline?  

Resolving the network of TFs and developmental cues responsible for Pol II 

pausing and transcription elongation control during prophase I makes for an exciting 

future research direction. The proposed functions of Pol II pause-release in male germ 

cells can be rigorously tested using mouse genetics to systematically disrupt pausing 

in the germline. For example, it is a well-established hypothesis that BRDT may be 

capable of carrying out P-TEFb-mediated pause release in spermatocytes and 

spermatids (Berkovits & Wolgemuth, 2013; Her et al., 2021; Kulikowski, Rakai, & 

Wong, 2021; Lambert et al., 2019; Manterola et al., 2018). Similarly to BRD4, the 

CTD of BRDT is able to interact with the components of the P-TEFb complex, 
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specifically cyclin T and CDK9 (Berkovits & Wolgemuth, 2013). Given the immense 

transcriptional activation in spermatocytes, BRDT is an attractive candidate for 

studying the function and evolution of testis-specific regulators of Pol II entry into 

productive elongation. Furthermore, pairing this analysis with a NELF-dTAG mouse 

model will provide additional insights into whether the transient checkpoint 

established by Pol II pausing serves different roles at specific functional classes of 

promoters during sperm development (Aoi et al., 2020; Gilchrist et al., 2012; Nabet et 

al., 2018; Vos, Farnung, Urlaub, & Cramer, 2018). In particular, analyzing the effects 

of BRDT and/or NELF ablation will demonstrate whether pausing is essential for 

maintaining open chromatin at sites of active promoters and stimulating rapid gene 

induction in pachynema. Finally, immunoprecipitation-mass spectrometry (IP-MS) of 

BRDT and NELF complexes will potentially uncover the full repertoire of factors 

stabilizing the paused state in spermatocytes. 

In addition, it has been well documented that DNA damage response (DDR) 

signaling is strongly coupled with Pol II pause-release at stimulus-inducible genes in 

yeast and mammals (Bunch & Calderwood, 2015; Bunch, 2016; Bunch et al., 2015; 

Czerwińska, Mazurek, & Wiznerowicz, 2017). Importantly, DDR has a central role in 

regulating genomic stability, ensuring genome integrity, and controlling gene 

expression (Jin & Oh, 2019; Pereira, Smolka, Weiss, & Brieño-Enríquez, 2020). In 

somatic cells, TRIM28 and H2AX are recruited to DNA lesions and are 

phosphorylated by ataxia telangiectasia mutated (ATM) and DNA-dependent protein 

kinase (DNA-PK) to promote DNA repair (Bunch et al., 2015; Calderwood, 2016). 

Interestingly, pTRIM28 also accumulates at sites of paused Pol II and has been 
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implicated in regulating Pol II elongation in response to key DDR signaling events 

(Bunch & Calderwood, 2015; Bunch et al., 2014, 2015). Bunch & Calderwood (2015) 

propose a model whereby unphosphorylated TRIM28 is bound near the Pol II pausing 

site, where it functions to stabilize the paused complex of Pol II. Upon 

phosphorylation by DDR network proteins, pTRIM28 induces Pol II pause-release and 

subsequent transcriptional activation (Bunch & Calderwood, 2015). As noted 

previously (see Chapter 1), TRIM28 associates with the X and Y chromosomes during 

prophase I to functionally link the meiotic DNA damage response to sex chromosome 

silencing in mice (Hirota et al., 2018). However, it remains to be determined whether 

TRIM28 influences the paused state of Pol II in the male germ line. First, it will be 

important to understand the phosphorylation status of TRIM28 on the autosomes and 

XY chromosomes in spermatocytes. Further experimentation will also determine 

whether TRIM28 plays an essential role in mediating transcription-coupled DNA 

repair or stabilizing paused Pol II to exert transcriptional repression of the sex 

chromosomes during prophase I.  

How does A-MYB initiate transcription in meiosis? 

Previous genomic analyses have demonstrated that A-MYB is a master 

regulator of the male germ cell gene expression program, with dual roles in both 

meiotic cell cycle and chromosome metabolism (Bolcun-Filas et al., 2011; Maezawa 

et al., 2020; Sakashita et al., 2020). In this study, we detected significant enrichment 

of A-MYB binding near DE genes in pachynema, particularly those required for 

microtubule assembly, chromosome organization, and repression of transposable 

elements, further supporting the proposed activity of A-MYB. To provide biological 
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context, A-MYB is a member of the MYB (myoblastosis) TF family of oncogenic 

transactivators that regulate cell cycle progression, differentiation, and apoptosis (Oh 

& Reddy, 1999). Three Myb paralogs exist in mammals (A-MYB, B-MYB, and C-

MYB) and the function of Myb orthologs is highly conserved in C. elegans, D. 

melanogaster, and vertebrates (Oh & Reddy, 1999; Vorster et al., 2020). Myb genes 

encode proteins exhibiting a tripartite structure: an N-terminal DNA-binding domain, 

a central transactivation domain, and a C-terminal auto-regulatory domain (Oh & 

Reddy, 1998, 1999). In the adult testis, A-myb mRNA is highly expressed in a sub-

population of spermatogonia and in prophase I spermatocytes (Horvath, Kistler, & 

Kistler, 2009). Immunofluorescence imaging of A-MYB in prophase I chromosome 

spreads also revealed that A-MYB is diffusely localized throughout the pachytene 

nucleus (Fig. 1E). Furthermore, ablation of A-myb results in mid-pachytene arrest and 

depletion of post-meiotic germ cells (Bolcun-Filas et al., 2011).  

While this study and others have identified the target genes directly regulated 

by A-MYB, little is known about the pathways involved in activating A-myb 

expression or exerting A-MYB function (Bolcun-Filas et al., 2011; Horvath et al., 

2009; Li et al., 2013; Sun, Jiang, & Li, 2018). Future studies could explore the 

network of TFs that bind to the A-myb promoter in spermatogonia and spermatocytes 

and whether A-myb expression in spermatogonia is required for meiotic entry. 

Moreover, the proteins that interact with the C-terminal regulatory domain of A-MYB 

to negatively regulate its transactivation domain have yet to be discovered in 

spermatocytes. Finally, the mechanism by which A-MYB drives super-enhancer 

switching at the mitotic-to-meiotic transition is unknown. Given that MYB TFs 
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complex with C-EBPβ and p300 to form transcriptional modules in myeloid cell 

lineages (Yusenko et al., 2021), this interaction may be of critical importance in male 

germ cells as well.  

How do prophase I cells maintain gene expression during chromosome 

condensation? 

The higher-order organization of chromatin structure of mammalian genomes 

is achieved by chromatin looping, topologically associating domains (TADs), and 

transcriptionally-defined compartments (A and B) (Ramani, Shendure, & Duan, 2016). 

Since enhancers are often located megabases away from their target promoters, 

regulators of DNA looping interactions and 3D chromosome architecture play 

essential roles in controlling transcription (Kim & Dean, 2021). TAD boundaries 

constrain promoter-enhancer contacts to effectively pre-wire regulatory element 

interactions and dictate patterns of gene expression (Long, Prescott, & Wysocka, 

2016). Perturbation of chromosome domains can lead to gene misregulation, often 

resulting in abnormal development, cell fate specification, and cellular proliferation 

(Long et al., 2016). However, in mitotic and meiotic cells, chromatin 

compartmentalization and TADs are lost as the chromosomes condense and become 

linearly organized into consecutive loop arrays (Kinoshita & Hirano, 2017; Patel et al., 

2019). Loss of higher-order chromatin organization in mitosis is concomitant with 

transcriptional inactivation (Palozola, Lerner, & Zaret, 2019), yet prophase I 

spermatocytes demonstrate incredible levels of gene expression even as long-range 

chromosome contacts are depleted. This led me to ask whether insulator binding in 

leptonema and zygonema pre-wires promoter-enhancer contacts to maintain 
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transcription in pachynema, when TADs are largely lost (Patel et al., 2019).   

By performing a comparative analysis of chromatin accessibility and nascent 

transcription, I discovered significant enrichment of the male germ cell-specific 

insulator, brother of the regulator of imprinted sites or Boris, in prophase I. BORIS, a 

paralogue of CTCF, belongs to the family of cancer/testis (CT) genes, which are 

expressed normally in the testis and ectopically in human cancers (Martin-Kleiner, 

2012; Renaud et al., 2007). BORIS expression is restricted to pre-meiotic 

spermatogonia and prophase I spermatocytes in both human and mouse (Marshall, 

Bailey, & Rasko, 2014). In male germ cells, BORIS and CTCF co-bind at active 

promoters and enhancers to induce expression of multiple testis-specific genes, 

including Alf (TFIIAalpha/beta-like factor), Spanx-n (sperm protein associated with 

the nucleus on the X chromosome), Gal3stl (galactosylceramide sulfotransferase), and 

Prss50 (serine protease 50) (Lobanenkov & Zentner, 2018; Pugacheva et al., 2015; 

Rivero-Hinojosa et al., 2017, 2021; T. Suzuki et al., 2010). Meanwhile, BORIS is 

highly enriched at loop anchors associated with regulatory regions in cancer cells and 

BORIS binding alone is sufficient to promote new chromatin interactions in drug-

resistant cells (Debruyne et al., 2019).  

To date, investigation into the functional role of BORIS in the male germline 

has been limited to only a few studies (Rivero-Hinojosa et al., 2017, 2021; T. Suzuki 

et al., 2010). Rivero-Hinojosa et al. (2021) showed that BORIS and CTCF cooperation 

is required for proper progression through meiosis I, and their combined deficiency 

disrupts synaptonemal complex (SC) formation, DSB repair, and meiotic 

recombination. These results suggest that BORIS is directly involved in the regulation 
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of chromatin structure and genome organization in spermatocytes. Thus, 

understanding the mechanism of BORIS-mediated chromatin looping in the male 

germ line makes for an exciting future direction. In future analyses, this can be 

achieved by pairing HiChIP with leChRO-seq to evaluate the functional role of 

BORIS binding in chromatin conformation and Pol II recruitment at target genes 

(Mumbach et al., 2016). Furthermore, analyzing the effects of BORIS depletion on 

promoter-enhancer contacts with Micro-C, in addition to IP-MS of BORIS-associated 

complexes, will uncover how BORIS activates specific gene networks during male 

germ cell development (Hsieh et al., 2015; de Souza, 2015).  

Recent studies have demonstrated that meiotic chromosomes are highly 

organized by the SC to promote homolog recognition and recombination (Luo et al., 

2020; Maezawa, Yukawa, Alavattam, Barski, & Namekawa, 2018; Patel et al., 2019). 

Because meiotic cells undergo pronounced chromosome condensation during this 

process (Handel, Cobb, & Eaker, 1999), the nearly two-fold increase in genome-wide 

chromatin accessibility I discovered between LZ and P was rather surprising. These 

results suggest that chromatin accessibility is not functionally associated with 3D 

genome reorganization at the pachytene stage. More importantly, however, this 

finding completely reshapes our understanding of chromatin remodeling during the 

unique events of prophase I and poses many questions for future studies (Luo et al., 

2020). First, does TF binding or “bookmarking” in earlier stages of spermatogenesis 

prevent nucleosome repositioning and the collapse of accessible sites in pachytene 

cells, as occurs during mitotic prophase (Raccaud & Suter, 2018)? Second, is gene-

specific and local nucleosome folding in P mediated by Pol II pausing, which has been 



 

160 

shown to maintain accessible promoter chromatin architecture (Adelman & Lis, 

2012)? Third, is pioneer-factor binding necessary for the local regulation of chromatin 

opening and subsequent gene activation in P (Zaret & Mango, 2016)? Addressing 

these exciting questions will reveal a previously unexplored layer of chromatin 

organization in mammals. 

What post-transcriptional regulatory mechanisms exist in spermatocytes? 

Male prophase I is characterized by an extensive alternative splicing (AS) and 

intron retention (IR) program (Kan, Garrett-Engele, Johnson, & Castle, 2005; Naro et 

al., 2017). Naro et al. (2017) demonstrated that intron-retained transcripts (IRTs) are 

stably stored in the nuclei of meiotic cells and recruited onto ribosomes for translation 

days after their synthesis. IRTs expressed in prophase I are enriched for post-meiotic 

processes and represent a novel mechanism for the temporal uncoupling of 

transcription and translation at later stages of spermatogenesis (Naro et al., 2017). 

Transcriptional overload by Pol II during meiosis likely contributes to competition for 

the splicing machinery, thus leading to an increased proportion of spliced variants in 

these cells (results described in Chapter 1). Indeed, I provided direct evidence that IR 

during prophase I is strongly associated with high levels of Pol II activity, especially at 

the 3’ ends of genes. However, the observation that IR results in the improved stability 

of meiotic transcripts is somewhat paradoxical to the canonical model of Pol II-

mediated IR in mammalian systems, which is generally correlated with transcript 

instability and degradation (Braunschweig et al., 2014). These data raise the question 

as to whether IR is a requirement for the timely expression of testis-specific genes or 

is simply a consequence of robust transcriptional activity. For instance, mechanisms 
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need to be established for both the slower splicing kinetics (Drexler, Choquet, & 

Churchman, 2020) and improved protection from nonsense mediated decay 

(Braunschweig et al., 2014; Wegener & Müller-McNicoll, 2018) of meiotic IRTs. 

Regardless, it can be concluded that both transcriptional overload and unique AS 

events largely contribute to the high transcriptome complexity of the testis (Soumillon 

et al., 2013). 

Furthermore, the male germline possesses a developmentally dynamic 

population of small RNAs (Hilz, Modzelewski, Cohen, & Grimson, 2016). The testis 

is the only organ to express all three classes of small RNAs, PIWI-interacting RNAs 

(piwiRNAs), microRNAs (miRNAs), and small interfering RNAs (siRNAs), all three 

of which display emerging and distinctive roles during spermatogenesis (Yadav & 

Kotaja, 2014). The piRNA pathway in particular has been studied extensively in 

mammalian spermatocytes and represents a deeply conserved mechanism for silencing 

retrotransposons and protecting the genome from DNA damage (Chuma, Hosokawa, 

Tanaka, & Nakatsuji, 2009; Chuma & Nakano, 2013; Ding et al., 2017; Gainetdinov et 

al., 2021; Yu et al., 2021). Specific miRNAs, such as miR-10a and the miR-34 family, 

are strongly implicated in DNA damage repair, spermatid chromatin condensation, 

and cellular proliferation- pointing to an essential role of these miRNAs in male germ 

cell differentiation (Bao et al., 2012; Comazzetto et al., 2014; Gao et al., 2019; Hilz et 

al., 2016; Wu et al., 2014). However, little is known about the precise roles of 

miRNAs and siRNAs in male gametes beyond their regulatory function in 

translational repression (Pu et al., 2019). Thus, the specific identities and roles of 

mammalian germline small RNAs remain to be determined. During my thesis work, I 
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generated paired small RNA-seq, leChRO-seq, RNA-seq, and ATAC-seq libraries of 

highly pure populations of prophase I substages, which will allow me to answer the 

following questions: which small RNAs are enriched during prophase I? What are the 

mRNA targets of prophase I-specific miRNAs and siRNAs? Is there evidence of 

nuclear small RNA function in the male germline (Murchison & Hannon, 2004)? Do 

miRNAs influence gene regulation and heterochromatin formation in spermatocytes 

(Modzelewski, Holmes, Hilz, Grimson, & Cohen, 2012)? The answers to these 

questions will provide important insights into the functional contribution of many 

small RNAs to male germ cell development. 

Concluding remarks 

Prophase I of meiosis is a unique stage of spermatogenesis during which 

meiotic chromosomes become constrained by their tight association with the SC yet 

sustain widespread transcriptional activity at many loci. Such requirements of 

prophase I spermatocytes, namely extensive genome reorganization and pervasive 

gene expression, are unprecedented in any other mammalian cell type. Thus, it comes 

as no surprise that meiotic cells require remarkably specialized regulatory mechanisms 

to execute the profound transitions that accompany male germ cell differentiation. For 

example, prophase I spermatocytes maintain robust transcription, promiscuous 

chromatin accessibility, and prolonged mRNA stability-features that are in striking 

contrast to their mitotic counterparts. While this work answers many longstanding 

questions related to the dynamics of meiotic gene expression, it will be important to 

further understand the exquisitely coordinated regulatory activities of TFs, chromatin 

remodelers, and small RNAs specific to prophase I.  
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APPENDIX 

Generation of Brdt null mice 

CRISPR-Cas9 mutagenesis of Brdt was performed by the Cornell Stem Cell 

and Transgenic Core Facility using mice on the C57Bl/6J background. I used the 

Integrated DNA Technologies CRISPR design website to develop two single guide 

RNA (sgRNA) sequences that targeted the transcription start site (TSS) of Brdt (Table 

1; https://www.idtdna.com/site/order/designtool/index/CRISPR_PREDESIGN). The 

Stem Cell and Transgenic Core Facility used both CRISPR sgRNAs simultaneously 

during their embryo injections. The Stem Cell and Transgenic Core Facility returned 

10 potential Brdt founder mice (7 male, 3 female). These founders were crossed with 

wildtype (WT) mice. All Brdt null founder males were sterile, however, females could 

produce litters. I used the IDT PCR primer design tool to develop four primer pairs for 

genotyping (Fig. 1):  

https://www.idtdna.com/pages/tools/primerquest?utm_source=google&utm_medium=

cpc&utm_campaign=ga_qpcr&utm_content=ad_group_qpcr_design&gclid=CjwKCAi

AwKyNBhBfEiwA_mrUMgZG7jZtoZDQKlHWfcSKW6Y7xXRK6Q8PTnEMBAX3

tRNiuM_NBAe2PBoC1lYQAvD_BwE 

I found that all primer pairs amplified the knockout alleles of Brdt for the three 

female founder mice. 

Table 1. CRISPR sgRNAs generated by IDT for Brdt mutagenesis. 
sgRNA Sequence PAM On-Target Score Off-Target Score 
1 TTTAGTTTCACGGCGTCCAC CGG 64 89 
2 ACAATAGCTGTTTGTCGACT TGG 62 76 
Source: Integrated Data Technologies (IDT) – www.idtfla.com  
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Pair Forward Primer Reverse Primer WT Band 
Size (bp) 

1 CCA CCA TGC CTG GAC 
ATT TA 

GGT TCT CCT TCT GCC 
TTG ATT 

872 

2 GCC TAT AAT CCC AAC 
ACT CAG G 

CAT GCA CCC ACA CGT 
ACA TA 

598 

3 GCT TGG ACT ACA TAC 
ACA GTA AGA 

ACA TAC ATG CAC CCA 
CAT ACA 

529 

4 GGC TGA AGC AGG AAA 
GTC TTA 

GCT CAC AGG CAG CTT 
TAG T 

495 

 
PCR Reaction Per Sample (uL) 
2x OneTaq MM 12.5 
F Primer 0.5 
R Primer 0.5 
Template DNA 0.5 
Water 11 
Total  25 
 
Step Temperature Time Cycles 
Initial Denaturation 94 °C 30 sec 1 

  
Denaturation 
Annealing 
Elongation 

94 °C 
62 °C 
68 °C 

30 sec 
60 sec 
60 sec 

 
35 
 
 

Final Elongation 68 °C 5 min  1 
  

Hold 20 °C - - 
 
Combine 10 uL sample and 1 uL loading dye to 1% agarose gel.  
Figure 3. PCR genotyping conditions for Brdt null founders. 
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To confirm that the IDT sgRNAs were specific to the TSS of Brdt, IDT guides 

1 and 2 were aligned to all members of the BET family (Brdt, Brd2, Brd3, and Brd4) 

using the Basic Local Alignment Search Tool (BLAST) from the National Center for 

Biotechnology Information (NCBI). The BLAST searches showed that the sgRNAs 

only aligned to the TSS of Brdt and not the other members of the BET family (Table 

2).  

Table 2. BLAST results comparing the sequence overlap of BET genes and 
sgRNAs used for CRISPR mutagenesis 
 Gene 

BRD2 BRD3 BRD4 BRDT 

 
sgRNA 

1 No significant 
overlap 
 

No significant 
overlap 

No significant 
overlap 

100% 
Identity 

2 No significant 
overlap 
 

No significant 
overlap 

No significant 
overlap 

100% 
Identity 

Source: National Center for Biotechnology Information (NCBI) – Basic Local 
Alignment Search Tool – blastn 
 

PCR genotyping and Sanger sequencing were performed on all founders. PCR 

genotyping and Sanger sequencing alignment (SnapGene software from Insightful 

Science; available at snapgene.com) demonstrated that the female founders 34752, 

34753, and 34754 were heterozygous for Brdt. All three female founder mice (34752, 

34753, and 34754) were crossed to WT males and the resultant mouse colony 

information, including crosses, sexes, and genotypes, are described in Tables 3-7. Brdt 

null founder 34752 produced only heterozygous female pups, which did not allow me 

to cross heterozygous males and females to propagate the null line. Female founder 

34754 only produced WT litters, which further hindered my ability to establish a Brdt 

null mouse colony. These crosses were repeated for 6 months but failed to yield any
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heterozygous males. All genotyping information for these lines were recorded in my 

lab notebook and on SoftMouse. 

Table 3. Sex and fecundity of Brdt null founder mice generated by the Cornell Stem Cell and 
Transgenic Facility. 
Founder ID Sex Fecundity  
34693 M Sterile 
34694 M Sterile 
34695 M Sterile 
34696 M Sterile 
34697 M Sterile 
34698 M Sterile 
34699 M Sterile 
34752 F Fertile 
34753 F Fertile 
34754 F Fertile 
 
 
Table 4. Results of the cross between female founder 34752 with wildtype males. 

Parental Cross F1 Progeny  Sex Genotype 
 
 
 
 
 
 

♀ 34752 ⨉ ♂ WT 
 

35661 F +/- 
35662 F +/- 
35663 F +/- 
35664 M +/+ 
35665 M +/+ 
35666 F +/- 
35667 F +/- 
35668 F +/- 
35692 M +/+ 
35693 M +/+ 
35694 M +/+ 
35695 M +/+ 
35696 M +/+ 
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Table 5. Results of cross between female founder 34753 with wildtype males.  
Parental Cross F1 Progeny  Sex Genotype 

 
 
 
 
 

♀ 34753 ⨉ ♂ WT 
 

35366 M +/+ 
35367 M +/+ 
35368 M +/+ 
35369 M +/+ 
35370 F +/+ 
35371 F +/+ 
35676 M +/+ 
35677 M +/+ 
35678 F +/+ 
35679 F +/+ 
35680 F +/+ 
35681 F +/+ 
35686 M +/+ 
35687 M +/+ 
35688 M +/+ 
35689 F +/+ 
35690 F +/+ 

 
 
 
Table 6. Results of cross between female founder 34754 with wildtype males.  

Parental Cross Progeny  Sex Genotype 
 
 

 
 
♀ 34754 ⨉ ♂ WT 
 

35360 M +/+ 
35361 M +/+ 
35362 M +/+ 
35363 F +/+ 
35364 F +/+ 
35365 F +/+ 
35672 M +/+ 
35673 M +/+ 
35674 M +/+ 

 
 
Table 7. Results of cross between 34752 F1 female Brdt+/- with wildtype male.  

Parental Cross Progeny  Sex Genotype 
♀ F1 +/- ⨉ ♂ WT 35922 M +/+ 

 

 

 

 

 


