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ABSTRACT 
 
 
Meiosis is a specialized cell division during which genomic material of a diploid cell is halved to 

produce haploid gametes. During meiotic prophase I, autosomes become fully synapsed and 

undergo homologous recombination. In mammals, males are the heterogametic sex as their cells 

contain an X-Y chromosome pair. Despite the paring of these two chromosomes at their 

pseudoautosomal region, the rest of these chromosomes are asynapsed and transcriptionally 

silenced via Meiotic Sex Chromosome Inactivation (MSCI). Proper MSCI is essential for 

meiotic progression and gamete production in male mammals. However the mechanism 

underlying MSCI has not been fully elucidated. Recent work has implicated small non-coding 

RNA (sncRNA) binding partners, AGO3 and AGO4, in this process. My thesis work: 1. analyzes 

Dgcr8 and Dicer conditional knockout mice, 2. optimizes a FACS method for prophase I staged 

spermatocyte isolation, 3. Defines a strategy for the development of Ago3 and Ago4 epitope 

tagged mouse lines. 
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CHAPTER 1 
 

Introduction to Male Meiosis and Small RNAs in gametogenesis 

Introduction  
 Meiosis is a hallmark of sexual reproduction. Errors during meiosis can lead to numerous 

developmental disorders, due to aneuploidy, and infertility [1]. The predominant feature of 

meiosis is the exchange of genetic material between maternal and paternal chromosomes.  The 

genetic exchange of meiosis is mediated by two crucial processes: synapsis, or the physical 

pairing of homologous chromosomes through protein:protein interactions, and recombination, 

the formation of DNA crossovers between homologs [2]. These prophase I events are largely 

conserved between the sexes in mammals, but there are several regulatory processes that differ 

between male and female meiosis. Most significantly, cells from heterogametic sex (in this case, 

males) have a pair of chromosomes, X and Y, that cannot undergo full synapsis along the 

chromosomes’ length due to lack of homology. Therefore, the unpaired regions of the XY 

chromosomes present a unique situation for the cell.    

 Meiotic sex chromosome inactivation (MSCI) is a fundamental process by which 

asynapsed sex chromosomes in the heterogametic sex are transcriptionally silenced [3]. Failure 

to properly silence the X and Y chromosomes in mice leads to cell death and failed meiosis in 

the germ cells, highlighting the importance of MSCI for meiotic progression and gametogenesis 

[4]. While some of the proteins mediating this silencing have been identified [5, 6], the precise 

mechanism by which the genes on the sex chromosomes are silenced is currently unknown.  

 Recent work has shown that the small non-coding RNA (sncRNA) binding proteins, 

AGO4 and AGO3, localize to the sex chromosomes in mouse spermatocytes during prophase I 
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[7]. Furthermore, loss of AGO4 in mouse spermatocytes leads to defects in MSCI and an influx 

of RNA Polymerase II into the sex body, the nuclear sub-domain that houses the silenced X and 

Y [7]. Prior to these findings, it had been thought that mammalian AGO proteins functioned 

strictly within the cytoplasm to mediate post-transcriptional gene silencing in conjunction with 

small non-coding RNAs (sncRNAs) [8]. Therefore, the observations that AGO4 is present in the 

nucleus of spermatocytes raise the interesting possibility that mammalian AGO proteins have a 

novel nuclear role necessary for proper MSCI during prophase I of meiosis. 

Defining events of Prophase I 

 Meiosis is germline-specific and is well conserved across organisms. Meiosis is 

characterized by two cellular divisions, meiosis I and meiosis II, that result in viable haploid 

gametes. Meiosis I begins following premeiotic DNA replication and consists of four stages: 

prophase I, metaphase I, anaphase I, telophase I [2]. Prophase I is the first and longest stage, 

during which homologous chromosomes, or homologs, pair, while anaphase I, the final stage, is 

the point at which the homologs are equally segregated. Prophase I is divided into five substages: 

leptonema, zygonema, pachynema, diplonema, and diakinesis, as can be seen in Figure 1. These 

substages are characterized by the state of pairing and synapsis of the homologous chromosomes. 

In most organisms, any mispairing of homologs or recombination errors will result in apoptosis; 

so proper prophase I progression is a necessary first step in the larger process of gametogenesis 

[9].  

Homologous chromosome alignment and pairing  

 During prophase I of meiosis, homologous chromosomes must first align and pair. 

“Alignment,” refers to the process of bringing the homologous chromosomes in closer proximity 
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along their lengths, while “pairing,” occurs when homologs are more intimately associated [10]. 

Homologous chromosome pairing can generally be classified as double strand break (DSB)-

dependent or DSB-independent [11]. The mechanism underlying homolog pairing varies 

considerably between organisms and is independent of synapsis and recombination [11, 12].  

 In most organisms, DSB-dependent homolog pairing is initiated by the formation of 

chromosome breaks. The free 3’ DNA ends can then invade potential homologous regions in 

search of a match. In mammals, a DSB-dependent mechanism appears to be essential for correct 

homolog pairing, despite the presence of certain DSB-independent mechanisms [10]. 

Conversely, in Drosophila melanogaster and Caenorhabditis elegans, DSB-independent 

mechanisms are sufficient for homolog pairing [13, 14].  

 Telomere clustering and bouquet formation is one mechanism of DSB-independent 

homolog recognition that facilitates the homolog search in some organisms, including 

Schizosaccharomyces pombe and mammals [2]. The process of chromosome pairing begins with 

the alignment of homologous chromosomes in a nearly parallel fashion from the decondensed 

cloud of chromatin [15]. This alignment is thought to be mediated by associations between the 

chromosomes and the nuclear envelope during early meiosis I. Through this interaction, the 

telomeres of the chromosomes cluster to one region of the nuclear envelope and the 

chromosomes fan out from a single location, in a manner loosely resembling a flower bouquet, 

giving rise to the term telomere bouquet [16].  Anchoring of the chromosomes to the nuclear 

envelope is mediated by protein-protein interactions between two proteins, SUN and KASH [16]. 

SUN-KASH complexes form a nuclear envelope bridge that connects the cytoplasmic 

microtubules to the intranuclear chromosomes [17].  In fission yeast, the attachment of the 

telomeres to the spindle pole body is followed by rapid oscillatory chromosome movements, 
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powered by dynein motors, which aid in homolog pairing [18]. While intranuclear movements 

have been visualized in mammals, their importance is less well understood [19, 20].  

 D. melanogaster, C. elegans, and S. pombe also utilize non-canonical methods of 

homolog pairing. In D. melanogaster males, there is a lack of recombination and synaptonemal 

complex formation between homologs during meiosis. Interestingly, it is thought that homolog 

pairing in D. melanogaster males begins somatically, prior to meiosis, and the homologs remain 

paired during entry into meiosis [13]. C. elegans and D. melanogaster utilize pairing centers,  

cis-acting sequences that function as centers for chromosome pairing [10]. S. pombe utilizes a 

meiosis specific small non-coding RNA, called meiRNA, and an RNA-binding protein, Mei2 

[21]. The noncoding RNA, which originates from the sme2 locus, is believed to be an important 

mediator of chromosome pairing at the sme2 locus [21].  

Synapsis is necessary for proper meiotic DSB processing 

Synapsis is defined as the physical tethering of the homologous chromosomes through 

the formation of a proteinaceous structure called the synaptonemal complex (SC) between 

homologous chromosomes. Synapsis begins at leptonema and completes at pachynema, as can be 

seen in Figure 1 [22]. For most organisms, double strand breaks are needed prior to SC assembly 

[23]. This is true in mouse; however in certain organisms, like in Drosophila melanogaster 

females, the SC is able to form in the absence of DSBs. However, D. melanogaster male meiosis 

also lacks homologous recombination, so the process of meiosis is carried out in a different 

manner in this organism [24].  

In mouse, SC assembly begins at leptonema with formation of a lateral element (LE) 

along each sister chromatid pair. The LE is composed of the synaptonemal complex proteins 3 

and 2 (SYCP3 and SYCP2) [25]. It is thought that meiotic cohesion proteins, like Rec8, facilitate 
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the loading of SYCP3 and SYCP2 and correct lateral element formation through the maintenance 

of sister chromosome cohesion and by providing a scaffold for the lateral element assembly [26].  

In mouse, loss of either Sycp2 or Sycp3 through mutagenesis leads to significant impairments in 

synapsis, DSB repair, and recombination [25, 27]. In both cases, males exhibit sterility due to a 

block in meiotic progression [25, 28]. Intriguingly, the Sycp2 mutant mouse, whose SYCP2 lacks 

the coil-coiled domain, displays a loss of SYCP3 protein localization to the chromosomes, 

despite the localization of mutant SYCP2 to the chromosomes [25].  These results suggest that 

the coil-coiled domain of SYCP2 is required for SYCP3 localization to chromosomes.  

The initiation of synapsis can vary greatly between organisms, and between the sexes 

within the same species. In human males, for example, synapsis begins at the telomeres and the 

eventual chiasmata are also closer to the chromosome ends as compared to females [29].  

The physical synapsis of the homologous chromosomes begins with the formation of 

three distinct structures. Transverse filaments extend from the lateral element of each homolog 

and meet in the middle in a structure called the central element (CE) [2]. The transverse filament 

in mammals is composed of SYCP1, with the C terminus being embedded in the lateral element 

and the N terminus both associating with the CE and other SYCP1 subunits [22]. In male mice, 

loss of Sycp1 results in normal lateral element formation but failure to synapse and an absence of 

central element protein localization to the homologs [22]. Therefore, CE formation requires 

SYCP1. Two central element proteins, SYCE1 and SYCE2, bind SYCP1 and are presumed to 

act as a linker between the transverse filament and central element [30]. Two other central 

element proteins, TEX12 and SYCE3, are also thought to be recruited by SYCP1 [31]. However, 

TEX12 does not appear to directly interact with SYCP1, but rather associates with SYCP1 

through complex formation with SYCE2. This complex formed by TEX12 and SYCE2 is 
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believed to be more structural in nature. Using a zipper analogy, the TEX12 and SYCE2 

complex may act as the slider on a zipper, while the SYCP1-SYCE1-SYCE3 complex would act 

as the teeth [2]. This suggests that the SYCE2/TEX12 complex is the final complex to load right 

in the center of the CE and is essential in the completion of synapsis and the extension of 

synapsis along the chromosome length [31]. Thus, in Syce2 and Tex12 mutants, loss of either 

protein prevents the maturation of the SC central region, resulting in only short CE-like 

structures made up of SYCP1, SYCE1, and SYCE3 [30, 32].  

FK506 binding protein, FKBP6, localizes to the CE, and also appears to be important for 

proper synapsis; however, FK506’s direct role is still unknown. In FKBP6 null mutant males, 

there is misalignment and abnormal pairing of chromosomes [33]. Using mice with mutations in 

the central element proteins, the order of central element loading has been determined as SYCE3 

loading onto SYCP1, followed by SYCE3 recruiting SYCE1.  These three initial CE proteins are 

essential for synapsis, and a loss of any of them will prevent CE formation. The formation of the 

SC decreases the distance between the homologous chromosomes through the aid of many 

proteins, as described above. 

Homologous recombination produces crossovers and non-crossovers 

 One of the ways by which homologous chromosomes remain paired until the first meiotic 

division is through DNA interactions between the maternal and paternal chromosomes. 

Homologous recombination is the physical exchange of DNA between the homologous 

chromosomes. Recombination is initiated by the formation of DSBs in early prophase I [10].  In 

most organisms, spo11, a topoisomerase-like protein, is responsible for cutting the DNA during 

leptonema at specific hotspot sites, as shown in Figure 2A [2]. Following the cut, the 5’ to 3’ end 

is resected from each strand, leaving a single stranded 3’ overhang that can then invade a 
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homologous DNA molecule. This single strand invasion is mediated by the single strand 

exchange proteins, RAD51 and DMC1 [34]. Strand invasion into the homolog results in 

displacement of DNA, creating a structure call the displacement-loop, or D-loop. The invading 

DNA then extends by DNA synthesis, and the newly synthesized DNA strand is ligated back to 

the original DNA end from which it initially broke, in a process known as second end capture 

(Figure 2C) [35]. If the D-loop is unwound prior to the second end capture and recaptures its 

own DNA arm, then a noncrossover (NCO) will occur through a process called synthesis 

dependent strand annealing (SDSA) (Figure 2B) [36]. If the D-loop is not unwound, a double 

Holliday Junction (dHJ) forms, and depending on the way in which the strands are cleaved at 

each junction, a crossover (CO) or noncrossover (NCO) can occur, with a bias for these DHJ to 

become COs (Figure 2C) [37]. A dHJ is considered to be resolved as a crossover if there is a 

reciprocal exchange of the DNA arms between homologs (Figure 2E) [38]. This process of 

crossing over is mediated by the ZMM proteins, identified in Saccharomyces cerevisiae [39].   

 In mammals, the processing of dHJ to generate a crossover is thought to be partly 

mediated by MutS homologs 4 and 5, MSH4/5, and MutL homologs MLH1 and MLH3, along 

with others proteins including RNF212, CNTD1, and HEI10 [2, 37]. These two heterodimer 

complexes, MutSγ and MutLγ, are thought to act sequentially, narrowing the large number of 

initial DSBs to the eventual crossover sites [40]. A subset of MutSγ sites will become crossovers, 

while all MutLγ sites will become crossovers. It has also been shown that some crossover 

intermediates form crossovers by the endonuclease, MUS81-EME1, through mechanisms that do 

not require the MutS or MutL heterodimers (Figure 2F) [41]. Crossing over is a reciprocal 

exchange of DNA between the maternal and paternal homologous chromosomes, which creates 

physical connections between the homologs, known as chiasmata. The chiasmata physically hold 



	   8	  

the homologs together at the metaphase plate and reduce the chances of aneuploidy at the first 

meiotic division. Every chromosome pair is required to have at least one crossover, known as an 

obligate crossover [36]. However, COs only make up a small proportion of the total 

recombination events that occur during meiosis I [35]. Many DSBs are repaired as NCOs. NCOs 

can be repaired by interhomolog recombination, that does not involve the reciprocal exchange of 

DNA seen in a crossover, or by sister chromatid recombination [34, 35].   

Sexual Dimorphism in Prophase I in mammals 

The Y chromosome is sex determining in mammals 

 In mammals, primary sex determination is dependent on chromosomal content, due to the 

fact that the Y chromosome encodes a testis-determining factor, called Sry (sex determining 

region of the Y chromosome) [42]. For example, a mammal with two X chromosomes and one Y 

chromosome would develop a male gonad, and a mammal with two X chromosomes but no Y 

chromosome would develop a female gonad. When wildtype XX mouse zygotes are injected 

with Sry DNA, some of the embryos develop testes and male accessory organs [43]. These mice 

do not produce viable sperm however, due to the fact that they are missing other crucial Y-

encoded spermatogenesis genes [43].  

In mammals, the initial production of sperm or oocytes begins following the differentiation 

of the gonad. The primordial germ cells, or PGCs, migrate to the genital ridge, the precursor of 

the male or female gonad, and proliferate and undergo germ cell licensing [44, 45]. In males, the 

germ cells are mitotically arrested at G1, while in females, the germ cells begin meiosis and 

arrest at the diplotene stage of prophase I [45]. Meiosis is a sexually dimorphic process [46]. In 

mammalian females, meiosis is initiated once and semi-synchronously generates a finite pool of 
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gametes; while in males, meiosis is continuously initiated and germ cells are produced 

throughout the organism’s life [2]. Although the timing of gamete production is considerably 

different between the sexes, the metabolic signals (retinoic acid and stimulated by retinoic acid 8, 

Stra8) for meiotic initiation are the same in both sexes [47, 48].  

Meiotic silencing in the heterogametic sex is crucial for bypass of the synapsis checkpoint  

Meiotic Silencing is a process in which asynapsed chromatin is transcriptionally 

silenced during prophase I. This process occurs in many organisms, including fungi, birds, flies 

and mammals [49-52]. There are two types of meiotic silencing in mammals: meiotic silencing 

of unpaired chromatin (MSUC) and meiotic sex chromosome inactivation (MSCI). MSCI is 

thought to be a more specific process of MSUC [49]. MSUC occurs when autosome pairs fail to 

synapse during meiosis and the cell initiates a pathological response to silence the autosomes. In 

male mammals, the sex chromosomes (XY) only contain a small region of homology called the 

pseudoautosomal region (PAR). Thus in pachynema, only the PAR will undergo synapsis, while 

the remainder of the X and Y chromosomes remain asynapsed and thus are transcriptionally 

silenced by the MSCI mechanism.  

MSCI is thought to be needed to prevent the unsynapsed chromosomes from triggering a 

synapsis checkpoint, to inhibit retrotransposon mobilization and to silence lethal genes from the 

Y chromosome, including the zinc finger genes Zfy1 and Zfy2 [4, 53].  It has also been 

suggested that MSCI has evolved as a means of suppressing recombination of the non-

homologous sex chromosomes [52]. Through the mechanism of MSCI, the unsynapsed X and Y 

are shielded during pachynema by the formation of a heterochromatic silenced domain in which 

the X and Y chromosomal DNA reside. This domain, called the sex body can be visualized 
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using immunofluorescence imaging with antibodies that recognize the modified histones and/or 

proteins that mediate the silencing, like γH2AX and MDC1 [54].   

MSCI is an essential mechanism in primary spermatocytes of male mammals; if it fails, 

germ cells will undergo apoptosis. Spermatocytes have a mechanism of apoptotic elimination if 

there are unsilenced X and Y chromosomes and a sex body does not form [55]. This apoptotic 

elimination is driven by the Y-linked genes Zfy1 and Zfy2, which encode transcription factors 

[4]. Ectopic expression of Zfy1/2, even at low levels, results in apoptosis.  

The proposed process of MSCI process involves two groups of proteins: sensors, which 

sense the asynapsis of the XY and bind at the axial elements, and effectors, which induce 

silencing at the chromatin loops, Figure 3 [5]. Two Horma domain proteins, HORMAD1 and 

HORMAD2, as well as breast cancer I protein, BRCA1, act as sensors, with BRCA1 being 

recruited in a HORMAD1/2 and SYCP3 dependent manner to sites of double strand breaks and 

asynapsed chromatin during zygotene [5]. ATR, a DNA damage checkpoint related kinase, is 

then recruited to these sites in a sensor-dependent manner [5]. Following recruitment, ATR 

recruits more BRCA1 at the axial elements and induces phosphorylation of the HORMADs. 

This asynapsis signal remains through late zygotene at both the asynapsed autosomes and the 

sex chromosomes.  At pachytene, when all the autosomes have synapsed and only the male sex 

chromosomes remain unsynapsed, BRCA1 and ATR are no longer found on the autosomes, but 

the entire length of the asynapsed XY axial elements are coated with ATR and BRCA1, as seen 

in Figure 3 [3]. ATR then spreads across the XY chromatin loops where it phosphorylates the 

histone H2AX to form γH2AX [5]. γH2AX and the DNA damage checkpoint 1 protein, MDC1, 

act as effectors to mediate silencing within the chromatin loops through a positive feedback 

loop and heterochromatin formation [56].  However, the precise biochemical mechanism 
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driving transcriptional silencing following the H2AX histone modifications has not been fully 

elucidated.  

Role of small non-coding RNA in gametogenesis 

Basics of canonical sncRNA biology 

 Small non-coding RNAs (sncRNAs) have be implicated in multiple roles throughout 

meiotic prophase I and may play other undescribed roles. The three major classes of sncRNAs 

are piwi-interacting RNAs (piRNAs), small interfering RNAs (siRNAs), and microRNAs 

(miRNAs). These RNAs are defined by their interaction with an Argonaute protein. piRNAs 

bind the subclass of Argonaute proteins called the PIWI proteins, while miRNAs and siRNAs 

bind AGO proteins. While piRNAs are known to silence retrotransposons in the germline, 

miRNAs and siRNAs are traditionally found in the cytoplasm where they are involved in post-

transcriptional regulation. However, nuclear roles for miRNAs and siRNAs have been described 

in some species [57]. 

            The canonical role of microRNAs is to regulate many endogenous target messenger 

RNAs, mainly through translational repression [58]. miRNAs are single-stranded and typically 

19-25 nucleotides in length [59]. Genes encoding miRNAs are found throughout the genome but 

about half are encoded on the introns of host genes [60]. miRNA processing is complex and 

differs between species. In the initial steps of mammalian miRNA biogenesis, miRNA genes are 

transcribed by RNA polymerase II or III into primary miRNA transcripts, or pri-miRNAs, that 

form hairpin structures. The pri-miRNAs are processed by a microprocessor complex found in 

the nucleus, containing the RNase III enzyme, Drosha, and DGCR8 [61]. DGCR8 determines the 

precise cleavage sites by interacting with the pri-miRNA, and the two RNase domains on Drosha 
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cleave the 3’ and 5’ arms of the hairpin [61]. The Drosha/DGCR8 processing results in a pre-

miRNA which is approximately 70 nucleotides long [62]. The pre-miRNA is then exported into 

the cytoplasm and cleaved by the endoribonuclease Dicer and its RNA-binding partner, 

transactivating region binding protein (TRBP), resulting in a double-stranded mature miRNA 

about 22 nucleotides in length [61]. Following this cleavage, one of the miRNA strands is 

preferentially loaded into an AGO protein. This complex, along with cofactors forms the RNA 

induced silencing complex (RISC) that mediates mRNA repression. The RISC complex 

recognizes target mRNAs via base pairing with the bound miRNA. Specifically, a region of the 

miRNA termed the seed sequence, typically nucleotides 2-8 at the 5’ end of the miRNA, forms a 

duplex with target mRNAs [63]. miRNAs are thought to play a role in the deadenylation and 

translational inhibition of mRNAs. 

            Another class of sncRNAs is short interfering RNAs (siRNAs). Like miRNAs, siRNAs 

are processed by Dicer and are bound to a RISC. However, unlike miRNAs, siRNAs are derived 

from double-stranded RNA rather than RNA hairpins, and siRNA biogenesis is Drosha-

independent. An important function of siRNAs is to silence transposable elements, and typically, 

target RNAs must contain exact complementarity to the siRNA [59]. siRNAs play a role in the 

degradation of targets, either transposons or mRNAs [61].   

 Small RNAs act to repress target mRNAs through interaction with Argonaute proteins. 

One subfamily of the Argonaute proteins is the AGO proteins, which includes AGO1-4 in 

mammals [8]. The four mammalian AGO proteins show high levels of sequence similarity. Of 

these four, only AGO2 has the ability to cleave target mRNAs [64, 65]. These AGO proteins 

have a very highly conserved domain, called the Piwi-Argonaute-Zwille (PAZ) domain that 

binds the 3’ end of associated sncRNAs and mediates the mRNA-sncRNA interactions [66].  
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 AGO proteins have only recently been found in the nucleus of mammalian cells [7]. They 

have been known to play important roles in the nuclei of other organisms, including RNA 

Polymerase II control, alternative splicing, double strand break repair, and chromatin 

modifications; some of these known roles can be seen in Figure 4 [8, 62, 67, 68].  

Small RNA localization in human/mouse germ cells 

 Primordial germ cells (PGCs) are the progenitor cells of the oocyte and spermatocyte. 

Through somatic divisions their numbers are multiplied, and they migrate to the eventual gonad. 

One of the prime features of PGCs in flies and amphibians is the presence of a germ plasm [42]. 

The germ plasm contains germline specific proteins and mRNAs, as well as sncRNAs [69]. 

Within the spermatid, there exists a chromatoid body (CB) that is packed with RNAs including 

mRNAs, piRNAs, and miRNAs, and it is similar to the germ plasm in other organisms 

[70].These sncRNAs are thought to play a range of roles, including protection of the genome, 

maintenance of PGC fate, and involvement in germline differentiation [71]. Although mammals 

utilize inductive processes rather than germ plasm to specify the differentiation of germ cells, 

sncRNAs still play critical roles in the germline.  

 In mammals, small non-coding RNAs are known to play crucial roles in germ cells by 

controlling the expression of developmental genes and protecting the genome from transposable 

elements [72]. More specifically, the repressive methylation of retrotransposons has been linked 

to piRNAs in fetal male germ cells [72]. The role of miRNAs and siRNAs in germ cells has been 

explored by mutating specific miRNAs or proteins involved in sncRNA biogenesis. A loss of 

Dicer, which is essential for the biogenesis of both miRNAs and siRNAs, results in fertility 

defects in males and females mice due to incomplete gametogenesis [73, 74].  
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Proposed roles for small RNAs in prophase I of mouse spermatocytes  

 Small non-coding RNAs play various functions during meiosis, and more specifically, 

during prophase I. For example, in S. pombe, a noncoding RNA called meiRNA along with an 

RNA binding protein Mei2 are essential for entry into meiosis and enhance homolog pairing 

specifically at the sme2 locus [21]. However, in mammals there is no evidence for the use of 

pairing sites as a mechanism of homolog pairing. Another possibility is that small RNAs may be 

active in DSB repair. In both Arabidopsis and human somatic cells, there is evidence that small 

RNAs about 21 nt in length are derived from sites of DSBs and in conjunction with DICER and 

AGO2, these small RNAs are able to facilitate the repair of DSBs [67]. Could a similar process 

be active during meiosis, when there is an abundance of double strand breaks?  

 Small RNAs and their machinery have been shown to participate in transcriptional 

silencing through an RNA Induced Transcriptional Silencing (RITS) complex or a similar 

processing complex in several organisms, including S. pombe and C. elegans [75]. In S. pombe, 

siRNAs, as part of the RITS complex, direct the methylation of histone H3 at lysine 9, H3K9, 

leading to the formation of heterochromatin [76]. During the progression of RITS processing, an 

RNA-directed RNA Polymerase Complex (RdRC), which also contains an AGO protein, is 

shuttled to sites of non-coding RNAs that are transcribed from repeats within the centromere to 

produce siRNAs [77]. This creates a feedback loop, feeding chromatin-derived siRNAs back to 

the chromatin to further initiate heterochromatin formation. Although some of the components at 

play in the RITS complex, such as AGO proteins, have been discovered to be present in the 

mammalian nucleus, a functional RITS complex in mammals has not yet been elucidated [78].  

 In mouse, it has been shown that a loss of DICER and DGCR8 in the spermatocyte at 

prophase I results in disregulation of ATM and sequestration of essential proteins from the sex 
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body [79]. This sequestration results in a decrease in the chromosomal stability of the sex 

chromosomes and the presence of chromosomal fusion events [79]. These results bring to 

question what roles small RNAs and their machinery (AGO proteins, DICER, and DGCR8) may 

be playing in the spermatocyte nucleus during meiosis and MSCI. While there is no current 

evidence that small RNAs are derived from sites of meiotic DSBs, there is some controversial 

evidence that a large number of X-linked miRNAs are able to evade MSCI and are active in the 

spermatocyte nucleus [80]. In addition, RNA FISH experiments have shown that miRNAs 

localize to the sex body during prophase I [54, 81, 82]. Might these X-linked miRNAs escape 

MSCI to play an active role during meiosis? It has been shown in mice that AGO4 localizes to 

the spermatocyte nucleus during prophase I and that a loss of AGO4 during prophase I leads to 

premature meiotic initiation and disruption of MSCI [7]. Similarly, it has been shown that a loss 

of DICER and DGCR8 in the spermatocyte at prophase I results in disregulation of ATM and 

sequestration of essential proteins from the sex body [79]. This sequestration results in a 

decrease in the chromosomal stability of the sex chromosomes and the presence of chromosomal 

fusion events [79]. These results raise the question of what roles small RNAs and their 

machinery (AGO proteins, DICER, and DGCR8) may be playing in the spermatocyte nucleus 

during meiosis and MSCI. 

 

Conclusion 

The process of meiosis is highly regulated and crucial for the production of viable, haploid 

gametes. Prophase I is the longest stage of meiosis I, and during this stage two essential 

processes occur: homologous chromosome synapsis and recombination. During the pachytene 

stage of meiotic prophase I, all chromosomes synapse at sites of homology, including the X and 



	   16	  

Y-chromosomes at the PAR, however the remaining length of sex chromosomes remains 

asynapsed. At pachytene, asynapsed sex chromosomes are transcriptionally silenced through a 

mechanism called MSCI. Sex chromosomes that fail to be silence result in failed meiosis, so this 

is an essential process in the formation of male gametes. My work is concentrated on 

understanding what elements are controlling this process of MSCI.  

 The work in this thesis is focused on examining the role of sncRNAs and associated 

proteins during male meiotic prophase I. The experiments described in this thesis will examine 

the roles of AGO3 and AGO4 within the spermatocyte nucleus through the characterization of 

protein and sncRNA binding partners. Chapter 2 describes work examining male meiosis in the 

absence of two proteins required for miRNA and siRNA biogenesis, DICER and DGCR8. 

Chapter 3 describes the optimization of a fluorescence activated cell sorting (FACS) method for 

the isolation of prophase I staged mouse spermatocytes, providing the ability to analyze protein 

and RNA differences between the substages of prophase I spermatocytes. Finally, Chapter 4 

outlines the method of generation of epitope tagged Ago3 and Ago4 mouse lines utilizing 

CRISPR/CAS9 technology.  These experiments will provide insight into the function of AGO 

proteins in MSCI and meiotic progression in male mammals. Ultimately, this work will improve 

our understanding of male mammalian gametogenesis.  
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Figure 1: Simplified diagram of male meiosis in mouse. Prophase I can be characterized by 
five sub-stages. These can be visualized using immunofluorescence against synaptonemal 
complex proteins. In leptonema, lateral elements assemble along the homologous chromosomes. 
Then, there is initial assembly of central elements in zygonema. At pachynema, there is full 
synapsis of homologous chromosomes, except at the sex chromosomes in males, where there is 
only synapsis of the PAR. At diplonema, there is degradation of synaptonemal complex proteins 
except at points of chiasmata, or DNA crossovers. And in the final stage, diakinesis, the 
chromosomes remain tethered at points of chiasmata, while the synaptonemal complex proteins 
are no longer present on the homologs [1]. (Adapted from figure by Lipkin et al., 2002). 
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Figure 2: Meiotic Recombination.  Meiotic recombination can result in crossovers and non-
crossovers. This process begins with the formation of a DSB by spo11, then the 5’ to 3’ resection 
of strands, followed by homology search by strand invasion creating a D loop (A). Synthesis 
dependent strand annealing (SDSA) occurs when the D loop in unwound, creating a non-
crossover (B). Double strand break repair (DSBR) through second-end capture (C) can occur 
through dissolution (D), which results in a noncrossover. Or, second-end capture (C) can result 
in resolution (E), to create a non-crossover or crossover depending on the orientation of 
processing of the double Holliday Junction. Another endonuclease, Mus81, can process 
crossovers (F) independent of the MutS or MutL heterodimers required for DSBR. (Adapted 
from figure by Gray and Cohen, in review). 
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Figure 3: Proposed Mechanism of MSCI. BRCA1 and HORMAD1/2 are present at all sites of 
double strand breaks at autosomes and sex chromosomes during early prophase I. And 
recruitment of ATR, ATRIP, and TOBP1 to these sites occurs.  At pachytene, these components 
are lost from the autosomal chromosome cores and BRCA1 accumulates instead at the asynapsed 
sex chromosomes.  
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Figure 4: Known roles for sncRNAs in the nucleus. Small non-coding RNAs are known to 
have various roles in the nucleus of various organisms. This diagram shows some of these known 
roles and the organisms in which they are seen to play them. The larger, outlined circle shows 
the most well defined role for each of the sncRNAs.  
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CHAPTER 21 

 
Dgcr8 and Dicer are essential for sex chromosome integrity in male 

meiosis 
	  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

1. This chapter is adapted from the paper:  Modzelewski, A.J., et al., Dgcr8 and Dicer are 
essential for sex chromosome integrity during meiosis in males. J Cell Sci, 2015. 128(12): p. 

2314-27. doi: 10.1242/jcs.167148. This is an Open Access article distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which 
permits unrestricted use, distribution and reproduction in any medium provided that the original 

work is properly attributed. Elizabeth A. Crate contributed to this paper by performing 
phenotypic analysis. This included mouse husbandry of the Dicer and Dgcr8 cKO mouse lines, 

performing and analyzing chromosome spreads and immunofluorescence staining, and 
constructing figures of the immunofluorescence. 
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Abstract 
	  
Small RNAs play crucial roles in regulating gene expression during mammalian meiosis. To 

investigate the function of microRNAs and small-interfering RNAs in male meiosis, we 

generated germ cell-specific conditional deletions of Dgcr8 and Dicer in mice. Analysis of 

spermatocytes from both conditional knockout lines reveals frequent chromosomal fusions 

during meiosis, always involving one or both sex chromosomes. RNA sequencing indicates 

upregulation of Atm in spermatocytes from microRNA-deficient mice, and immunofluorescence 

imaging demonstrates an increased abundance of activated ATM kinase and mislocalization of 

phosphoMDC1, an ATM phosphorylation substrate. The Atm 3′UTR contains many potential 

microRNA target sites; notably, target sites for several miRNAs depleted in both conditional 

knockout mice are highly effective at promoting repression. RNF8, a telomere-associated protein 

whose localization is controlled by the MDC1/ATM kinase cascade, normally associates with the 

sex chromosomes during pachytene, but in both conditional knockouts redistributes to the 

autosomes. Together, these results suggest that Atm dysregulation in microRNA-deficient germ 

lines contributes to the redistribution of proteins involved in chromosomal stability from the 

sex-chromosomes to the autosomes, resulting in sex-chromosome fusions during meiotic 

prophase I. 

Introduction 

 Small RNA-mediated silencing has emerged as a major mechanism of gene regulation in 

animals and plants, with clear evidence for both cytoplasmic and nuclear small RNA-based 

regulatory pathways that act upon RNA and DNA targets [1–4]. Since the discovery of 

microRNAs (miRNAs) and endogenous small interfering RNAs (siRNAs), comparatively few 

studies have investigated roles for these small RNA species in mammalian reproduction. In 
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females, siRNAs (but not miRNAs) are essential during oogenesis for proper maturation, meiotic 

spindle organization and chromosome alignment [5–7]. During male gametogenesis, a third class 

of small RNAs, the piwi-interacting RNAs (piRNAs), are expressed in addition to miRNAs and 

siRNAs. The functions of piRNAs in the male germ line are relatively well-defined: piRNAs 

deter transposon integration, and also have distinct functions during prophase I [8]. In contrast to 

piRNAs, the roles and importance of miRNAs and siRNAs in the male germ line are poorly 

defined. While it is clear that a functional miRNA pathway is necessary to complete 

spermatogenesis [9–13], the identities of essential miRNAs, and their mRNA targets, remain to 

be determined. Whether siRNAs are also required in the male germ line is presently unclear and 

remains controversial, with reports suggesting either no role in spermatogenesis [9] or 

implicating siRNAs in specific functions in the germ line [14]. 

 The major mode of action for miRNAs, based on a number of studies, is to accelerate the 

turnover of target mRNAs and inhibit their translation [4,15]. Such activities are consistent with 

the typical cytoplasmic localization of Argonaute (AGO) proteins, the RNA binding proteins that 

function in concert with small RNAs and underpin all small RNA regulatory pathways [15,16]. 

Additionally, in non-mammalian organisms such as nematodes, fungi and plants, Argonautes 

have been shown to regulate chromatin structure and transcriptional activity [17,18]. Similar 

nuclear functions have yet to be firmly established in mammals, although some studies have 

hinted at their existence [19,20]. Importantly, while mammalian AGO proteins have been 

observed in the nucleus, the functional significance of this localization is currently the subject of 

some debate [21,22].  

 We previously described the nuclear localization of AGO4, one of four mammalian 

Argonaute proteins, in mammalian germ cells during prophase I of meiosis. AGO4 accumulates 
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within the sex body (SB) of pachytene spermatocytes. The SB is a specialized nuclear 

sub-domain harboring the X and Y chromosomes, in which the chromatin is transcriptionally 

silenced: a process known as meiotic sex chromosome inactivation (MSCI). In addition, AGO4 

localizes to autosomal regions that fail to pair with their homologous partners; these unpaired 

regions are also silenced during prophase I as part of the more global meiotic silencing of 

unpaired chromatin (MSUC). Ago4-/- male mice are subfertile, with reduced testis size and 

lowered epididymal sperm counts. Meiotic prophase I progression is severely impaired in the 

absence of AGO4, resulting in a high proportion of spermatocytes undergoing apoptosis. 

Importantly, the formation and function of the SB during pachynema of prophase I requires 

AGO4, since MSCI is perturbed in Ago4-/- male s[23]. Collectively, these data suggest a direct 

role for AGO4 in transcriptional silencing during mammalian meiosis, specifically in regions of 

the genome in which chromosomes are unpaired (such as the X and Y chromosomes or 

asynapsed regions of the autosomes), in a fashion reminiscent of analogous processes in 

Caenorhabditis elegans and Neurospora crassa (reviewed by [17]).  

 Two lines of evidence suggest that AGO4 is not the sole Argonaute contributing to 

MSCI. First, AGO3 expression is upregulated in the absence of AGO4, and this upregulation is 

specific to the male germ line and specific to AGO3 alone [23]. Second, like AGO4, AGO3 

localizes to the SB during prophase I, suggesting that AGO3 and AGO4 function redundantly in 

mammalian meiosis. These observations imply that our analysis of Ago4 mutant animals 

provides only a glimpse of the repertoire of siRNA and miRNA actions during meiotic prophase 

I.  

 In the current study, we created germline-specific conditional deletions of two proteins 

needed for small RNA biogenesis, DGCR8 and DICER. DGCR8, a component of the 
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endonuclease microprocessor complex, is essential for the first step in miRNA processing: 

conversion of the primary miRNA transcript into a precursor miRNA. DICER, a second 

endonuclease, acts on the precursor miRNA in the cytoplasm to generate small RNAs, and is 

needed for the synthesis of almost all miRNAs[24,25]. DICER, but not DGCR8, is also required 

for the processing of siRNAs [26–29]. Phenotypes common to both Dgcr8 and Dicer conditional 

deletion animals would reveal roles of miRNAs in mammalian meiotic progression, whereas 

phenotypes specific to Dicer conditional deletion animals would likely implicate siRNAs. Our 

results demonstrate that loss of miRNAs leads to misregulation of the DNA damage repair 

pathway, including upregulation of Atm and improper localization of ATM substrate proteins. 

We find that the majority of these miRNA-deficient spermatocytes display frequent sex 

chromosome fusions and fail to progress through meiosis. 

 

Results 

Conditional deletion of Dgcr8 or Dicer in the male germ line results in sterility 
 To investigate and compare roles for miRNAs and siRNAs in the male germ line, we 

generated germline-specific deletions of Dgcr8 and Dicer, which we analyzed in parallel. Our 

strategy used floxed alleles of Dgcr8 and Dicer, in combination with a Ddx4 promoter-driven 

Cre transgene. The Ddx4-Cre transgene induces expression of the recombinase in spermatogonia 

from embryonic (e) day 18, before the initiation of meiosis at around day 8 post-partum (pp), but 

after the male-specific block of meiotic entry at around e12 [30]. We selected this Cre transgene 

to allow unaltered development of both pre-meiotic germ cells and somatic compartments of the 

testis, while ensuring that all spermatocytes possess Dgcr8 and Dicer deletions prior to meiotic 

initiation. 
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 Conditional knock-out mice (cKO) of either Dgcr8 or Dicer are infertile, as no offspring 

were recovered from matings to wildtype (C57BL/6) females over a 7-day period, despite normal 

mating behavior. At day 70 pp, both cKO mice exhibited normal body size (Figure S1C), but 

testis weights were significantly reduced compared to wildtype littermates (Figure 1A and Figure 

S1A and B). Mean epididymal spermatozoa counts from Dgcr8 and Dicer cKOs were also 

greatly reduced (Figure 1B), with the degree of reduction significantly more severe in Dicer cKO 

germ lines (P < 0.05, Student’s T-Test). Histological examination of testes from cKO animals 

revealed severe morphological abnormalities throughout the seminiferous epithelium, including 

an increased prevalence of vacuous tubules, together with tubules in which spermatogonia were 

arrested prior to the onset of spermiogenesis (Figure 1E and F, insets). No mature spermatozoa 

were observed in Dicer cKO males, whereas mature spermatozoa, while rare, were detectable in 

Dgcr8 cKO sections (Figure 1E, inset arrow). Consistent with the absence of mature 

spermatozoa, the frequency of apoptotic spermatocytes, as assessed by TUNEL labeling, was 

also markedly increased in both Dgcr8 and Dicer cKO testes (Figure 1C, H and I). Overall, these 

results are consistent with observations from the majority of published studies of Drosha, Dgcr8 

and Dicer germline cKO mutants [9,11,13,14,31–33]. Our data implicate small RNAs that rely 

on both Dgcr8 and Dicer processing, such as miRNAs, rather than Dgcr8-independent small 

RNAs, such as siRNAs, as the major non-coding small RNA regulators during early 

spermatogenesis. 

Sex chromosomes fail to synapse and frequently undergo chromosomal fusion in Dgcr8 and 
Dicer cKO germ lines 
 To investigate possible roles for small RNAs in spermatocyte nuclei, we examined 

prophase I chromosome spread preparations visualized with antibodies raised against 

components of the synaptonemal complex (SC), a meiosis-specific structure that connects 
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homologous chromosomes during prophase I [34,35]. The status of the SC serves as an indicator 

of the stages and progression of prophase I. We used antibodies against the chromosome axis 

protein SYCP3, which localizes along homologous chromosomes prior to synapsis, and SYCP1, 

a component of the SC central element, which serves to tether homologous chromosomes 

together from zygotene of prophase I onwards. Since SYCP1 associates only with synapsed 

chromosomes, it is normally excluded from the unpaired X and Y-chromosomes, except at a 

short region of homology capable of synapsis, referred to as the pseudoautosomal region (PAR; 

Figure 2A, white arrow). Additionally, to investigate sex body integrity, we examined 

localization of H2AX, a histone variant whose phosphorylation (resulting in γH2AX) is essential 

for MSCI. During pachynema, H2AX localizes exclusively to the sex body of normal 

spermatocytes and to any autosomal sites of asynapsis. 

 Examination of Dgcr8 and Dicer cKO spermatocytes in prophase I revealed that SYCP1 

and γH2AX were mislocalized in a minority of cells (~10%), in a pattern similar to that of 

Ago4-/- animals [23]. More strikingly, we observed a high frequency of structural abnormalities 

involving the X and Y-chromosomes of cKO spermatocytes, with very few cells exhibiting 

normal XY associations and PAR structure (Figure 2). A range of abnormalities were observed, 

including circularization of the X and Y chromosomes (Figure 2B, E and F; quantitated in Figure 

2J), terminal fusion of either the X or Y chromosome to an autosome (Figure 2C and E; 

quantitated in Figure 2J), and increased frequency of PAR asynapsis. Such defects were never 

observed in wildtype control littermates (Figure 2A, D and G), nor in Ago4-/- animals (A.J.M., 

unpublished observations). Notably, chromosomal fusions always involved at least one sex 

chromosome, and were never observed between autosomes. 
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 Despite frequent fusions between sex chromosomes and autosomes in both cKO 

germlines, staining patterns of γH2AX (Figure 2E and F), the kinase ATR, and pan-ATR/ATM 

phospho-substrates are largely unaltered (Figure S1), retaining exclusive X and Y chromosome 

localization and wildtype intensity. In various translocation and asynapsis models, the 

chromosome that becomes associated with the X or Y is usually engulfed by the silencing 

machinery and thereby silenced [36]. In both Dgcr8 and Dicer cKO spermatocytes, however, 

there is no expansion of the γH2AX domain in response to these chromosomal abnormalities, 

and autosomes fused to sex chromosomes do not convert to a pseudosex-body like state.  

In wildtype spermatocytes, RNA polymerase II (RNAPII) localizes throughout the nucleus 

during pachynema, except where it is actively excluded, such as at centromeres and the sex-body 

(Figure 2G). In a small fraction of spermatocytes from Dgcr8 (~9%) and Dicer (~5%) cKO 

animals, RNAPII was found aberrantly localized within the SB domain. However, for many 

instances of the most extreme XY abnormalities, such as X-to-autosome fusions, both the Dgcr8 

and Dicer cKO pachytene spermatocytes still exclude RNAPII from the X chromosome portion 

of the fusion, while normal RNAPII staining is seen on the fused autosome (Figure 2H and I). 

This differential localization of RNAPII presumably maintains, at least partially, the silenced 

status of the X and Y and the active status of the fused autosome. To confirm this, we used 

RT-qPCR to quantify the transcript levels of Zfy1 and Zfy2 [37], key sex chromosome-encoded 

genes that must be silenced for spermatocytes to exit pachynema. Neither transcript was 

consistently elevated during pachytene (Figure S1L). This observation is consistent with the 

ability of spermatocytes from Dgcr8 cKOs to proceed to diplonema, despite displaying frequent 

sex chromosome fusions (Figure S1J and K). 
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Altered distribution of CDK2 and RNF8 in Dgcr8 and Dicer cKO spermatocytes  
 The frequent chromosomal fusions observed in prophase I spermatocytes of both Dgcr8 

and Dicer cKO germ lines implies that one or more miRNAs regulate critical aspects of 

chromosomal integrity during meiosis. Moreover, the restriction of these fusion events to the sex 

chromosomes suggests that understanding the molecular basis for this phenomenon might reveal 

sex chromosome-specific regulatory features unique to meiotic prophase I. Thus, we pursued two 

complimentary strategies to characterize the chromosomal phenotypes observed in Dgcr8 and 

Dicer cKO germ lines, and ultimately, to identify the specific small RNAs whose absence results 

in chromosomal fusions. Firstly, we assessed the chromosomal localization of proteins that might 

be involved in the fusion events, comparing their localization patterns in wildtype and cKO germ 

cells. We tested proteins involved in various aspects of meiosis, chromatin organization, 

telomere stability, and non-homologous end joining. Secondly, we performed RNA-seq on 

purified meiotic cells from wildtype and cKO germ lines and examined transcriptome profiles 

for signatures that might explain the underlying phenotype. 

 MDC1 (mediator of DNA damage checkpoint-1) is essential for spreading of DNA 

damage response factors after recognition of asynapsed and damaged chromatin. In wildtype 

pachytene spermatocytes, MDC1 localization is restricted to the sex body, similar to that of 

γH2AX (Figure 3A). Almost all Dgcr8 and Dicer cKO spermatocytes displayed normal MDC1 

accumulation at pachynema, even in the presence of XY chromosomal abnormalities (Figure 3B 

and C). 

 Cyclin-dependent kinase 2 (CDK2) plays multiple roles in spermatocytes. Loss of Cdk2 

results in infertility, a dramatic increase in synapsis between non-homologous chromosomes, the 

appearance of fusions and ring chromosomes, and eventual arrest in pachynema due to improper 

telomere maintenance [38]. In wildtype pachytene spermatocytes, CDK2 localizes both to 
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telomeres and sites of double strand break (DSB) repair [39] but is barely detectable on the 

unpaired XY chromosome core regions (Figure 3D). In Dgcr8 and Dicer cKO spermatocytes, 

however, the unpaired or circularized X and Y chromosome cores often (~80% of spermatocytes 

in the Dgcr8 cKO) display intense CDK2 localization across their entire length, not restricted to 

the telomeres (Figure 3E and F). 

 Trimethylation of Lysine 9 on Histone 3 (H3K9me3) is an epigenetic mark associated 

with repressed heterochromatin. H3K9me3 is enriched at autosomal centromeres and the 

majority of the sex-body in wildtype pachytene spermatocytes (Figure 3G; [40,41]. In a minor 

subset of cKO spermatocytes, we observed mislocalization of H3K9me3 throughout the meiotic 

nuclei; however the majority of spermatocytes display unaltered localization of H3K9me3 

despite exhibiting severe XY chromosomal abnormalities at pachynema (Figure 3H and I). 

The ubiquitin E3 ligase RNF8 ubiquitinates histones in response to DNA damage; RNF8 

localization is controlled, in part, by interactions with phosphorylated MDC1 (pMDC1; [42]. 

Defects in RNF8 have been associated with chromosomal instability in cell culture: mouse 

embryonic fibroblasts lacking RNF8 show an increase in chromosomal aberrations, including 

ring chromosome formation [43]. Normally, RNF8 localizes to the sex-body in pachynema 

(Figure 3J). However, in spermatocytes from Dgcr8 and Dicer cKO males, RNF8 displays 

reduced SB localization, instead redistributing along autosomes to flare-shaped domains that 

extend perpendicularly from the chromosome axes into the chromatin (Figure 3K and L). In 

Dgcr8 cKOs, we observed that RNF8 mislocalizes in 88% of spermatocytes with chromosomal 

abnormalities. These observations suggest that proper RNF8 localization is dependent, either 

directly or indirectly, on normal miRNA biogenesis. It is worth noting that in contrast to the rare 
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aberrant localization of MDC1 and H3K9me3, the unusual localization of CDK2 and RNF8 in 

cKO germ lines was observed in the majority of abnormal pachytene spermatocytes. 

Atm is upregulated in Dgcr8 and Dicer cKO spermatocytes 
 To characterize disregulation of mRNA expression levels in cKO spermatocytes, we 

profiled the transcriptome using RNA-seq at pachynema and prior to pachynema (a mixed 

population of leptotene and zygotene spermatocytes). As parallel controls, we also profiled 

spermatocytes derived from wildtype littermates of both Dgcr8 and Dicer breedings. Many 

transcripts exhibit significant differences in expression (Figure 4A and B) between wildtype and 

cKO spermatocytes, with many more genes displaying such differences in Dicer cKO samples as 

compared to Dgcr8 cKO samples (L/Z: P < 0.0001; Pach: P < 0.0001; Χ2 tests). Our initial 

analyses of these data focused on miRNA targets, together with gene ontology analysis (Figure 

S3). As expected, the mRNAs upregulated in cKO samples were enriched (P < 0.0001; Χ2 test) 

in predicted miRNA target sites corresponding to miRNAs expressed in the germ line. However, 

a large proportion (26-31%) of genes upregulated in the cKO mutants do not contain predicted 

sites; such genes are likely downstream of regulatory events governed by direct targets, as are 

genes downregulated in the cKO mutants. The complexity of altered mRNA expression profiles 

is likely due to the multitude of disregulated pathways resulting from loss of miRNAs. Candidate 

genes known to be involved in regulation of pathways important to telomere maintenance and 

chromosomal integrity were unchanged. However, given the alterations in RFN8 localization and 

importance of DSB repair in telomere integrity, we noted that Atm is significantly upregulated in 

miRNA-deficient spermatocytes. 

 The kinase ATM plays multiple roles in DNA damage signaling and genome integrity, 

primarily acting through phosphorylation of MDC1. In response to phosphorylation, MDC1 

recruits downstream targets including RNF8. The results of RNA-seq on Dgcr8 and Dicer cKO 
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spermatocytes indicate that Atm transcript levels are increased, relative to wild type, from 

leptonema through pachynema (Figure 5A). We confirmed that Atm levels are upregulated in 

leptotene/zygotene samples from both Dgcr8 and Dicer cKOs using qRT-PCR (Figure 5B). 

Furthermore, immunofluorescence imaging of phosphoATM, the activated form of ATM [44], 

demonstrates a subtle but discernable increase in protein levels during leptonema and zygonema 

(Figure 6 D-E and G-H). Moreover, transcriptionally-regulated targets downstream of pATM are 

also upregulated. Thus, though other genes are also upregulated in Dgcr8 and Dicer cKO 

spermatocytes, we focused on Atm due to its known roles in promoting genomic stability and 

regulating RNF8 localization. 

MicroRNA-mediated regulation of Atm in the male germ line 
 The simplest explanation for elevated levels of Atm is that Atm is a target of germline 

miRNA(s), which are absent in both cKOs. To explore this possibility, we examined the Atm 

3′UTR for predicted miRNA target sites, discovering many potential sites (Figure 5C). To reduce 

the number of sites to those with co-expressed miRNAs, we sequenced small RNAs from the 

same samples used previously for RNA-seq; this approach greatly reduced the number of sites 

worthy of scrutiny. Although predictions of target site efficacy are of limited accuracy [45] we 

nevertheless focused on sites predicted by TargetScan [46–49] to be most effective in mediating 

repression. Strikingly, the miRNA predicted to mediate the strongest repression of Atm is 

miR-18, a microRNA known to exhibit meiosis-preferential expression [50]. The target sites of 

two other miRNAs, miR-183 and miR-16, cluster in the same region of the Atm 3′UTR as the 

miR-18 target sites; moreover, the miR-183 and miR-16 target sites are predicted as the second 

and third strongest sites, respectively, within Atm (Figure 5C). Furthermore, miR-18, miR-183 

and miR-16 are amongst the most dramatically reduced miRNAs in Dgcr8 and Dicer cKO 
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spermatocytes, compared to wildtype (Figure S2J, M, and N). Notably, none of the other 

miRNAs predicted to target Atm show measurable depletion in the cKOs. 

 To investigate the efficacy of miR-18 target sites in the Atm 3′UTR, we designed a 

luciferase reporter construct containing 431 nucleotides of the endogenous Atm 3′UTR sequence 

encompassing the two predicted miR-18 target sites. We also generated otherwise identical 

reporters in which either one or both sites were disrupted. We measured reporter activity in a cell 

line that does not express miR-18 by co-transfecting the reporter plasmids with either an siRNA 

corresponding to miR-18 or a control siRNA corresponding to a miRNA that does not target 

Atm. Such reporter assays are typically performed with transfected siRNAs at a concentration of 

20-100 nM, which results in a level of target repression comparable to that achieved by 

endogenous miRNAs expressed at high levels [47,51–53]. Importantly, miR-18 is not one of the 

most abundant miRNAs in the murine male germ line (Figure S2J, compared to K and L). To 

measure the response of the Atm transcript to low levels of miR-18, we performed reporter 

assays using a range of concentrations of the miRNA mimetic, from 25 nM to 40 pM. We found 

that reporter constructs containing only a single miR-18 site were less effective at lower 

concentrations, while those with both sites intact elicit full repression over more than a 100-fold 

reduction in concentration of the miR-18 mimetic: repression at 0.2 nM was not significantly 

different from that measured at 25 nM (Figure 5D). It is worth noting that the miR-18 target sites 

are located close to each other, an arrangement previously observed to mediate synergistic 

enhancements to repression by miRNAs [47,54]. To determine whether repression mediated by 

miR-18 sites in Atm is synergistic, we compared the observed repression mediated by both sites 

to a value extrapolated from that mediated by each individual site (Figure 5D, red and 

orange-striped bars, respectively). Using this approach, we did not observe evidence of 
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synergism at high concentrations (25 nM) of the miR-18 mimetic; at lower concentrations (5, 1 

and 0.2 nM), however, we observed increasingly strong evidence for synergistic interactions 

between the sites (Figure 5D). We repeated our reporter assay for the single miR-183 site, as 

well as for the three miR-16 sites. Like the miR-18 target sites, the single site for miR-183 

(Figure 5F) and combined miR-16 sites (Figure 5H) were able to mediate ~2 fold repression of 

the reporter construct at high-to-moderate concentrations (25 nM-1 nM) of miR-183 and miR-16 

mimetic. Notably, the level of repression (~2-fold) corresponds well to the change in levels of 

the endogenous Atm transcript in cKO germ lines. Taken together, these results indicate that 

miR-18, miR-183, and miR-16 target sites in Atm are functional and effective at eliciting 

downregulation in response to very low levels of miRNA. 

Aberrant localization of phospho-MDC1 to autosomes in Dgcr8 and Dicer cKOs 
 Our results implicate increased levels of ATM in driving RNF8 from the sex-body to the 

autosomes in miRNA-deficient spermatocytes. ATM does not directly recruit RNF8; rather, 

recruitment is mediated by ATM-catalyzed phosphorylation of MDC1 (pMDC1). Although 

MDC1 localization appears normal in the majority of Dgcr8 and Dicer cKO spermatocytes at 

pachynema (Figure 3B and C), we reasoned that any alteration in RNF8 localization at 

pachynema would more likely derive from altered pMDC1 distribution prior to this stage of 

meiosis, especially given the ~2-fold increase in Atm expression seen in leptonema/zygonema. In 

wildtype pachytene spermatocytes, pMDC1 staining accumulates in the sex-body (Figure 7C), 

and localization of pMDC1 appears unaffected in Dicer cKO pachytene spermatocytes (Figure 

7F). At zygonema, however, pMDC1 is normally undetectable on the autosomes in wildtype 

spermatocytes (Figure 7A and B, leptonema and zygonema, respectively), but is dramatically 

upregulated across the autosomes in Dicer cKO spermatocytes (Figure 7D and E). Localization 

of the core MDC1 protein, regardless of its phosphorylation status, appears similar to the wild
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type in both Dgcr8 and Dicer cKOs (Figure S4), suggesting that the majority of the MDC1 pool 

remains unphosphorylated. These results, indicating elevated ATM kinase activity in Dicer cKO 

spermatocytes, confirm our observations of increased levels of the Atm transcript in Dgcr8 and 

Dicer cKO germ lines. Together, our data suggest that loss of miRNA-mediated control of Atm 

initiates a series of events in cKO spermatocytes, titrating first pMDC1 and then RNF8 away 

from the sex-body, and ultimately resulting in sex chromosomes that are deficient in their normal 

complement of DNA-damage surveillance/repair proteins. 

 

Discussion 

 The roles and significance of miRNAs and siRNAs during meiotic progression in 

mammals are poorly understood. Here, we used mouse models to demonstrate that the loss of 

miRNAs in spermatocytes results in drastic alterations in sex chromosome morphology, typified 

by an increased rate of chromosome circularization and end-to-end fusions reminiscent of 

telomere fusions. These telomere-related events are associated with misregulation of the DNA 

damage repair pathway, including increased amounts of the Atm transcript, a greater abundance 

of ATM protein at leptonema and zygonema, and mislocalization of ATM substrates. We also 

identified alterations in many small RNAs, including miR-18, miR-183, and miR-16, among 

whose targets is the mRNA encoding ATM. Our results indicate that miRNAs play a critical role 

in regulating DNA damage repair machinery, and ultimately chromosome stability, during 

mammalian spermatogenesis. 

 Previous studies investigating conditional knock-outs of Dgcr8, Drosha, and Dicer in the 

male germ line have noted many of the same gross morphological defects we observed, 
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including infertility (or subfertility), decreased sperm count, and disrupted sperm morphology 

[9,11,13,14,31–33]. A variety of essential roles for small RNAs in spermatogenesis have been 

proposed, including silencing of expression from the X and Y [14,31], regulating SINE levels 

[33], repressing centromeric repeat transcripts [32], and functioning in DNA repair at DSBs 

breaks [55]. Our work provides an additional explanation for the requirement of small RNAs in 

the male germline: miRNAs play an essential role in spermatocyte development by directly 

regulating levels of the ATM kinase, resulting in relocalization of several DNA damage repair 

proteins, and leading to chromosomal fusions. Although this study does not directly address 

whether the chromosomal fusions in Dgcr8 and Dicer cKOs underlie the failure of such animals 

to complete spermatogenesis, such gross chromosomal abnormalities almost always lead to 

meiotic failure and failed chromosome segregation [56]. Importantly, our model is based on the 

established biology of miRNAs (post-transcriptional regulation of mRNAs) and does not invoke 

novel functions for miRNAs. 

 Many miRNAs are predicted to target the Atm 3′UTR, but only three are also expressed 

in spermatocytes and show depletion in Dgcr8 and Dicer cKOs: miR-18, miR-183, and miR-16. 

We demonstrate that each of these miRNAs can effectively regulate the Atm 3′UTR, even at low 

concentrations; disruption of this regulation results in a ~2 fold upregulation of reporter activity, 

roughly the same change we observe for Atm in miRNA-deficient spermatocytes. Therefore, 

miR-18, miR-183 and miR-16 are the strongest candidates for miRNA-regulation of Atm 

expression in mammalian spermatogenesis. 

 Despite the observed upregulation of Atm in both leptotene/zygotene and pachtyene 

spermatocytes, the activated form of ATM’s substrate, phosphoMDC1, is only mislocalized 

during leptonema and zygonema. By pachynema, phosphoMDC1 is restricted to the sex 
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chromosomes in both cKO and wildtype mice. This result is congruent with previous studies 

proposing two waves of phosphorylation during mammalian meiosis. The first wave is catalyzed 

by ATM during leptotene, in response to double stranded breaks [57]. ATR kinase, a relative of 

ATM, is thought to initiate a second wave of phosphorylation during zygotene and pachytene. 

 During zygotene, ATR localizes to sites of asynapsis on all chromosomes, and during 

pachytene it accumulates on the unpaired sex chromosomes, where it functions along with 

MDC1 and γH2Ax to silence the X and Y [58–60]. Therefore, normal localization of 

phosophoMDC1 in pachynema is likely due to ATR’s ability to rescue MDC1 misregulation at 

this stage of meiosis. As MDC1 is essential for meiotic silencing, its normal localization on the 

sex body by pachynema explains why its earlier mislocalization does not result in a detectable 

defect on MSCI. We do see, however, that RNF8, which is recruited to sites of DSBs by 

pMDC1, persists on the autosomes during pachynema in Dgcr8 and Dicer spermatocytes and 

appears depleted from the sex chromosomes. Taken together, these results suggest that while the 

activity of ATR at the sex body during pachytene is able to correct the mislocalization of some 

proteins that function downstream of ATM, the mislocalization of other downstream proteins 

persists throughout pachynema. 

 Though the Dgcr8/Dicer cKO spermatocytes exhibit misregulation of several proteins 

previously implicated in chromosomal fusions, the precise contribution of these proteins to 

sex-chromosome abnormalities is unclear. In particular, we observe misregulation of CDK2 and 

RNF8 in the Dgcr8/Dicer cKOs. Cdk2-/-mice display frequent chromosomal fusions during 

meiosis, but importantly, these fusions never involve the X and Y [61]. Furthermore, these 

defects are presumably due to an absence of CDK2 on chromosomes, and we see that CDK2 is 

present on the sex chromosomes in our cKOs. Mouse embryonic fibroblasts lacking RNF8 
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exhibit an increase in chromosome fusion events [43], but the role RNF8 plays in chromosome 

stability during meiosis is less clear. Mice lacking RNF8 are able to progress through meiosis 

with no observable chromosomal fusion, although post-meiotic defects result in abnormal 

spermatids and infertility [62]. RNF8 has been implicated in playing opposing roles in fusion 

events at telomere ends, which can fuse through either classical (C-NHEJ) or alternative 

(A-NHEJ) non-homologous end joining [63]. RNF8 is required for efficient telomere fusion 

through the ATM-dependent C-NHEJ pathway in mouse models that promote such 

fusions[64,65]. However, RNF8 also protects telomere ends from undergoing fusion through the 

ATR-dependent A-NHEJ pathway by stabilizing the shelterin protein TPP1[43]. TRF1, a 

member of the shelterin complex typically disrupted in C-NHEJ, appears intact in our cKO 

pachytene spermatocytes (Figure S4). Therefore, RNF8 redistribution from the sex body onto the 

autosomes in Dgcr8 and Dicer cKOs might directly contribute to fusions involving the sex 

chromosomes by promoting an A-NHEJ-like mechanism (Figure 8). Alternatively, we cannot 

exclude the possibility that mislocalization of RNF8 may be a downstream effect of other events 

occurring at the sex chromosomes that themselves lead to such fusion events. 

 An estimated 7% of the male population will encounter fertility problems, and in 

approximately half of these cases, the causes will be unknown [66]. Patients with Ataxia 

Telangiectasia, caused by Atm mutations, are often infertile, as are mice deficient in Atm [67–

69]. However, whether Atm overexpression can lead to infertility is unknown; indeed, there is a 

notable absence of studies reporting the consequences of ATM overexpression. This study 

suggests that over expression of Atm in spermatocytes, whether mediated by miRNAs or by other 

mechanisms, would likely cause fertility defects in the male germ line. Here, we demonstrated 

that miRNA-deficient spermatocytes display frequent chromosomal fusion events involving the 
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sex chromosomes and upregulated Atm expression. Additionally, we observed mislocalization of 

other members of the DSB repair machinery downstream of ATM in Dgcr8 and Dicer cKOs. 

Finally, we have identified candidate miRNA regulators of ATM expression in the male meiotic 

germ line. Our results underscore the significance of specific miRNAs in ensuring the fidelity of 

gametogenesis, and point to miR-18, miR-183 and miR-16 as miRNAs that likely play an 

important role in male fertility. 

Materials and Methods 
	  
Mouse breeding strategies  

 Female mice carrying homozygous floxed alleles for either Dgcr8Fl/Fl (C57BL/6 strain 

background, Dr. Rui Yi, Univeristy of Colorado, Boulder) or DicerFl/Fl 

(C57BL/6;129S7-Dicer1tm1Smr/J, Jax Stock: 012284) were crossed to male mice carrying the 

Ddx4-cre transgene (FVB-Tg(Ddx4-cre)1Dcas/J, Jax Stock: 006954) to generate the desired 

Dgcr8Fl/+cre+ and DicerFl/+ cre+ breeder males, which were then crossed to Dgcr8Fl/+cre- and 

DicerFl/+ cre- breeder females, respectively. These crosses generated the experimental cohorts, 

which included male mice displaying the Dgcr8Fl/Δ cre+ and DicerFl/Δ cre+ genotypes, which 

were homozygous knockouts in the targeted germline cell types (referred to as conditional 

knockouts, cKO, Dgcr8Δ/Δ cre+ and DicerΔ/Δ cre+), together with wildtype (+/+ cre+, +/+ cre-, 

or Fl/+ cre-) littermates. Genotypes were confirmed using DNA isolated from tail snips and 

PCR assays specific to the wildtype, floxed, and deleted alleles. All mice were fed ad libitum 

with standard laboratory rodent chow, and were maintained under controlled conditions of light 

and temperature, according to the regulations outlined and approved by the Cornell Institutional 

Care and Use Committee.  
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Testes weights, sperm counts, histology and TUNEL staining  

 Whole testes were removed from wildtype and cKO littermates, weighed and epididymal 

sperm counts assessed[70]. For histological analysis, testes were fixed in Bouin’s fixative (H&E 

staining) or 10% formalin (TUNEL and all other staining) overnight at 4°C. Paraffin embedded 

tissues were sectioned at 5 µm and processed for H&E staining or immunohistochemical 

analyses using standard methods. TUNEL staining was performed using the Apoptag TUNEL 

staining kit (Chemicon, Temecula CA, USA).  

 

Chromosome spreading and immunofluorescence staining  

 Prophase I chromosome spreads, antibodies and antibody staining were as previously 

described[23,71–74], except for antibodies recognizing ATR (GeneTex GTX70133), ATR/ATM 

substrate (Cell Signaling #5851), RNA polymerase II (Millipore 05-623, Covance MMS-129R), 

MDC1 and RNF8 (Raimundo Freire, Tenerife, Spain), CDK2 (Abcam ab7954), H3K9me3 

(Millipore 07-442), TRF1 (Abcam ab10579), ATM pS1981 (Rockland Antibodies 

200-301-400), and pMDC1 (Abcam ab35967). Alexafluor secondary antibodies were used 

(Molecular Probes Eugene OR, USA) for immunofluorescence staining at 37°C for one hour. 

Slides were washed and mounted with Prolong Gold antifade (Molecular Probes). 

 

Image acquisition  

 All slides were visualized using a Zeiss Imager Z1 microscope under 20X, 40X or 63X 

magnifying objectives, at room temperature. Images were processed using AxioVision (version 

4.7, Zeiss). 

 



	   45	  

Statistical analysis  

 Statistical analyses (Χ2 test, unpaired student’s t-test and Wilcoxon rank sum test) were 

performed using GraphPad Prism version 4.00 for Macintosh (GraphPad Software, San Diego 

California USA), and using online web utilities (http://vassarstats.net and 

http://www.fon.hum.uva.nl/Service/CGI-Inline/HTML/Statistics.html). 

 

Isolation of mouse spermatogenic cells  

 Testes from adult Dgcr8 and Dicer cKOs, together with wildtype littermates (day 70-80 

pp, a minimum of 2 mice per genotype) were removed, weighed and decapsulated prior to 

enrichment of specific spermatogenic cell types using the STA-PUT method based on separation 

by cell diameter/density at unit gravity[75]. Purity of resulting fractions was determined by 

microscopy based on cell diameter and morphology. Pachytene cells were approximately 90% 

pure, with residual possible contamination from spermatocytes of slightly earlier or later 

developmental stages. Leptotene and zygotene cells were isolated in combination, and were 

>90% pure. Neither pachytene nor leptotene/zygotene fractions visually exhibited evidence of 

contaminating somatic cells. Nuclear extracts were prepared using the NE-PER Nuclear and 

Cytoplasmic Extraction Kit RNA (Thermo Scientific). RNA was extracted from STA-PUT 

purified cells using TRIzol (Life Technologies), and used as the source material for mRNA and 

small RNA sequencing and qRT-PCR. 

 

mRNA transcript sequencing and analysis  

 Non-stranded RNA-seq libraries were prepared (TRUseq, Illumina) and sequenced 

(Illumina HiSeq 2500). The resulting sequences were mapped to the genome (mm9) using 



	   46	  

BWA (v0.7.8; [76]. The number of reads mapping to each transcript was quantified using 

HTSeq (v0.6.1; [77], and differential transcript expression between samples was assessed 

using edgeR (v3.6.8; [78]; R version: 3.1.0). Targeting analysis was performed using 

custom python scripts and the TargetScan Mouse database (v6.2; [46–49]. 

  

Small RNA sequencing and analysis  

 Small RNA sequencing libraries were prepared (TruSeq Small RNA-seq, Illumina) and 

sequenced on (Illumina HiSeq 2500). High-quality reads were aligned to the genome (mm9) 

using Bowtie (v0.12.7; [79]. Mouse miRNA sequences were obtained from miRBase (v20; 

[80,81]. piRNA-like reads were predicted based on their length and proximity to other 

piRNA-like reads (custom script). Coordinates for the degenerate PRDM9 and random motif 

sequences were determined by finding matches to their corresponding regular expressions in the 

genome. 

 

Accession Numbers 

Deep sequencing files are available from NCBI GEO (GSE63166). 

 

Quantitative PCR  

 Complementary DNA was synthesized with Transcriptor reverse transcriptase (Roche 

Applied Science) according to the manufacturer’s instructions using 1ug total RNA. qPCR 

reactions were run in triplicate on a LightCycler480 (Roche Applied Science). A melt curve 

for each reaction confirmed amplicon identity, and a standard curve was used to calculate 

transcript abundance, assaying GAPDH (TGAAGCAGGCATCTGAGGG and 
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CGAAGGTGGAAGAGTGGGAG); ATM (TCAGGCTGTATCTCAAGCCAT and 

AAGGGCTGCTAAGATGTGACT). 

 

Luciferase assays 

 For the miR-18 assay, a 431nt fragment of the Atm 3′UTR (chr9:53245275-53245705) 

containing the two miR-18 target sites was amplified from mouse DNA using primers 

TGAGTGAGACGGGCTGTTACC and TCCTGGACTGCCTACTGATTCC, and reamplified 

using primers (cloning sites underlined) ATATGAGCTCTGCCTGAGGACAGAAGACATTG 

and ATATTCTAGATTCAGGAAACAGCATAACTGAAAAAC, digested and cloned into the 

luciferase reporter pmirGLO (Promega), to generate the miR-18 wildtype Atm reporter. For the 

miR-183 and miR-16 assay, a slightly larger fragment of the Atm 3′UTR, which spans 739 nt 

(chr9:53245260-53245998) was used so as to include all three miR-16 sites, in addition to the 

two miR-18 and one miR-183 sites. This fragment was amplified from mouse DNA using 

primers (cloning sites underlined) 

ATATGAGCTCTTCAGATTTCTTCAGTGGCTTTGATAAATCTATGTC 

and ATATTCTAGAAAAACAAACTGATAATTCAGGAAACAGCATAACTG, and cloned 

into pmirGLO (as described above), to generate the miR-183 and miR-16 wildtype Atm reporter. 

Reporter constructs in which one or more sites were mutated (QuikChange, Agilent) were 

generated using the wildtype reporter as a template. Sites were mutated as follows: the miR-18 

site (GCACCUUA) was mutated to GCAggaUA for both miR-18 sites; the miR-183 site 

(GUGCCAUA) was mutated to GUGaCgUA, the miR-16 sites (GCUGCU) were mutated to 

either GCcGaU, GaUGgU, GCcGaU (corresponding to the order of the sites within the reporter 

construct). Reporter constructs were transfected into A549 cells along with varying levels of
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siRNA duplexes corresponding to miR-18 (using RNA oligonucleotides: 

UAAGGUGCAUCUAGUGCAGAU and CUGCACUAGAUGCACCUUAAU), miR-183 

(UAUGGCACUGGUAGAAUUCACU and UGAAUUCUACCAGUGCCAGAUA), miR-16 

(UAGCAGCACGUAAAUAUUGGCG and  

CCAAUAUUUACGUGCUGUUAUU), or, as a control, miR-124[82]. Renilla and firefly 

luciferase activity (Dual-luciferase assay, Promega) were measured (Veritas luminometer, 

Turner Biosystems) 24 hours post-transfection. To control for transfection efficiency, firefly 

luciferase values were normalized to those of Renilla luciferase. These values were then 

normalized to those of the construct in which all target sites for that particular miRNA were 

disrupted. Fold repression was calculated by taking the inverse of the fold change. Predicted fold 

repression for the wildtype reporter was calculated using measurements for each single mutant 

reporter [47]. 
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Figure 1. Phenotypic analysis of Dgcr8 and Dicer cKO males. 
A Testis weights from Dgcr8 cKO mice (grey bars; mean = 0.10 g, n = 4) and Dicer cKO mice 

(black bars; mean = 0.07 g, n = 4) are reduced compared to wildtype (WT) littermates (mean = 

0.22 g, n = 4, P < 0.0001, t test, and, mean = 0.21 g, n = 5, P < 0.0001 for WT littermates of 

Dgcr8 and Dicer cKO litters, respectively). 

B Caudal epididymal spermatozoa counts, were significantly lower in Dgcr8 cKO animals (P = 

0.0007) than in WT littermates (grey bars). Epididymal spermatozoa were rarely detected in 

Dicer cKO animals (2 of 4 mice; P < 0.0001) when compared to WT littermates (black bars). 

C Quantification of TUNEL staining from testes sections. TUNEL positive cells were counted 

from multiple tubules (number specified below) from three mice for each condition to determine 

the mean number of apoptotic cells per tubule. In both Dgcr8 and Dicer (grey and black bars, 

respectively) cKO testes, there were significant increases in apoptotic cell counts compared to 

WT littermates (Dgcr8: WT n=152, cKO n=262; 4.07 fold increase, P < 0.0001; Dicer: WT 

n=154 cKO n=299; 4.43 fold increase P < 0.0001). Error bars indicate SEM (Panels A, B and C). 

D, E and F Testes sections from WT (D), Dgcr8 cKO (E) and Dicer cKO (F) mice stained with 

H&E. Scale bars are 100 µM. Vacuous tubules were observed in both sections of Dgcr8 (~50% 

of tubules, E, Inset) and Dicer (~50% of tubules, F, inset) cKOs, but never in sections from 

wildtype littermates (D). Black arrows indicate tubules producing fully elongated spermatozoa in 

Dgcr8 cKO animals (E). 

G, H and I TUNEL staining of testis sections from wildtype (G), Dgcr8 cKO (H) and Dicer 

cKO (I) mice, with brown precipitate indicating cells undergoing apoptosis. 
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Figure 2. Loss of DGCR8 or DICER results in chromosomal fusion abnormalities. 

A-I Pachytene staged spermatocytes from wildtype (panels A, D and G) Dgcr8 cKO (B, E and 

H) or Dicer cKO (C, F and I), each stained with anti-SYCP3 antibody (green); XY chromosomes 

are indicated by white arrows. Immunostaining was also performed with antibodies specific to 

SYCP1 and CREST, a human autoimmune serum used to visualize centromeres (A, B and C, in 

red and purple, respectively), γH2AX (D, E and F, in red), and RNAP II (G, H and I, in red). 

J Dgcr8 cKO and Dicer cKO spermatocytes exhibit frequent chromosomal abnormalities. 

Chromosome spread preparations of pachytene staged spermatocytes were assessed for types and 

frequencies of observed abnormalities, none of which were ever observed in wildtype pachytene 

spermatocytes. These were distributed into five indicated categories based on observed 

frequencies of X and Y chromosomal structures.  
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Figure 3. Loss of DGCR8 or DICER disrupts localization of proteins associated with 

telomere maintenance. 

A-L Pachytene staged spermatocytes from wildtype (A, D, G and J) Dgcr8 cKO (B, E, H and K) 

or Dicer cKO (C, F, I and L), each stained with anti-SYCP3 antibody (green); XY chromosomes 

are indicated by white arrows. Immunostaining was also performed with antibodies specific to 

MDC1 (A, B and C, in red), CDK2 (D, E and F, in red), H3K9me3 (G, H and I, in red) and 

RNF8 (J, K and L, in red). 
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Figure 4. Differential expression of genes in Dgcr8 and Dicer cKO leptotene/zygotene and 

pachytene-staged spermatocytes. 

A-B The transcriptome was sequenced from purified leptotene/zygotene (L/Z) (A) and pachytene 

(Pach) (B) cells isolated from either Dgcr8 or Dicer cKO mice, as well as from wildtype 

littermates as a control. Cells were derived from a minimum of 2 mice per genotype. Each 

individual cKO sample was compared to the corresponding wildtype littermate using the 

transcriptome sequencing analysis package edgeR to determine differential expression. Here, 

each transcript quantified is plotted by its average log2 CPM (Counts Per Million, average of 

wildtype and cKO values) and the log2 of the fold change (cKO CPM/pooled wildtype CPM). In 

red are genes which are differentially expressed at a 5% false discovery rate (FDR). More genes 

were upregulated than downregulated in all samples (1.5x-fold-change threshold), and more 

were differentially expressed in Dicer than in Dgcr8 cKO samples (L/Z: P < 0.0001; Pach: P < 

0.0001; Χ2 tests). 
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Figure 5. Atm expression is upregulated in Dgcr8 and Dicer cKOs and a target of 

germline-expressed miR-18, as well as miR-183 and miR-16. 

A Quantification of Atm by RNA-seq of purified leptotene and zygotene (L/Z) and pachytene 

spermatocytes (Pach) from Dgcr8 (grey bars) and Dicer (black bars) cKO animals. The y-axis 

indicates fold change in read counts of each sample compared to wildtype samples. 

B RT-qPCR quantification of Atm from Dgcr8 (grey bars) and Dicer (black bars) L/Z 

spermatocytes plotted as fold change relative to wildtype transcript abundance. 

C Schematic of Atm 3′UTR (right) illustrating position of all miRNA target sites corresponding 

to miRNAs expressed in the male germ line. Sites are color-coded by context score[46–49], 

which predicts site efficacy; increasingly negative scores indicate increasing predicted 

repression. For miRNAs with multiple target sites, the cumulative context score is plotted; only 

sites with a context score of -0.2 or below included. 

D-E Reporter assays of miR-18 mediated regulation of Atm. Luciferase reporter constructs 

containing a portion of the Atm 3′UTR (red bars) were transfected into A549 cells together with 

different concentrations (X-axis) of a miR-18 mimetic siRNA duplex (D) or miR-124, as a 

control (E). Fold regulation mediated by miR-18 was calculated by generating reporter 

constructs containing mutations disrupting both predicted target sites (purple bars) and 

normalizing luciferase activity to this construct. Similarly, to determine the efficacy of each 

individual site, reporter constructs containing mutations disrupting each individual site were also 

assayed (green and blue bars, representing disruption of the upstream and downstream site, 

respectively). Asterisks indicate reporter constructs mediating statistically significant (i.e. P < 

0.01) repression (P < 7x10-4 for wildtype reporter at all concentrations, as well as reporters 

containing a single site at 25 and 5 nM; P < 3x10-3 for the upstream site disrupted at 1nM; 
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Bonferroni-corrected Wilcoxon-rank sum tests). Orange-striped bars indicate the expected fold 

repression assuming that the two sites contribute independently to total repression (expected 

repression = repression of upstream site x repression of downstream site). Concentrations of 

miR-18 at which target sites contribute synergistically to repression are indicated with an asterisk 

and bracket above red and orange-striped bars; synergism was inferred when the observed 

repression of the Atm 3′UTR (red bar) significantly (P < 0.01) exceeded that expected based on 

measurements of each site individually (orange-striped bar) (5nM: P = 0.0022, 1nM: P = 0.0029, 

0.2nM: P = 0.0006; Bonferroni-corrected Wilcoxon-rank sum test). 

F-I Reporter assays of miR-183 and miR-16-mediated regulation of Atm. Performed and 

analyzed as for miR-18. For miR-183, we compared the wildtype Atm construct (‘Intact’) to one 

in which the single miR-183 site was disrupted (‘Disrupted’) in the presence of a miR-183 

mimetic (F) or a control miR-124 mimetic (G). For miR-16, we compare the wildtype Atm 

construct (‘All Intact’) to one in which all three miR-16 sites are mutated (‘All Disrupted’) in the 

presence of a miR-16 mimetic (H) or a control miR-124 mimetic (I). 
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Figure 6. Phospho-ATM protein localization is upregulated in prophase I chromosome 

spreads from Dicer and Dgcr8 cKO males. 

A-I Spermatocytes from wildtype (A-C), Dgcr8 cKO (D-F), and Dicer cKO (G-I) were stained 

with anti-SYCP3 (green) and anti-ATMpS1981 (red) antibodies. The red and green channels for 

each image are shown below the respective merged image. Phospho-ATM levels are higher in 

the Dicer cKO (D-E) and Dgcr8 cKO (G-H) as compared to wildtype (A-B) in leptotene and 

zygotene staged spermatocytes. 
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Figure 7. Phosphorylated MDC1 (pMDC1) mislocalization in Dicer cKO prophase I 

chromosome spreads. 

A-F Spermatocytes from wildtype (A-C) and Dicer cKO (D-F) mice stained with anti-SYCP3 

(green) and anti-phospho-MDC1 (red) antibodies. pMDC1 was mislocalized in 80% of leptotene 

spermatocytes. 
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Figure 8. Model for the role of miRNA-mediated regulation in controlling sex chromosome 

stability. In wildtype males at the zygotene stage (left, upper), pMDC1 is undetectable on both 

the autosomes and sex chromosomes. In Dgcr8 and Dicer cKO (right, upper), pMDC1 is evident 

and localizes to asynapsed cores. Additionally, the transcript encoding ATM, which 

phosphorylates MDC1, is upregulated at this stage in cKOs. By the subsequent pachytene stage, 

RNF8 (whose localization is driven by pMDC1) is enriched within the sex-body in wildtype 

males (left, lower), coating the X and Y chromosomes, where it functions to protect telomeres 

from triggering ATR. In males deficient for miRNAs (right, lower), Atm elevation and the 

resulting pMDC1 mislocalization at zygotene recruits RNF8, and likely other members of the 

DNA damage repair pathway, to the autosomes. Sequestration of RNF8, and potentially other 

factors, away from the sex chromosomes deprotects telomeres, leading to ATR-mediated 

chromosomal fusions via non-homologous end-joining. 
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Figure S1. Phenotypic analysis and assessment of meiotic silencing in Dgcr8 and Dicer cKO 
males. 
A-B Photographic representation of whole testes removed from Dgcr8 (A) and Dicer (B) litters 

(wild type (WT): Fl/+, cre-, heterozygote (Het): Δ/+ cre and cKO: Fl/Δ cre+). 

C Total WT and cKO animal weights are not significantly different from one another. Error bars, 

SEM. 

D-I Impact of loss of DGCR8 or DICER on localization of the kinase ATR as well as subsequent 

targets. Pachytene-staged spermatocytes with XY chromosomes (white arrows) from wildtype 

control (D,G), Dgcr8 cKO (E,H) and Dicer cKO (F,I) mice, stained with anti-SYCP3 (green), 

anti-ATR (D-F, in red, source: GeneTex GTX70133) and anti-ATR/ATM Substrate (G-I, in red, 

source: Cell Signaling #5851). 

J-K Defective spermatocytes able to progress beyond the pachytene checkpoint. Dgcr8 cKO 

diplotene-staged spermatocyte in which both X and Y-chromosomes have circularized with 

themselves with clear γH2AX localization restricted to the typical sex body boundaries (J). Dicer 

cKO diplotene-staged spermatocyte with circularization of Y and fusion of X to an autosome in 

which silencing mark γH2AX has spread to entire structure (K). 

L Sex chromosome abnormalities do not lead to a global failure to silence key sex chromosome 

genes Zfy1 and Zfy2. The relative abundance of the Zfy1 and Zfy2 transcripts were quantified in 

purified pachytene spermatocytes from sibling mice of wildtype and Dgcr8 or Dicer cKO 

genotypes. qPCR was performed with TaqMan probes (Applied Biosystems, Carlsbad CA, USA; 

Zfy1: Mm00494343_g1 Lot- 1061650, Zfy2: Mm00494350_m1 Lot-965381, ActB: 

4352341E - 1102015) and run on a Lightcycler 480 (Roche). Error bars indicate the 95%

confidence interval. Significantly different fold change values (P < 0.01) are marked with an 

asterisk. 
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Figure S2. Assessment of gene knockdown efficacy and spermatocyte purification from 

Dgcr8 and Dicer cKO males. 

A-F Immunohistochemical localization of DGCR8 (A-C) protein on testis sections from 

wildtype (WT; A) and cKO (B) mice, together with a negative control IgG-stained WT section 

(C). Immunohistochemical localization of DICER (D-F) protein on testis sections from WT (D) 

and cKO (E) mice, together with a negative control IgG-stained WT slide (F). Rabbit 

anti-DGCR8 antibody was obtained from Proteintech (10996-1) and rabbit anti-DICER antibody 

was obtained from Novus Biological (NBP1-71691). DICER localizes to the cytoplasm of 

spermatogonia and spermatocytes in WT testes (D, black arrows), while DGCR8 localization is 

strongest within the nucleus of primary spermatocytes (A, black arrowheads). Importantly, while 

DGCR8 signal is completely absent in cKO spermatocytes (B, white arrowheads), DICER signal 

persists in the cytoplasm of cKO males, albeit at reduced intensity (E, white arrows). Positive 

signal corresponds to strong brown staining, background signal intensity can be judged from the 

IgG controls. 

G-H The relative abundance of the WT and knockout transcript isoforms of Dgcr8 (G) and 

Dicer (H) were quantified in purified cells from two different stages of spermatogenesis, 

leptotene/zygotene (L/Z) and pachytene (Pach), from sibling mice of each genotype (WT: wild 

type; HET: heterozygote; and cKO). The knockout isoform of Dgcr8 was not detected in WT 

Dgcr8 samples; conversely the WT isoform of Dgcr8 was detected at only very low levels in 

Dgcr8 cKO samples. While the knockout isoform of Dicer was apparently detected at very low 

levels in WT Dicer samples, this is likely an artifact due to the nature of the qPCR assay; 

however the WT isoform of Dicer constituted about 50% of the Dicer transcript detected in both 

Dicer cKO samples. qPCR assays were performed as described for ATM in the Materials and 
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Methods section, and used the following primers: Dgcr8_wtExon3 

(TGGAGAGACAAGTGTACAGCC and AGGCAATGGCTCTGTAGGTG); Dgcr8_ΔExon3 

(TTTCTCCTATGAGGTCGTGGC and GATCCATCCATCAGGCAATGG); 

Dicer_wtExon22/23 (TGGCTTCCTCCTGGTTATGTG and 

GTTTGCCATTAGCCAGCAAGC); Dicer_ΔExon22/23 (CTGTTTTGCACGTACCCTGATG 

and TTGGGGACTTCGATATCCTCTTC); GAPDH (TGAAGCAGGCATCTGAGGG and 

CGAAGGTGGAAGAGTGGGAG). 
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Figure S3. Gene ontology and pathway analysis of genes upregulated in both Dgcr8 and 

Dicer cKOs. 

A-D RNA-Seq was used to quantify transcript levels in purified leptotene/zygotene (L/Z) and 

pachytene (Pach) spermatocytes from Dgcr8 or Dicer WT or cKO mice. We identified those 

genes which were upregulated 1.5x or more in both the Dgcr8 and Dicer cKO, as compared to 

the wildtype. We then used PANTHER (Thomas et al., 2003,  Genome Res., 13: 2129-2141) to 

identify biological processes (A, B) and pathways (C, D) in which these upregulated genes are 

overrepresented as compared to all expressed genes at leptotene/zygotene (A, C) and pachytene 

(B, D). 
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Figure S4. MDC1 and TRF localization in prophase I chromosome spreads from Dicer and 

Dgcr8 cKO male mice. 

A-I Spermatocytes from wildtype (A-C), Dgcr8 cKO (D-F), and Dicer cKO (G-I) mice were 

stained with anti-SYCP3 (green) and anti-MDC1 (red; Raimundo Freire, Tenerife, Spain) 

antibodies.  Localization of MDC1 protein does not appear to be significantly changed between 

WT and the Dicer cKO or Dgcr8 cKO throughout prophase I. 

J-O Spermatocyte nuclei from the leptotene, zygotene, and pachytene stages of prophase I from 

wildtype (A-C) and Dicer cKO (D-F) mice stained with anti-SYCP3 (red) and anti-TRF1 (green, 

Abcam ab10579) antibodies. Localization of TRF1 protein does not appear to change between 

wild type and the Dicer cKO throughout prophase I.
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 CHAPTER 3 
 

Fluorescence Activated Cell Sorting of Spermatogonial Cells 
 

Introduction  
 
 The focus of this thesis is to examine the role that small non-coding RNAs and their 

binding partners, AGO proteins, play during male meiosis. Meiosis is a specialized cell division 

process used to create the viable haploid gametes needed in sexual reproduction [1]. One of the 

key features of meiosis is the genetic exchange of the maternal and paternal chromosomes, 

which occurs during meiosis I. More specifically, the exchange of genetic material is mediated 

through protein interactions, called synapsis, and physical tethering of the DNA, known as 

recombination, which occur during the first stage of meiosis I, called prophase I [2]. In males, 

the X and Y chromosome mostly lack homology, and are unable to fully synapse. This presents a 

special situation for the cell in which the asynapsed X and Y chromosomes have to bypass the 

mandatory synapsis checkpoint. This bypass is accomplished through a process called Meiotic 

Sex Chromosome Inactivation (MSCI), in which the sex chromosomes are silenced in the 

heterogametic sex [3]. While some of the proteins involved in this silencing process have been 

discovered [4, 5], the exact mechanism mediating silencing is still not known. Recent work has 

suggested that AGO proteins and sncRNAs may be involved in MSCI [6, 7]. 

 

Cell sorting is necessary for the examination of meiotic processes during 

mouse spermatogenesis  

   The purpose of the research being presented is to better understand the role sncRNAs and 

AGO proteins are playing during meiotic prophase I and MSCI. To this end, mouse lines 
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containing epitope tagged Ago3 and Ago4 will be used to co-immunoprecipitate proteins that can 

then be analyzed by mass spectrometry. Additionally, using these epitope tagged Ago3 and Ago4 

mouse lines, sncRNAs bound to the AGOs can be analyzed by small RNA sequencing. To 

examine the roles that the individual AGO proteins are playing in the control of MSCI, it is 

necessary to examine individual substages of prophase I spermatocytes. 

 To study the biological mechanisms controlling MSCI in prophase I spermatocytes, these 

cells have to be isolated in pure form, and concentrated. The meiotic prophase I spermatocytes 

differentiate within the seminiferous tubule of the testis where there is a range of cell types 

present including non-spermatogenic populations, including Leydig, Sertoli, and epithelial cells, 

as well as spermatogenic cells, ranging from spermatogonia to spermatozoa [8]. Fortunately, the 

spermatogenic cell populations differ enough in size that they can be separated, making a cell 

sorting method from whole testis tissue possible [9]. Examination of spermatocytes in the earlier 

and later substages of prophase I, prior to and following pachytene, will provide insight into the 

mechanism controlling MSCI and the role AGO proteins are playing in this process.  

 

STA-PUT: a spermatogonial cell sorting method 

 Until recently, the accepted method for the separation of spermatogonial cell populations 

from the largely heterogeneous testes was STA-PUT [10]. This technique allows separation of 

isolated cells from the mouse testes based on size and density. STA-PUT is a cell separation 

technique that uses velocity sedimentation through a Bovine Serum Albumin (BSA) 

concentration gradient [10].  

 To isolate spermatocytes from mice, testes are dissected from an adult mouse and de-

tunicated. Then cells are isolated from the testes through tissue dissociation with collagenase and 
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digestion with trypsin. DNase I digestion is also performed to decrease cell clumping by 

removing DNA released from dead cells. Treatment with those reagents leaves a suspension of 

both somatic and spermatogenic cells that are then separated by cell sedimentation by size and 

density. A detailed STA-PUT protocol is described in Bryant et al., 2013 [9]. 

 While, STA-PUT has been a standard technique for spermatogonial cell sorting, there are 

several challenges with this method. The STA-PUT procedure requires specialized glassware, 

along with a special apparatus to hold the glassware, and it must be performed in a cold room. 

Another disadvantage of the STA-PUT protocol is that it requires extensive hands-on collection 

of the cell fractions, leading to a very time intensive procedure, typically taking a full day. Due 

to the limitations of special glassware and time, if more then one sample is needed for analysis, 

wildtype and mutant for example, these would have to be processed on different days. 

Performing cell isolation of experimental controls on different days can lead to inconsistencies 

between samples. There is also a relatively high amount of cell population variability in fractions 

between sort days using the STA-PUT procedure, which makes it difficult to compare different 

experimental conditions that are collected on different days. The STA-PUT protocol also 

requires a large number of mouse testes in order to successfully sediment and separate cell types. 

Due to the shortcomings of the STA-PUT technique, other methods for separating 

spermatogonial cells have been tried including flow cytometry. 

 

Flow Cytometry is a robust tool to analyze cell populations  

 Flow Cytometry is a laboratory technique that has been substantially growing in use 

through the past decade. The ease of flow cytometry methods, range of uses, and improvements 

made to the instruments, in both cost and ease of use, are all reasons for this growth in use [11]. 
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The process of flow cytometry is to simultaneously measure various elements of an individual 

particle as is moves through a liquid stream. The size and internal complexity of the particle can 

be determined through light scattering from different angles. Some of the characteristics that can 

be measured through these means include RNA/DNA content, cell size, cytoplasmic complexity, 

and membrane or intracellular proteins [11]. One of the many uses of flow cytometry is the 

sorting of single cells. Within the flow cytometer, suspended cells are drawn up in an isotonic 

sheath fluid that allows for laminar flow [12]. Cells then move individually past an interrogation 

point at which a beam of light, typically a laser, intersects the cell [13]. The light that is emitted 

from the cells is collected and isolated to a single wavelength signal. This signal is then 

computed and analyzed, which allows for the distinction of cell populations [13]. Flow 

cytometry is a fast and powerful tool in the analysis of complex cell populations. 

 A recent flow cytometry method for spermatogonial cell sorting is fluorescence activated 

cell sorting (FACS). FACS provides a more refined method of cell sorting of cells in the mouse 

testes utilizing a flow cytometer to visualize, purify, and isolate meiotic cells from the 

heterogeneous testes population by DNA staining. The DNA is stained with Hoechst 33342 and 

cell size and cell density are examined [14]. FACS provides several advantages over STA-PUT. 

The FACS procedure can be scaled down for collection of a smaller number of cells from 

distinct populations, which is not possible with STA-PUT. Also, multiple experimental samples 

can be processed and collected on the same day. Finally, there is very little variability between 

the fluorescence data readout, or sorting profile, across days, which improves reproducibility of 

the technique for replicates.  

 While flow cytometry methods for purification of mouse meiotic cells have previously 

been described in the literature [14-16], the protocols described have several shortcomings. The 
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protocols described by Bastos et al., 2005 and Cole et al., 2014 did not separate the 

spermatogonial cells into the specific prophase I substages, which would be necessary for 

examination of the role that AGO proteins are playing in the MSCI process [14, 15].  Another 

protocol described by Getun et al., 2011 did claim separation of spermatocytes into prophase I 

substages, but was found to not be reproducible by the Cohen or Grimson labs due to cell death 

when using this protocol. Flow cytometry provides a more reproducible method of cell sorting, 

and isolated, staged prophase I spermatocytes are needed for analysis of the mechanism 

controlling MSCI. Thus, this work describes an improved FACS protocol for separation of 

mouse spermatocytes. 

 

Improvements made to published FACS protocols 

 I developed an improved FACS sorting protocol to provide a means of separating and 

concentrating prophase I substage spermatocytes. Using this procedure, cells also have a higher 

viability both before and after FACS, compared to procedures previously described in the 

literature.   The procedure provides an improved means for separating spermatogonial cells than 

previously described FACS or STA-PUT protocols.  

 The FACS procedure (Figure 1) begins with isolation of testes from an adult male mouse. 

The testes are de-tunicated and incubated in 6 ml of 1X GBSS (Gey’s Balanced Salt Solution) 

with 0.4 mg/ml collagenase for fifteen minutes at 33°C in a shaking waterbath at 150 rpm to 

dissociate the tubules. The tubules are then washed twice with 1X GBSS. The tubules are then 

treated with 5ml 1X GBSS, 50 ul of 50 mg/ml trypsin in 1mM HCl and 5 ul of 1mg/ml DNase I 

to isolate the cells from the tubules. The tubules are then agitated for 15 minutes at at 33°C in a 

shaking waterbath at 150 rpm. Following incubation, the tubules are manually dissociated by 
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pipetting up and down for 3 minutes with a cut Pasteur pipette. The trypsin activity is then 

deactivated by the addition of 400 ul of fetal bovine serum (FBS). The remaining chunks of 

tubules are then separated by straining the cells through a 70uM cell strainer. Following cell 

straining, the cells are pelleted at 300 x g for 10 min, and resuspended in 5 ml 1X GBSS + 250 ul 

fetal bovine serum (FBS) + 5 ul DNase I (1 mg/ml) + 2 ul Hoechst 33342 (5 ug/ml final). Cells 

are then agitated at 150 rpm for 45 min at 33°C. The final step is the addition of 1 ul propidium 

iodide (1mg/mL), which is used for detection of dead cells and an additional step to remain any 

cell clumps by straining the cell suspension through a 40uM cell strainer. The stained cells are 

then loaded into the flow cytometer and examined based on the Hoechst blue emission and 

Hoechst red emission forward and side scatter using a UV laser and 488 nm blue laser [16].  

Following a quick run of the cells in the flow cytometer, the diagram displaying the cell 

population is displayed and regions of the curve are selected for collection, also known as cell 

gating. These cell gates are collected using a 100 µm nozzle. Following collection of the gated 

cells, the cells are centrifuged at 300 x g for 10 minutes at room temperature to pellet and then 

resuspended in 20 ul GBSS. To examine cell recovery, 1 ul of cells are used to count on 

hemocytometer (1 ul cells + 8 ul 1X GBSS + 1 ul 0.4% trypan blue. The cell purity is also 

examined by performing chromosome spreads: 2.5 ul of cells is added 2.5 ul of 50 mM sucrose 

solution and incubated 20 minutes at room temperature.  Then, 5 ul of the sucrose and cell 

mixture is transferred to a 30 ul bubble of 1% Paraformaldehyde (PFA) on a slide with wells.  

The cells are fixed overnight in a humidification chamber, at room temperature, before they 

undergo immunofluorescence staining. The cells are then fluorescently stained with primary 

antibodies raised against the synaptonemal complex protein, SYCP3, and the phosphorylated 
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form of the histone H2AX, γH2AX, as seen in Figure 2. The stained cells are then scored based 

on synaptonemal complex formation and localization of γH2AX. 

 This FACS protocol has resulted in a spermatocyte isolation procedure enhanced in 

efficiency, purity and reproducibility. The reproducibility of this FACS procedure has been 

significantly improved with the utilization of a purchased, pre-made aqueous Hoechst 33342 dye. 

The use of this dye has led to less variability, relative to previous attempts at this procedure, in 

the cell curve displayed by the flow cytometer between sorting procedures on different days, 

which has improved the reproducibility of cell gating.  

 Using this FACS procedure, prophase I staged spermatocytes can be successfully 

collected, as shown in the representative FACS sorting curve, Figure 2. The cell purity of the 

distinct gated region is still in the improvement stage, however. For each of the FACS-sorted cell 

populations seen in Figure 2, the cells were collected and examined by light microscopy to 

examine recovery and homogeneity of the cells. The percent purity was calculated from the 

individual cell populations on the curve and the resulting percent cell purities were shown in 

Figure 3. As can be seen in Figure 3, the major contaminating factor currently is cells of varying 

prophase I substages and not somatic cells. I find that leptotene and zygotene, as well as, pre-

leptotene and leptotene staged cells are often collected within the same gated region. Reduction 

in contamination of prophase I substages can likely be improved be with more testing of the 

FACS procedure and cell gating.    

  To compare STA-PUT to FACS cell purities, I scored cells derived from each of the two 

cell separation techniques that were fluorescently stained with primary antibodies raised against 

SYCP3 and γH2AX, and DAPI. I compared cells from the determined pachytene region of the 

FACS curve (p1 in Figure 2) to pachytene fractions from a STA-PUT collection. Any cell that 
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was DAPI stained without the presence of SYCP3 and γH2AX was scored as a non-prophase I 

staged cell; this included spermatozoa, spermatids, and somatic cells. When comparing STA-

PUT pachytene cell purity to FACS pachytene cell purity, there was 43% non-prophase I staged 

cell contamination in the STA-PUT samples, while the contamination of non-prophase I staged 

cells in the FACS pachytene samples was 3%. To examine overall pachytene cell purity of the 

STA-PUT to FACS, the purity of pachytene cells out of all cells counted, including other 

prophase I staged cells, was determined. Using these criteria, the overall pachytene staged cell 

purity using STA-PUT was 28%, while using FACS it was 76%.  

 One of the advancements with FACS as compared to STA-PUT is the ability to scale 

down and collect cells in a smaller time frame. Within a two-hour sort, we can collect 

approximately 20,000-90,000 cells for each of the binned cell populations that are intended for 

collection of a single prophase I staged cell population. However, the cell recovery following cell 

sorting is variable. The cell recovery is calculated by estimating the total number of viable cells 

from each gated region, by counting on a hemocytometer a trypan blue stained cell sample, 

which stains dead cells. The number of live cells are then divided by the total number of cells 

(events) collected by the flow cytometer. I find that when more than 50,000 events are collected, 

the average recovery is 58%, but when fewer than 50,000 events are collected, the average 

recovery is only 22%. Currently, it seems that cell recovery is reliant on the number of events 

collected on the flow cytometer and lower numbers of cell events leads to a lower cell recovery 

following cell pelleting. The reason for this difference in cell recovery is unknown and is an 

element of the protocol currently being optimized.  

 These results display the improvements made to the FACS method and are encouraging. 

There are still several aspects of the protocol still being optimized, including increasing cell 
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purity of specific prophase I cell populations and improving recovery of cells following sorting. 

Another possible improvement to the protocol would be the use of antibodies for further cell 

purification. However, there are not currently any cell surface proteins that are known that are 

possible for distinguishing cells between the prophase I substages. This FACS technique 

provides a means of collecting viable, concentrated meiotic prophase I substaged spermatocytes.  

 

Future Directions 

	   The	  ability	  to	  use	  FACS	  for	  isolation	  and	  recovery	  of	  concentrated	  prophase	  I	  

spermatocytes,	  will	  be	  a	  useful	  technique	  for	  downstream	  applications	  like	  RNA-‐Seq,	  

immunoprecipitations,	  Western	  Blots,	  Pro-‐Seq,	  and	  other	  experiments	  [6,	  17,	  18].	  One	  of	  

the	  goals	  of	  my	  project	  was	  to	  examine	  the	  role	  sncRNAs	  and	  their	  associated	  AGO	  proteins	  

are	  playing	  in	  the	  MSCI	  mechanism.	  For	  this	  work,	  it	  is	  necessary	  to	  examine	  the	  role	  AGOs	  

are	  playing	  before,	  after,	  and	  during	  MSCI.	  Examination	  of	  the	  AGO	  proteins	  role	  at	  those	  

distinct	  points	  requires	  isolation	  of	  spermatocytes	  at	  the	  distinct	  substages	  of	  prophase	  I.	  	  

To	  examine	  the	  roles	  that	  distinct	  AGO	  proteins	  are	  playing,	  mouse	  lines	  containing	  epitope	  

tagged	  Ago3	  and	  Ago4	  are	  currently	  being	  generated	  in	  the	  Cohen	  Lab.	  The	  goal	  is	  to	  use	  

these	  mouse	  lines	  in	  the	  FACS	  procedure,	  isolate	  pure	  prophase	  I	  staged	  cells,	  and	  then	  

examine	  the	  proteins	  and	  sncRNAs	  interacting	  with	  AGO3	  and	  AGO4	  at	  leptotene,	  zygotene,	  

pachytene,	  and	  diplotene.	  	  
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Figure 1.  FACS Procedure Flow Chart.  This flow chart outlines the FACS procedure in its 
improved form, beginning with the dissection of mouse testes to the sorting of the prophase I 
substages. (Adapted from figure by Caterina Schweidenback) 
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Figure 2.  FACS Curve Gating and Cell Morphology.  This figure displays a representative 
FACS sorting profile. Spermatocytes from C57 WT mice were stained with Hoechst and sorting 
according the gating shown (population 1-6). The populations were then evaluated by staining 
with anti-SYCP3 (green) and anti- γH2AX (red) antibodies, as seen in the 40X Fluorescence 
column. Both the 10X Light and 40X Fluorescence cell images, on the left, correspond to the 
colored gated cell populations (p1-p6) shown on the flow cytometry curve, on the right. The gray 
parts of the FACS curve correspond to cell populations determined to not be prophase I meiotic 
cells, including somatic cells, and later staged meiotic cells. 
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Figure 3.  FACS Curve Gating and Cell Purity.  Spermatocytes from C57 WT mice stained 
with anti-SYCP3 and anti- γH2AX antibodies were analyzed and scored according to prophase I 
stage. The graph shows the determined prophase I purity of each gated cell population from a 
representative FACS sort done on 06-02-16. The colors denote the different cell types (pre-
leptotene, leptotene, zygotene, pachytene, diplotene, diakinesis, and non-prophase I cells) found 
in each of the populations (p1-6) collected from the FACS curve seen in Figure 2.  
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CHAPTER 4 
 

Generation of epitope tagged Ago3 and Ago4 mouse lines 
 

 
Introduction to epitope tagged Ago3 and Ago4 mouse lines 

 The focus of this thesis work is to analyze the role that small non-coding RNAs and their 

binding partners play during male meiosis. As there is little known about what role AGO 

proteins are playing during mammalian male meiosis. It is important to examine the role that 

they play during Prophase I through the examination of AGO protein binding partners in isolated 

prophase I staged spermatocytes.  

 Previous work in the Cohen lab has shown a role for AGO4 in mammalian meiosis in 

males. Ago4-/- mice show a meiotic phenotype of a disrupted sex body, an influx of RNA 

Polymerase II to the sex body, and subfertility [1]. Examination of mRNA levels of the other 

mammalian AGO proteins in the Ago4-/- mice showed increased AGO3 levels. Increased AGO3 

levels in the absence of AGO4, as well as subfertility, suggested there might be a partially 

redundant role for AGO3 and AGO4 proteins within the nucleus during male meiosis.  

 To understand what roles AGO3 and AGO4 are playing during male meiosis and MSCI, 

the proteins and RNAs binding to the AGO proteins will need to be examined during subsequent 

stages of meiotic prophase I. To this end, transgenic mice containing epitope tagged AGO3 and 

AGO4 are being generated using CRISPR/CAS9 genome editing. Each mouse line will be 

tagged with two epitopes on the N-terminus of the Ago3 and Ago4. The dual tagging method is 

intended to alleviate lack of specificity of AGO antibodies and provide the ability to tandem 

purify immunoprecipitates with the second epitope tag [1]. Previous research has shown that N-
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terminally tagged AGO proteins are functionally active [2]. The epitope tagged AGO3 line will 

contain Myc and FLAG tags and the epitope tagged AGO4 line will contain FLAG and HA tags.  

 

Generation of epitope tagged Ago3 and Ago4 mouse lines 

 The Ago3-Myc/Flag and Ago4-Flag/HA tagged mice will be generated by CRISPR/CAS9 

driven homologous recombination. CRISPR/CAS9-mediated homologous recombination is a 

tool, co-opted from bacteria, for use in a range of organisms, including mice [3-5]. The 

CRISPR/CAS9 technique allows for changes to be made in the genomes of living cells. In mice, 

this technique can be used for developing mouse lines with permanent gene mutations that can 

be used for downstream experiments. In this case, two AGO proteins’ genes are being epitope 

tagged. To epitope tag a desired gene in the genome with CRISPR/CAS9, three crucial 

components are required: a single guide RNA (sgRNA), a CAS9 nuclease, and single-stranded 

oligodeoxynucleotide (ssODN).  The targeting process involves CAS9 enzyme guided by the 

sgRNA to a site in the genome where it induces a double strand break. The ssODN that was 

designed to include homology with the genome on both ends and the sequence of the desired 

epitope tags is then used as a homology repair template.  

 There are several aspects of the CRISPR/ CAS9 technique that have to be considered in 

the strategy design. CAS9 can be delivered as a protein or mRNA to the embryo; however, 

injection of mRNA is currently thought to increase efficiency of editing due to the fact that it can 

be injected directly into the cytoplasm, while the protein needs to be injected directly into the 

pronucleus, which can be more damaging to the embryos [4]. Also, in choosing the target locus, 

a protospacer adjacent motif (PAM) has to be present near the intended site of ssODN 
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incorporation. The PAM is an NGG sequence that directs CAS9 cleavage and is 3-4 nucleotides 

upstream from the sgRNA recognition site [6].  

 Generation of the Ago3-Myc/Flag tagged line began with designing the sgRNA. To 

prevent retargeting of the edited allele by CAS9, the sgRNA and its associated PAM site were 

specifically chosen due to proximity to the Ago3 start site, with the sequence 

CCGATTTCCATTCATGGAGC. The sgRNA was predicted and chosen based on the guide 

quality score using the Zhang Lab MIT CRISPR Design tool [7]. Since the Myc/FLAG epitope 

tags were being incorporated directly following the ATG start site, after homologous 

recombination of the ssODN, the sgRNA could no longer target the region. This is due to the fact 

that following the incorporation of the tag, the sgRNA no longer was homologous with that site 

in the genome. The sgRNA was then generated using a multi-step process. First, using a primer 

containing a T7 promoter + sgRNA sequence (without the PAM site) + 20 nt overhang sequence, 

and a primer with homology to the overhang region sequence, a PCR product containing the 

double-stranded T7 and sgRNA was produced. This PCR was performed with 16 PCR reactions 

with 100 uls in each using Phusion High-Fidelity DNA Polymerase. The PCR products were 

then purified using a single affinity based Qiagen PCR cleanup column. All of the PCR product 

was put over one column, to concentrate the product and get the highest yield of PCR product 

following elution. The purified PCR product was then in vitro transcribed (IVT) in two reactions 

using the Ambion MEGAshortscript kit. Purification was performed as described in the kit 

protocol using the upper limit of 8 ul of template DNA for the reaction and allowing the reaction 

to proceed overnight. The IVT reactions were DNase treated the following morning. Then, both 

IVT reactions were put over an Ambion MegaClear column following the included kit protocol 

and eluted with elution buffer. The resulting sgRNA was of high purity with a concentration of 
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4150.9 ng/ul. The ssODN containing Myc and FLAG epitope tags flanked by genomic sequence 

from either side of the ATG start site was synthesized by Integrated DNA Technologies (IDT). 

The sgRNA and the ssODN were then injected along with CAS9 mRNA into mouse embryos by 

the Cornell Stem Cell & Transgenic Core Facility. This CRISPR/Cas9 strategy resulted in the 

birth of twenty pups, seven of which show potential editing and are in being further examined. 

 Generation of the Ago4-FLAG/HA tagged mice proved more challenging. The translation 

start site, as well as a span of around 400 bp in either direction of the start site, has a very high 

GC content of around 75%. This led to challenges in synthesizing the sgRNA and ssODN. The 

sgRNA was successfully synthesized using the improved methods described above for the 

generation of the Ago3-Myc/FLAG tagged sgRNA. Typically, for CRISPR/CAS9 injections 

performed by the Cornell Stem Cell & Transgenic Core Facility, ssODNs are synthesized by 

IDT, but this was not possible for the Ago4-FLAG/HA tagged ssODN due to the GC richness. To 

combat this challenge, several possible strategies are being employed simultaneously. The first 

and simplest strategy is to make the ssODN by amplifying it from several smaller oligos that 

overlap at their 3’ ends. This strategy successfully yielded dsDNA corresponding to the desired 

repair template; however, it was not possible to separate the two strands of the oligonucleotide. 

Therefore, the dsDNA was heat-denatured prior to being injected into mouse embryos. I am still 

awaiting the results of these injections. If this proves to be unsuccessful, another strategy being 

considered is the generation of a longer oligonucleotide. This would be an oligonucleotide 

spanning well beyond the GC rich region, using homology arms flanking the region 1-4 kb in 

length [8]. The resulting homology template would be heat denatured to create more single 

stranded DNA prior to injection. This could potentially negate the difficulties with GC richness 

at the Ago4 start site, but this method is less commonly used and may result in reduced mutation 
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efficiency as compared with the use of ssODN [9]. A final strategy being considered is to 

perform recombineering using a bacterial artificial chromosome (BAC) containing AGO4 to 

make a transgenic mouse containing the FLAG and HA epitope tags at the N terminus of AGO4. 

This method is more time consuming than CRISPR/CAS9, but has been utilized in the past for 

gene tagging. The ultimate goal is to successfully use one of the described methods above for 

generation of the Ago4-Flag/HA tagged mouse line. 
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CHAPTER 5 
 

Conclusions and Future Directions 
 

 
 My graduate work has examined a role for small non-coding RNAs and proteins 

associated with small non-coding RNA biogenesis, during male meiosis. In this thesis, I have 

described how a loss of miRNAs and siRNAs leads to abnormal chromosomal fusions of the sex 

chromosomes during male meiosis and affects the proteins involved in MSCI signaling. I have 

also discussed improvements I have made to a spermatocyte isolation procedure using flow 

cytometry, which will be critical for the examination of specific substages of meiotic prophase I 

spermatocytes. Finally, I define a strategy for generation of a mouse line containing epitope 

tagged Ago3 and Ago4. An Ago3-Myc/FLAG tagged mouse line has already been generated and 

is currently in the process of being validated. The work I have completed has paved the way for 

the examination of the roles of AGO3 and AGO4 in the spermatocyte nucleus during male 

meiosis. 

 The future directions of this project will be the validation of AGO3 and AGO4 epitope 

tagged mouse lines for the incorporation of the tag, examination of any potential off-target 

effects, and confirmation that the AGO proteins remain functional. Following validation, the 

ultimate goal will be to examine the proteins and RNAs interacting with AGO3 and AGO4 in 

isolated prophase I sub-staged spermatocytes. This will aid in understanding the role that AGO 

proteins are playing in MSCI and male meiosis in general.  

 

Validation of Ago3-Myc/FLAG and Ago4-FLAG/HA tagged mouse lines 
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 The Ago3-Myc/FLAG and Ago4-FLAG/HA tagged mice will need to be analyzed to: i) 

validate incorporation of the epitope tags, ii) eliminate mosaicism and any off target-effects as a 

result of CAS9 activity at loci other than the intended locus, and iii) test the functionality of 

epitope-tagged proteins.  

 To validate the incorporation of the epitope tags, the targeted region will need to be 

amplified and sequenced. To test the functionality of the Ago3-Myc/FLAG and Ago4-FLAG/HA 

tagged mouse lines, they will need to be assayed to determine that the Myc/FLAG and FLAG/HA 

epitope tags do not disrupt the expression, role, and localization of AGO3 and AGO4, 

respectively. Expression of the appropriately modified open reading frame will need to be 

confirmed by alignment of the endogenous Ago3 and Ago4 sequence to the cDNA sequencing 

results from the PCR product using the computational tool MegAlign. To confirm AGO3 and 

AGO4 protein expression in the Ago3-Myc/FLAG and Ago4-FLAG/HA tagged mouse lines, 

western blotting will need to be performed on whole testes lysate for AGO3 or AGO4, as well as 

the corresponding epitope tags. The negative control will be whole testes lysate from the Ago3-1-

4-/- mouse line. The Ago3-1-4-/- mouse should not express AGO3, AGO4, or any of the epitope 

tags. 

 Founder male and female mice that have incorporated the tags, as determined by 

sequencing and cDNA analysis, will be crossed to the wildtype mouse strain C57bl/6J to 

eliminate any mosaicism and off-target effects in the founders. Since the sgRNA and CAS9 

mRNA are injected into an actively replicating zygote, there is a possibility that genome editing 

can occur after DNA replication, resulting in some cells having the tag incorporated and others 

lacking incorporation. To address the potential problem of mosaicism, the founder mice will 

need to be backcrossed. Although a bioinformatics tool called COSMID will be employed to 
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help choose sgRNAs with few predicted off target sites, multiple backcrosses to C57bl/6J will 

eliminate any off-targets that do occur during the genome editing process [1]. Backcrossing of 

both the Ago3-Myc/FLAG and Ago4-FLAG/HA mouse lines to the C57bl/6J line will generate 

Ago3Myc-FLAG/+ and Ago4FLAG-HA/+ heterozygotes. These heterozygotes will then be bred together 

to generate Ago3Myc-FLAG/Myc-FLAG and  Ago4FLAG-HA/FLAG-HA homozygote experimental mice.  

 Ago3Myc-FLAG/Myc-FLAG and  Ago4FLAG-HA/FLAG-HA homozygotes will need to be validated for 

functional AGO3 or AGO4 protein, by assaying complementation of the Ago4-FLAG/HA line 

with the Ago4-/- line. If the incorporation of the tag results in a loss of function of Ago4, then 

crossing Ago4-/- and Ago4Flag/HA/Flag/HA mice would not rescue Ago4 function, whereas if the 

epitope tag does not disrupt protein function, the null allele would be rescued. Since Ago4-/- 

males display decreased testes weights, reduced sperm counts, and altered sex body morphology, 

a rescue of this phenotype can be examined by quantifying these phenotypes [2]. Validation that 

CRISPR does not disrupt the protein function will first be done with the Ago4-FLAG/HA mouse 

line, since there is an Ago4-/- line currently available for complementation analysis. To confirm 

that there are no changes in the relative protein expression of Ago3 or Ago4 in wildtype versus 

the Ago3-Myc/FLAG or Ago4-FLAG/HA tagged lines, quantitative real-time PCR of AGO3 and 

AGO4 mRNA will be performed from spermatocyte cell samples. 

 Changes in the localization patterns of the tagged AGO proteins will need to be assayed 

by immunofluorescence on spermatocyte chromosome spreads utilizing antibodies specific to the 

epitopes. It is expected that the epitope-tagged AGO3 and AGO4 proteins will localize to the sex 

body as do the wildtype proteins [2]. Once the Ago4-FLAG/HA line is validated then it would be 

expected that the Ago3-Myc/FLAG tagged line would also exhibit a similar incorporation. An 
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Ago3-/- mouse line will be generated using CRISPR/CAS9 genome editing that can be used for a 

complementation assay with the Ago3-Myc/Flag tagged line. 

 

Examination of proteins interacting with AGO3 and AGO4 within the 

spermatocyte nucleus. 

 AGO3 and AGO4 localize to the spermatocyte nuclei during meiotic prophase I, but there 

is currently no known mechanism for the localization of AGO proteins in the mammalian 

nucleus. To examine whether there is a novel nucleus-specific role for AGO proteins, the 

proteins that specifically interact with AGO3 and AGO4 in the spermatocyte nucleus will need to 

be isolated [3]. Specifically, AGO3 or AGO4 along with associated proteins will be co-

immunoprecipitated from the nuclear fractions of spermatocytes using the Ago3-Myc/FLAG and 

Ago4-FLAG/HA tagged lines. Proteins that interact with AGO3 and AGO4 will be sent for mass 

spectrometry analysis.  

 The fluorescence-activated cell sorting (FACS) method, described in chapter 2, will be 

used to isolate spermatocytes from each of the sub stages of prophase I: leptonema, zygonema, 

pachynema, and diplonema. Following isolation of these cells, nuclear–cytoplasmic fractionation 

will be performed using the NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (Thermo 

Fisher Scientific) according to the manufacturer’s protocol. Prior to the co-immunoprecipitation 

assay, the specificity of the epitope antibody will be validated by first performing a Western 

Blot. As a positive control to verify that the antibodies function on the Western Blot, epitope tag 

peptide that corresponds to the epitope on the tagged mouse will be used. For example, a HA-

peptide would be used with the Ago4-FLAG/HA tagged line. The negative control to test that the 

antibody doesn’t recognize other proteins besides the epitope-tagged AGO, will be samples from 
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a wildtype littermate that does not have an incorporated epitope tag. Once the antibodies have 

been validated, the co-immunoprecipitation assays can be performed. 

 Since the Ago3-Myc/FLAG and Ago4-FLAG/HA tagged mouse lines each will have two 

incorporated epitope tags, tandem co-immunoprecipitation can be performed on the sample to 

increase the purity.  Alternatively, if antibodies against one epitope tag fail to pull down 

sufficient protein material, antibodies against the second tag will be used instead. For the co-

immunoprecipitation assay, immunoprecipitation will be performed on experimental male and a 

wildtype littermate prophase I staged cells. The immunoprecipitate from both nuclear and 

cytoplasmic fractions, from both the wildtype and experimental mice, will then be run on a 

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) Gel. Bands that appear 

unique in the experimental sample and do not appear in the wildtype sample will then need to be 

sent for Mass Spectrometry analysis [4, 5].   

 For, the mass spectrometry assay, nuclear and cytoplasmic proteins extracted from the 

SDS-PAGE gel will be analyzed. Although the focus is on nuclear-specific proteins, the 

cytoplasmic proteins will be used as a means of comparison. To increase the accuracy of the 

proteins identified in this assay, tandem mass spectrometry analysis performed by the Cornell 

University Proteomics and Mass Spectrometry Facility will be used. Tandem mass spectrometry 

will increase the detection of specific compounds, by determining their characteristic 

fragmentation patterns through two stages of mass analysis [6].  

 In analyzing the mass spectrometry results, false positives will be eliminated through the 

use of a bioinformatics tool, Ingenuity Pathway Analysis [7]. This program will be used to 

identify proteins not known not to be expressed in germ cells; these proteins will then be 

eliminated from further analysis. To gauge the fidelity of the nuclear and cytoplasmic 
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fractionation, nuclear- and cytoplasmic-specific proteins will be assayed. This will be done by 

using The Nuclear Protein database, which is a searchable database of proteins described in the 

vertebrate nucleus, since it is currently not known what proteins AGOs might be interacting with 

in the nucleus [8]. Proteins of interest that have verified involvement in chromatin dynamics, 

and/or those proteins that have been shown to have roles similar to those seen in the RNA 

induced transcriptional silencing (RITS) processes will be prioritized. For example, 

chromodomain proteins that associate with histone variants that are active at the sex body and 

play roles in heterochromatin formation will be surveyed in the data.  

 Once specific proteins have been identified, using available commercial antibodies, their 

functional status will need to be validated by western blot of the AGO3 or AGO4 co-

immunoprecipitate. Immunofluorescence on spermatocyte chromosome spreads will also be 

performed to validate nuclear localization of these proteins. If mouse mutants are available for 

the genes encoding these candidate proteins, they will be examined for prophase I progression 

defects. If mouse mutant lines are not available, mutants can be generated rapidly using 

CRISPR/Cas9 technology [9]. While the traditional ES cell mouse mutant generation often took 

close to a year to acquire experimental mice, CRISPR/Cas9 editing is a much more efficient 

process taking only a few weeks to get experimental mice. These experiments will aid in 

identifying a nuclear-specific AGO-containing complex. 

 

Examination of small non-coding RNAs associating with AGO3 and AGO4 
within the spermatocyte nucleus. 
 
 To better understand the function of AGO proteins in spermatocyte nuclei, the small 

RNAs that associate with AGO3 and AGO4 in the nucleus will be compared with those that 

associate with AGO3 and AGO4 in the cytoplasm at various stages of meiotic prophase. To this 
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end, the Ago3-Myc/FLAG and Ago4-FLAG/HA lines will be used in RNA immunoprecipitation 

and subsequent RNA sequencing experiments that will be carried out in collaboration with the 

Grimson lab. As described in chapter 3, a FACS method will be used to isolate spermatocytes 

from each of the sub stages of prophase I: leptonema, zygonema, pachynema, and diplonema. 

These cells will then undergo nuclear and cytoplasmic fractionation, as described above. 

Epitope-tagged AGO3 and AGO4 will be immunoprecipitated from the nuclear and cytoplasmic 

fractions as described above..  

 Co-precipitated RNA will be isolated from the nuclear and cytoplasmic precipitates of 

prophase I-staged cells using Trizol [10]. Following Trizol extraction, the RNA will be size-

selected using a polyacrylamide gel and then will need to undergo small RNA sequencing 

performed by the RNA Sequencing Core at Cornell University. As a control for the RNA 

sequencing assay, small RNAs from the nuclear and cytoplasmic fractions of wildtype mouse 

spermatocytes at each substage of prophase I will be sequenced. These RNA libraries will serve 

as a baseline control for the small non-coding RNAs present in each substage. As a negative 

control, a Dicer conditional knockout mouse [11], which lacks active miRNAs and siRNAs, will 

be crossed to the epitope tagged lines. In this case, it would be expected that there should be no 

small non-coding RNAs that precipitate with AGO3 or AGO4 proteins.  

 Following RNA sequencing, the small non-coding RNA results will be filtered to select 

for siRNAs and miRNA by isolating those transcripts that are between 19-23 nucleotides. These 

siRNA and miRNA sequences will then be aligned to the mouse genome using the Bowtie short 

read alignment program. The siRNAs and miRNAs isolated from the spermatocytes nuclear 

fractions will then be compared to those isolated from the cytoplasmic fractions. In this 

examination, the Grimson lab will be looking for differentially-expressed small RNAs between 
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the nuclear and cytoplasmic fractions of each stage, while using the cellular fractions from 

wildtype mice for comparison. RNAs that appear to be present in the nucleus can be validated 

for this localization using RNA fluorescent in situ hybridization (RNA FISH).  

 The sequenced miRNAs and siRNAs will subsequently be examined for differences 

between the substages of meiotic prophase I. These will be differences in the RNAs association 

with AGO3 or AGO4 between the different substages. Since AGO3 and AGO4 localize 

specifically to the sex body during pachynema, we will look for siRNAs or miRNAs that 

associate with AGO3 or AGO4 and that exhibit increased transcript levels specifically during 

pachynema. Northern blotting can then be performed to validate an increase by probing for the 

specific miRNA or siRNA of interest. Finally, the small RNAs isolated from AGO3 versus 

AGO4 precipitates will then be compared for similarities or differences to explore whether the 

non-slicing AGO proteins have small RNA binding preferences. 

 

Conclusions 

 The studies utilizing the epitope tagged AGO3 and AGO4 mouse lines will further our 

goal of understanding of the potential nuclear role for AGO proteins in male mammalian germ 

cells. The work outlined in this thesis begins with describing a likely role for sncRNAs in 

maintaining the integrity of the sex body. In chapter 2, it is described how in Dicer and Dgcr8 

cKO mice, where there is a loss of miRNAs and siRNAs, there is abnormal chromosomal fusions 

at the sex chromosomes and mislocalization of crucial proteins involved in MSCI initiation. 

Additionally, in chapter 3, I outline improvements made to a FACS protocol, which can be 

utilized for isolation of meiotic prophase I sub-staged spermatocytes. Finally, in chapter 4, I 

describe a strategy for the generation of mouse lines containing epitope tagged Ago3 and Ago4 
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genes that can be used for examination the role AGO proteins are playing during male meiosis 

and MSCI. It is well accepted that meiotic sex chromosome inactivation (MSCI) is critical to 

male fertility and there is evidence that sncRNAs and proteins associated with the biogenesis of 

sncRNAs (AGO, DICER and DGCR8) are likely be involved in the mechanism of sex body 

silencing. Yet, there is no known role for AGO proteins and small RNAs in the nucleus during 

mammalian male meiosis. The work outlined here in this thesis sets up experimental means of 

examining the role that small non-coding RNAs and their associate AGO proteins may be 

playing in the process of MSCI. Better understanding the role AGO proteins play during MSCI 

will impact the current understanding of sncRNAs and AGO proteins, as well as male infertility 

and meiosis.  
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