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ABSTRACT

Mammalian spermatogenesis includes two types of cell divisions. First, germ cells undergo transit-
amplifying mitotic divisions, which enable prodigious output of mature spermatozoa. Second, they
undergo reductive meiotic divisions to produce haploid gametes. In this thesis, I examine gene expression
and regulation during the mitotic and meiotic phases of spermatogenesis.

Chapter 2 describes how RA-STRA8 signaling regulates two key transitions: spermatogonial
differentiation, which begins the transit-amplifying mitotic divisions, and meiotic initiation, which ends
them. First, in mice lacking the RA (retinoic acid) target gene Stra8, undifferentiated spermatogonia
accumulated; thus, Stra8 promotes spermatogonial differentiation as well as meiotic initiation. Second,
injection of RA into wild-type males induced precocious spermatogonial differentiation and meiotic
initiation; thus, RA acts instructively on germ cells at both transitions. Finally, competencies of germ cells
to undergo spermatogonial differentiation or meiotic initiation in response to RA were found to be distinct
and periodic.

Chapter 3 describes a novel method for isolating precise populations of mitotic and meiotic germ cells
from the mouse testis. We first synchronize germ cell development in vivo, and perform histological
staging to verify synchronization. We then separate these germ cells from contaminating somatic and stem
cells by FACS, to achieve ~90% purity of each distinct germ cell type, from the stem cell pool through
mid/late meiotic prophase. Utilizing this "3S" method (synchronize, stage, and sort), we can robustly and
efficiently separate germ cell types that were previously challenging or impossible to distinguish, with
sufficient yield for transcriptomic and epigenetic studies.

Chapter 4 presents a systematic comparison of the male and female gene expression programs of meiotic
prophase. We performed transcriptional profiling of postnatal testes synchronized in precise stages of
meiotic prophase, and compared to the same stages in the fetal ovary. We identified 260 genes up-
regulated during both male and female prophase; this shared gene set represents a core meiotic program,
composed of known and potential novel meiotic players. We also identified over two thousand genes that
are up-regulated during meiotic prophase specifically in the male. These comprise both a male-specific
meiotic program, and a preparatory program for cellular differentiation of spermatozoa.

Thesis Supervisor: David C. Page
Title: Professor of Biology
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Gametes are the link between generations, delivering segregated chromosomes from each parent to form

the zygote. In metazoans, there are two gamete types: spermatozoa (sperm) from the male parent and ova

(eggs) from the female parent.

In both males and females, gamete production can be broadly divided into four phases. First,

germ cells are specified (set aside from somatic lineages) in the embryo. Second, postnatal germ cells

divide mitotically to expand their numbers. Third, they undertake meiosis, to pair and separate

homologous chromosomes. During and after the mitotic and meiotic phases, germ cells undergo a fourth

phase of development: cellular differentiation to become mature gametes (sperm and egg).

This thesis presents work relating to the mitotic and meiotic phases of spermatogenesis. In this

chapter, I review the developmental program of spermatogenesis in the mouse, comparing and contrasting

it with oogenesis. In chapter 2, I show that the mitotic and meiotic phases of spermatogenesis are

concurrently regulated by retinoic acid (RA) and its target gene Stra8. In chapter 3, I present a novel

method that uses in vivo manipulation of RA metabolism to isolate precise mitotic and meiotic germ cell

fractions. Finally, in chapter 4, I present gene expression profiles of these isolated germ cell populations,

and compare them to publicly available female datasets to identify sex-shared and sex-specific gene

expression programs of meiotic prophase.

GERM CELL SPECIFICATION AND DIFFERENTIATION OF MALE AND FEMALE GAMETES

The earliest stages of germ cell development-specification, migration, and gonadal entry-occur

identically in males and females (Fig. 1.1). In mice, as in other mammals, germ cell identity is specified

by induction (i.e., by extracellular signals that act on multipotent embryonic cells). Around day 6.25 of

embryonic development (E6.25), a small cohort of cells in the proximal-posterior epiblast is exposed to

BMP4 from the extra-embryonic ectoderm and WNT3 from the epiblast (Lawson 1999; Ohinata 2009). In

response, these cells begin to express primordial germ cell (PGC) markers such as Prdml (a.k.a. Blimp])

and Prdml4 (Ohinata 2005; Yamaji 2008). Around the same time, expression of pluripotency markers
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such Pou5fi (a.k.a. Oct4), Nanog, and Sox2, previously expressed throughout the embryo, begins to

diminish in the soma, becoming germ cell-specific around E8.0 (Rosner 1990; Yabuta 2006).

Figure 1.1. Overview of male and female germ cell development

Top: Schematic of germ cell development.

Bottom: Approximate timeline. E=embryonic day, P=postnatal day.

Purple steps (left) are shared between male and female. These encompass specification in the epiblast,

migration to the genital ridge, and licensing. Throughout these steps, the germ cells are undergoing

mitotic divisions.

After the shared steps, germ cells differentiate as female (top, pink) or as male (bottom, blue).

Female-specific steps: Female germ cells enter meiosis around E13.5. They progress through meiotic

prophase before arresting in late prophase I around the time of birth. At this time, the pool of primordial

follicles begins to form. In the postnatal female, primordial follicles, which contain meiotically arrested

oocytes, are repeatedly recruited for growth and differentiation, ovulation, and resumption of meiosis,

eventually becoming mature eggs

Male-specific steps: Male germ cells do not enter meiosis during embryogenesis. Instead, they enter a

Gi/GO cell cycle arrest around E13.5. This arrest persists until shortly after birth, when the germ cells

resume mitosis and establish the spermatogonial stem cell pool. In the postnatal male, germ cells

repeatedly exit the stem cell pool, undergo transit-amplifying mitotic divisions, go through meiosis, and

differentiate as mature sperm.

(Figure appears on following page)
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After specification, germ cells must migrate from their site of specification in the epiblast,

through the hindgut, to the genital ridge (the location of the somatic gonad primordium). In parallel, germ

cells proliferate mitotically, increasing from approximately six cells at the time of specification to

approximately 1000 by the end of migration (Ohinata 2005; Tam and Snow 1981). Migrating germ cells

begin to arrive at the genital ridge at E 10.5. Entry into the somatic gonad correlates with genome-wide

DNA demethylation, including erasure of genomic imprints (Hajkova 2002), and with gene expression

changes (Molyneaux 2004), including induction of the proteins DAZL, DDX4 (a.k.a. MVH), GCNA, and

SYCP3 (Di Carlo 2000; Enders and May 1994; Seligman and Page 1998; Tanaka 2000). After arrival in

the gonad, germ cells undergo several more rounds of mitotic division, further increasing to -25,000 per

gonad by E13.5 (Tam and Snow 1981).

Shortly after arrival at the gonad, germ cells begin sex-specific differentiation, in response to cues

from the somatic gonad (testis or ovary) (Burgoyne 1988; Palmer and Burgoyne 1991). By E12.5, there

are a modest number of transcriptional differences between male and female (Jameson 2012). In parallel,

germ cells down-regulate pluripotency markers, with this down-regulation occurring slightly later in the

male than in the female (Menke 2003; Western 2005).This transition from primordial to differentiating

germ cell, called "licensing," requires DAZL. In Dazl-deficient embryos on the C57BL/6 background,

germ cells do not express sex-specific markers and instead maintain expression of pluripotency markers

(Gill 2011; Lin 2008).

From E 12.5 onward, male and female germ cells follow distinct developmental paths, termed

"spermatogenesis" and "oogenesis". In the female, germ cells receive retinoic acid (RA), which acts as a

meiosis-inducing signal (Baltus 2006; Bowles 2006; Koubova 2006). At E13.5, meiotic chromosomal

figures are present in the female but not in the male; this marks the first morphological difference

between male and female germ cells (McLaren 1984, 2003). Female germ cells progress relatively

synchronously through meiotic prophase. Then, around the time of birth, they arrest in late prophase I;

this arrest persists for much of postnatal germ cell development (Borum 1961).
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In parallel with the meiotic program, female germ cells begin cellular differentiation into eggs.

The first step of this differentiation is the recruitment of somatic granulosa cells to surround germ cells

and form primordial follicles. Female-specific expression of the folliculogenesis factors FIGLA and

NOBOX begin around E13 and birth respectively, and primordial follicles are first observed shortly after

birth. (Rajkovic 2004; Soyal 2000). Throughout the female's reproductive life, these primordial oocytes

are continually recruited for growth, differentiation, and ovulation. Following ovulation, oocytes exit their

prophase I arrest and resume meiosis (Edson 2009). Meiotically arrested primordial oocytes comprise the

entire germ cell population of the female. This limited supply of germ cells (~4000 per ovary in the

mouse), without potential for self-renewal or mitotic amplification, contributes to the limited reproductive

lifespan of the female (Canning 2003; Jones and Krohn 1961).

In contrast, in the male, germ cells do not enter meiosis in the embryo. The meiosis-inducing

signal (RA) is blocked in males. RA is degraded by the cytochrome P450 enzyme CYP26B 1, which is

expressed exclusively in males (Bowles 2006; Koubova 2006). The male-specific RNA-binding protein

NANOS2 also acts germ cell-intrinsically to maintain meiotic suppression (Suzuki and Saga 2008). Male

germ cells instead enter a Gl/GO cell cycle arrest (McLaren 2003). During this arrest period, genomic

methylation imprints are re-established (Arnaud 2010; Davis 2000). A few days after birth, germ cells

resume mitosis. A portion of the germ cells are reserved as the spermatogonial (male germline) stem cell

pool, while the rest undergo mitotic amplification, meiosis, and cellular differentiation to produce mature

spermatozoa (de Rooij 1998). Throughout the animal's adult life, the stem cell pool repeatedly gives rise

to new cohorts of mature spermatozoa. In contrast to the female, which does not have a germline stem cell

pool, the male has a longer reproductive lifespan (Franks and Payne 1970), and produces an extraordinary

number of gametes (-4 million spermatozoa per day in the mouse) (Thayer 2001).

I now describe in more detail the postnatal developmental process of spermatogenesis.
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SPERMATOGENESIS

The entire process of spermatogenesis takes place within the testis. The testis comprises two

compartments: the seminiferous tubules and the interstitium (Fig. 1.2A). Germ cells reside within the

seminiferous tubules, organized and supported by the somatic Sertoli cells. Additional somatic cell types,

the peritubular myoid and lymphatic endothelial cells, surround the exterior of the tubules. The interstitial

compartment contains Leydig cells, which produce testosterone and other steroids; blood and lymphatic

vessels; and macrophages (Russell 1990).

As germ cells go through the mitotic, rneiotic, and gamete differentiation phases of

spermatogenesis, they move from the basement membrane of the tubule up toward the lumen. Eventually,

they are released into the lumen, where they are swept along the seminiferous tubules, through the

efferent ducts of the testis, and finally into the epididymis to complete their maturation. It is in the

epididymis that spermatozoa become motile and competent for fertilization (Cornwall 2009; Russell

1990).
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Figure 1.2. Overview of spermatogenesis

(A) Structure of the mouse testis. The mouse testis comprises seminiferous tubules, surrounded by

interstitium. In any given tubule cross-section, one observes layers of germ cells at different steps in their

development into spermatozoa. Less differentiated germ cells are found near the basal lamina, while more

differentiated germ cells are found near the tubule lumen. These layers of germ cells are interspersed with

supporting Sertoli cells. (Scale bar, 30 pm.) Adapted from (Endo 2015).

(B) The mitotic, meiotic, and gamete differentiation phases of mouse spermatogenesis. Germ cells begin

as Asingie spermatogonia (left, purple), divide mitotically, and develop into elongated spermatids (gray,

right), which are released into the tubule lumen. Germ cells divide with incomplete cytokinesis; the

resulting intercellular bridges persist until spermatid release. The mitotic phase of spermatogenesis

comprises eight types of spermatogonia: Asingie, Apaired, Aaligned, AI, A 2, A3, A4 , In. (Intermediate), and B.

The Asingie, Apaired, and Aaligned spermatogonia are termed "undifferentiated spermatogonia," and the other

spermatogonial types are termed "differentiating spermatogonia." Meiotic prophase comprises five types

of spermatocytes: prelep. (preleptotene), lep. (leptotene), zyg. (zygotene), pachy. (pachytene), and diplo.

(diplotene). SC2 (secondary spermatocytes) arise after the first meiotic division. After the second meiotic

division, the gamete cellular differentiation phase ensues; haploid germ cells develop into round

spermatids and then elong. (elongating) spermatids. (Figure appears on following page)
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Mitotic phase of spermatogenesis

Self-renewal in the stem cellpool: The mitotic phase of spermatogenesis begins with the self-renewal and

proliferation of the "undifferentiated spermatogonia" (Fig 1.2B). Several lines of evidence demonstrate

that the undifferentiated spermatogonia constitute the stem cell pool of the testis. First, the

undifferentiated spermatogonia are the developmental precursors of all other germ cell types in the testis.

This was first established by histological observation (Huckins 1971) ,and has more recently been

confirmed by lineage tracing experiments, which followed the development of various undifferentiated

spermatogonial sub-populations (Nakagawa 2007; Sun 2015). Second, undifferentiated spermatogonia are

sufficient to re-constitute spermatogenesis. When all other germ cell types are eliminated (by testicular

heating via relocation to the abdominal cavity), undifferentiated spermatogonia are able to entirely

reconstitute spermatogenesis, eventually producing mature sperm and restoring fertility (Nishimune

1978). Similarly, upon transplantation to a germ cell-depleted testis, the undifferentiated spermatogonia

are able to self-renew and to reconstitute spermatogenesis (Brinster and Zimmermann 1994; Shinohara

2000; Tokuda 2007). When more differentiated germ cell types are subjected to this transplantation assay,

they are either unable to reconstitute spermatogenesis (Tokuda 2007) or exhibit very low efficiency of

reconstitution (Barroca 2009). Consistent with their stem cell identity, undifferentiated spermatogonia

express pluripotency-associated genes such as Lin28a, Sall4, and, in a subset of cells, Pou5fi (a.k.a. Oct4)

(Gassei and Orwig 2013; Pesce 1998; Tokuda 2007; Zheng 2009).

In the unperturbed testis, only a fraction of the undifferentiated spermatogonia function as stem

cells: the total number of undifferentiated spermatogonia per testis is ~330,000 (Tegelenbosch and de

Rooij 1993), while the number of stem cells in the unperturbed testis is estimated as ~2,000-3,000 by

lineage-tracing experiments, (Nakagawa 2007) and transplantation experiments, (Nagano 2003). There is

ongoing investigation into which subpopulation of the undifferentiated spermatogonia are the true stem

cells. Because undifferentiated spermatogonia divide with incomplete cytokinesis, they can be

histologically classified based on chain length, as "Aingie spermatogonia" (isolated cells), "Apaired

spermatogonia" (chains of two), or "Aaligned spermatogonia" (chains of four or more). Classically, stem cell

18



activity was thought to reside entirely within the Asingie population: an Asingle spermatogonia could either

divide with complete cytokinesis to produce two Asingie progeny (symmetric self-renewal), or could divide

with incomplete cytokinesis to produce two Apaired progeny (differentiation) (Chan 2014; Huckins 1971;

Oakberg 1971). Live-cell imaging experiments by Nakagawa et al. (2010) have challenged this, by

demonstrating that differentiation from Asingie to Apaired to Aaigned is not unidirectional: groups of Apaired and

Aaligned spermatogonia can fragment to produce new Asingle spermatogonia. However, in the unperturbed

testis, it seems that the majority of the stem cell activity does reside within the Asingle population (de Rooij

and Griswold 2012). In the perturbed testis, for example after germ cell transplantation or treatment with

the cytotoxic compound busulfan, fragmentation of chains of Apaired and Aaligned spermatogonia becomes

more frequent, and a much larger fraction of the undifferentiated spermatogonia are able to function as

stem cells. Thus, many Apaired and Aaligned spermatogonia may function as "potential stem cells" that can

reconstitute spermatogenesis after perturbations (Nakagawa 2007; Nakagawa 2010).

Even the Asingle pool, which comprises -35,000 cells per testis (Tegelenbosch and de Rooij 1993),

is much larger than the estimated number of spermatogonial stem cells. Thus, in the unperturbed testis,

stem cell activity must reside within only a fraction of this pool. Spermatogonial stem cells can be

enriched by sorting for markers such as THY 1, CD9, and a6/0 1 integrin; however these markers are not

exclusive to stem cells (Oatley and Brinster 2008). Nakagawa et al. (2010) found that GFRal was

enriched in self-renewing undifferentiated spermatogonia; however, its expression is too broad for a bona

fide stem cell marker. Recently, Oatley et al. (2011) identified ID4 as a putative marker of the

spermatogonial stem cell population. ID4 was previously known to influence stem cell survival and

differentiation in a variety of tissues, including adipose tissue, brain, and mammary gland (Patel 2015).

Within the testis, ID4 is expressed exclusively in Asingie spermatogonia. It is expressed in only 1.9% of the

undifferentiated spermatogonia (Chan 2014), which is the right order of magnitude for a stem cell marker.

(1.9% of -330,000 undifferentiated spermatogonia yields an estimated 6,000 ID4+ cells per testis,

compared with an estimated 2,000-3,000 stem cells.) Transplantation assays demonstrate that the ID4+

cells encompass -95% of the spermatogonial stem cells of the testis, and lineage tracing experiments
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confirm that ID4+ cells function as stem cells in the unperturbed testis (Chan 2014; Sun 2015).

Furthermore, ID4 seems to have a functional role in undifferentiated spermatogonia. Cultures of Id4-

depleted spermatogonia exhibit self-renewal defects, and Id4-deficient mice exhibit loss of

undifferentiated spermatogonia and decreasing fertility with age. This progressive degeneration of

spermatogenesis is a hallmark of spermatogonial stem cell defects (Oatley 2011). It remains to be

determined whether all ID4-positive germ cells are stem cells, or whether the stem cells are a subset of

the ID4-positive population.

In addition to finding stem cell markers, we need to understand how the stem cell population is

established and maintained. In many stem cell systems, there is a specific "niche," or microenvironment

that helps to determine stem cell fate. However, for spermatogonia, no definitive niche has been found.

Undifferentiated spermatogonia in general are preferentially located adjacent to interstitial space, rather

than adjacent to neighboring tubules. Asingie spermatogonia and ID4-positive spermatogonia show the

same preference for the interstitium (Chan 2014; Chiarini-Garcia 2001; Yoshida 2007). However, the

interstitium-adjacent space encompasses a large fraction of the tubule's circumference, and investigators

disagree about where within this large niche the stem cells can be found (Chan 2014; Yoshida 2007). It

seems likely that spermatogonial stem cell identity is not strictly determined by the niche, but rather is

stochastic (Wu 2009).

The genetics of spermatogonial stem cell maintenance are still not entirely understood, but a few

key factors have been identified. Stem cell maintenance involves two signals from the Sertoli cells:

GDNF and CSF- 1. GDNF acts on undifferentiated spermatogonia via the receptors GFRa 1 and RET.

Mice with reduced Gdnf expression exhibit progressive loss of spermatogonia with age, while mice that

overexpress Gdnf exhibit progressive spermatogonial accumulation (Meng 2000). Targets of GDNF

include the transcription factors Bcl6b, Lhx, and Etv5 (a.k.a. Erm), which are in turn themselves required

for spermatogonial self-renewal. CSF- 1 acts through the receptor CSF 1 R; when added to spermatogonia

in vitro, it greatly increases the number of stem cells, as measured by germ cell transplantation

(Kokkinaki 2009; Oatley 2009). Stem cell maintenance also requires germ cell-intrinsic factors, including
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the transcriptional repressor ZBTB 16 (a.k.a. PLZF), the general transcription factor TAF4B, and the

pluripotency factor POU5F1 (a.k.a. OCT4). Both Zbtb]6 and Taf4b deficiencies have been characterized

in vivo in mice; these deficiencies have very similar phenotypes. Absence of either gene leads to

progressive loss of germ cells with age, indicating that both Zbtbl6 and Taf4b are required for

undifferentiated spermatogonia maintenance. Zbtb]6- or Taf4b-deficient spermatogonia are unable to

colonize a wild-type somatic environment upon transplantation, demonstrating that both defects are germ

cell-intrinsic (Buaas 2004; Costoya 2004; Falender 2005). Pou5fi has not been studied in vivo, but is

required for spermatogonial stem cell maintenance in culture (Dann 2008).

Spermatogonial differentiation and transit-amplifying divisions: In the second part of the mitotic phase,

germ cells exit the stem cell pool to begin transit-amplifying mitotic divisions. This transition from

undifferentiated to "differentiating" spermatogonia is called "spermatogonial differentiation" or the

"Aaligned-to-A1 transition." This transition occurs during the GI phase of the cell cycle, without cell

division (de Rooij and Russell 2000). It is associated with a near-imperceptible morphological change in

the mouse (though this change is more pronounced in some other species) (Chiarini-Garcia and Russell

2002; Oud and de Rooij 1977). Nevertheless, spermatogonial differentiation involves two important

functional changes. First, spermatogonia begin to down-regulate pluripotency-associated factors such as

POU5F1I (a.k.a. OCT4), SALL4, and (modestly) LIN28A (Gassei and Orwig 2013; Gaytan 2013; Tokuda

2007; Zheng 2009). In parallel, they up-regulate new markers such as KIT and CCND2 (Beumer 2000;

Schrans-Stassen 1999). Second, subsequent to spermatogonial differentiation, the cell cycle becomes

more rapid, on a precise clock, and becomes synchronized with all other spermatogonia in the same

seminiferous tubule cross-section (de Rooij and Russell 2000; Lok and de Rooij 1983).

Spermatogonial differentiation is regulated by retinoic acid (RA), a signaling molecule derived

from dietary vitamin A. When vitamin A is removed from the diet, germ cells arrest as late

undifferentiated spermatogonia. When these vitamin A-deprived mice are then injected with vitamin A or

RA, spermatogonial differentiation occurs (Morales and Griswold 1987; van Pelt and de Rooij 1991; van
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Pelt and de Rooij 1990a; van Pelt and de Rooij 1990b). RA can operate through two main pathways, the

genomic pathway and the non-genomic pathway. In the genomic pathway, RA binds to a nuclear receptor,

which then activates transcription. The canonical targets of the genomic pathway are the retinoic acid

receptors RARa, RARp, and RARy, acting as heterodimers with the retinoid X receptors RXRa, RXRs,

and RXRy. In the non-genomic pathway, RA instead activates kinase signaling cascades (Al Tanoury

2013). Both pathways seem to be active during spermatogonial differentiation. Retinoic acid receptors

are expressed in spermatogonia, and germ cell-specific knockouts of RARa/p/y or of RXRa/p/y lead to

modest impairment of spermatogonial differentiation, suggesting that RA acts, in part, directly on germ

cells through the genomic pathway (Gaemers 1998; Gely-Pernot 2015; Vernet 2006b). RA activates the

PI3K/AKT/mTOR kinase signaling cascade specifically in germ cells, and blocking this pathway through

chemical inhibition of mTORC 1 blocks spermatogonial differentiation (Busada 2015a; Busada 2015b),

demonstrating that RA also acts on germ cells through the non-genomic pathway. Finally, Sertoli cell-

specific knockouts of RARa/p/y lead to modest impairment of spermatogonial differentiation (Gely-

Pernot 2015; Vernet 2006a), suggesting that RA also acts indirectly on germ cells via Sertoli cells. These

multiple routes of RA signaling seem to function redundantly. When a Sertoli cell-specific knockout of

RARa is combined with a germ cell-specific knockout of RARy, spermatogonial differentiation is

completely blocked (Gely-Pernot 2015).

Numerous other perturbations cause blocks in spermatogenesis just before spermatogonial

differentiation. Among the perturbations that prevent spermatogonial differentiation are: deficiency for

the RNA-binding protein Dazl on a mixed genetic background; deficiency for the ribosome biogenesis

factor Utpl4b (a.k.a.jsd); deficiency for the transcription factor Sall4a; and partial deficiency for either

the receptor Kit or its ligand Kitl (Busada 2015a; de Rooij 1999; Hobbs 2012; Mizunuma 1992; Schrans-

Stassen 2001; Schrans-Stassen 1999; Sette 2000; Yoshinaga 1991). Several of these genes function

downstream of RA: Kit is downstream of the non-genomic pathway, and Sall4a of the genomic pathway

(Busada 2015a; Gely-Pernot 2015). Two less-specific perturbations, cryptorchidism (failure of testes to

descend) and testicular heating, also block spermatogonial differentiation, causing late undifferentiated
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spermatogonia to specifically undergo apoptosis (Meistrich and Shetty 2003). This precise regulation of

spermatogonial differentiation suggests that it is a critical step in germ cell development.

After spermatogonial differentiation, germ cells undergo a series of exactly six transit-amplifying

mitotic divisions. Directly after spermatogonial differentiation, germ cells are termed "A1

spermatogonia;" after each subsequent division, they are termed A 2, A3, A4 , Intermediate, and B

spermatogonia, and preleptotene spermatocytes (de Rooij and Russell 2000). A1/A 2/A 3/A 4 spermatogonia

are morphologically indistinguishable by light microscopy, though some subtle changes can be observed

by electron microscopy (Chiarini-Garcia and Russell 2002). As spermatogonia divide with incomplete

cytokinesis, they can also theoretically be distinguished by chain length, although this is difficult in

practice. Intermediate and B spermatogonia have successively more heterochromatin within the nucleus,

and thus can be distinguished by light microscopy (de Rooij and Russell 2000). Relatively few expression

changes have been identified during these transit-amplifying divisions, in part because of the difficulty of

distinguishing the different spermatogonial subtypes. However, it is known that differentiating

spermatogonia exhibit a gradual loss of the pluripotency marker LIN28A, as well as up-regulation of the

transcription factor DMRTB 1 (a.k.a. DMRT6) and of the proto-oncogenes Myc, Fos, and Jun (Gaytan

2013; Wolfes 1989; Zhang 2014). Two transcription factors, DMRTB1 and DMRT1, have been reported

to regulate the transit-amplifying divisions. Ablation of Dmrtb] on a C57BL/6 background leads to

aberrant gene expression and apoptosis in late differentiating spermatogonia (Zhang 2014). Ablation of

Dmrt] in postnatal germ cells reduces the number of mitotic divisions before meiosis, causing premature

meiotic entry that occurs with unpredictable timing. This shortening of the mitotic phase leads to a drastic

reduction in overall germ cell number (Matson 2010).

The long and precisely regulated mitotic phase helps to ensure prodigious and consistent output

of mature spermatozoa. With six transit-amplifying mitotic divisions after spermatogonial differentiation,

plus two meiotic divisions and at least three mitotic divisions in the stem cell pool, one spermatogonium

is capable of producing 2048 mature spermatozoa (de Rooij and Russell 2000)! (In practice, many of the

differentiating spermatogonia are pruned by density-dependent apoptosis, such that an average
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spermatogonium yields 400-1000 mature spermatozoa.) In addition to increasing in number, germ cells

may be using this long mitotic phase to prepare themselves for the upcoming meiotic divisions.

Meiotic phase of spermatogenesis

After the transit-amplifying mitotic divisions, germ cells enter the meiotic phase of spermatogenesis (Fig.

1.2B). Meiosis is a specialized, germ cell-specific cell division that produces haploid gametes. During

meiosis, germ cells undergo a single round of DNA replication, followed by pairing of homologous

chromosomes and two reductive divisions. The first division separates the paired homologous

chromosomes, while keeping sister chromatids together. The second division separates the paired sister

chromatids (as in mitosis). Thus, meiosis ensures that each parent contributes exactly one of each

chromosome to the zygote.

Meiotic initiation occurs in preleptotene spermatocytes. This decision to enter meiosis is believed

to occur just before the germ cells begin DNA replication. Following this DNA replication, which is

termed pre-meiotic S phase, germ cells enter a prolonged G2-like stage called "meiotic prophase."

Meiotic prophase is divided into four sub-stages: leptotene, zygotene, pachytene, and diplotene (Fig. 1.3).

During pre-meiotic S phase and meiotic prophase, which together span 11.5 days, the germ cells must go

through an elaborate series of chromosomal processes to prepare for the reductive divisions. This

"chromosomal program of meiotic prophase" encompasses three main processes: cohesion of sister

chromatids, synapsis (pairing) of homologous chromosomes, and homologous recombination. Each of

these chromosomal processes is in turn supported by an underlying "gene expression program."

During pre-meiotic S phase, germ cells undergo the first chromosomal event of meiosis: loading

of meiotic-specific cohesins (Handel and Schimenti 2010). The cohesin complex, which holds sister

chromatids together, is present during both mitosis and meiosis, but four components of the cohesin

complex are specific to meiosis: STAG3, REC8, SMCIB, and RAD21L (Herran 2011; Ishiguro 2011).

Meiosis-specific cohesins are required to ensure that homologs, rather than sister chromatids, segregate at

the first meiotic division. In anaphase of mitosis, cohesins are cleaved all along the chromosome, so that
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sister chromatids separate. Conversely, at anaphase of meiosis I, REC8 is cleaved along chromosome

arms but is specifically protected at the centromere by the protein SGOL2A (Llano 2008). Thus, sister

chromatids remain connected, and segregate to the same pole during meiosis I. SGOl2A is degraded prior

to meiosis II, and REC8 is cleaved at meiosis II to allow separation of sisters (Llano 2008; Watanabe and

Kitajima 2005).

Figure 1.3. The chromosomal events of meiotic prophase

Meiotic initiation occurs in the preleptotene stage, after which germ cells undergo DNA replication and

loading of meiosis-specific cohesins. Next, cells enter meiotic prophase, which can be divided into four

sub-stages: leptotene, zygotene, pachytene, and diplotene. During these stages, two more chromosomal

events occur. The first event is pairing and synapsis of homologous chromosomes, via formation of the

axial and central elements of the synaptonemal complex. This is followed by de-synapsis during

diplotene. The second chromosomal event is homologous recombination, via double-strand break (DSB)

formation, DSB repair, and cross-over stabilization. The proteins involved in each of these processes are

listed at the stage where they are thought to function. Adapted from (Soh 2015b).
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Homologous chromosome synapsis occurs next, over the course of leptotene, zygotene,

pachytene, and diplotene. The progression of synapsis is the major criterion used to define these sub-

stages of meiotic prophase. The synaptonemal complex, a large protein structure that joins the

homologous chromosomes, begins to form at leptotene. Chromosomes condense, forming visible strands,

and the axial elements of the synaptonemal complex, SYCP2 and SYCP3, are laid down around the

meiotic cohesins. At the same time, homologous chromosomes begin to align. By the end of leptotene, the

axial elements are completely laid down. At zygotene, the homologous chromosomes begin to pair, and

the central elements of the synaptonemal complex-SYCP1, SYCP1, SYCE3, and TEX 12-are laid

down (Handel and Schimenti 2010). In pachytene, the autosomes are completely synapsed. During

diplotene, the chromosomes de-synapse, but remain aligned.

In parallel with synapsis, homologous recombination occurs over leptotene, zygotene, pachytene,

and diplotene. In leptotene, programmed double-strand breaks (DSBs) are made by the SPOIl enzyme.

DSB formation also requires the genes Meil, Mei4, and Rec114. These DSBs are marked by

phosphorylation of the histone variant H2AX (yH2AX). DSBs are gradually repaired. Some are resolved

as "crossovers," or exchange of genetic material between homologous chromosomes, while the others are

resolved without crossing over. Processing of DSBs requires the protein DMC 1, which facilitates strand

invasion and repair of DSBs during leptotene and zygotene (Handel and Schimenti 2010). DSB

processing also requires the mismatch repair machinery: MSH4 and MSH5 at leptotene and zygotene, and

MLH1 and MLH3 at pachytene. DSB repair and crossover formation are complete by the end of

pachytene (Cohen 2006). Crossovers hold the chromosome pairs together, ensuring that homologous

chromosomes are properly segregated during anaphase I of meiosis.

In order for these chromosomal processes to occur, a large suite of genes must be expressed in

meiotic cells. These "gene expression program" is still being elucidated, but in many cases meiotic genes

are expressed earlier and more broadly than the chromosomal processes in which they take part. For

example, the synaptonemal complex components Sycpl and Sycp3 are expressed in spermatogonia,

during the transit-amplifying divisions (Wang 2001). Expression of the cohesin Rec8 has not been studied
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in detail in the male, but in the female it is expressed not only in meiotic germ cells but also before

meiotic initiation and in the ovarian soma (Prieto 2004; Soh 2015a). Thus, gene expression alone cannot

be used to assess progression of the chromosomal events of meiosis; the gene expression program must

be characterized independently of the chromosomal program.

Meiotic initiation, like spermatogonial differentiation, is regulated by RA (retinoic acid). In rats

deficient for vitamin A (the dietary precursors of RA), some germ cells arrest as preleptotene

spermatocytes. After injection of vitamin A or RA, these germ cells enter meiosis (van Pelt and de Rooij

1991; van Pelt and de Rooij 1990a). Similarly, in mice, administration of a pan-RAR reverse agonist

inhibits meiotic initiation (Raverdeau 2012). It is unclear how these effects of RA are mediated, as

preleptotene spermatocytes do not seem to express retinoic acid receptors, and germ cell-specific

knockouts of RARa/RARO/RARy or RXRa/RXRP/RXRy show no defect in meiotic initiation (Gely-

Pernot 2015; Vernet 2006b). However, we do know that RA acts at least in part through the target gene

Stra8. Stra8 (stimulated by retinoic acid gene 8) was originally identified in a screen for RA-responsive

genes in embryonal carcinoma cells. It was later shown to be germ cell-specific and RA responsive in vivo

(Bowles 2006; Koubova 2006; Oulad-Abdelghani 1996). In Stra8-deficient male mice, germ cells fail to

load meiotic cohesins, to synapse, and to form double-strand breaks; instead, they undergo apoptosis

(Anderson 2008; Baltus 2006).

After meiotic initiation, meiotic progression is regulated by cell cycle checkpoints. Defects in

recombination or synapsis lead to meiotic delay or arrest in the pachytene stage. This "pachytene

checkpoint" may be in part mediated by the kinase ATR. Defects in spindle assembly, for instance due to

aneuploidy, trigger the "spindle assembly checkpoint," leading to arrest or delay at metaphase I of meiosis

(Handel and Schimenti 2010). This careful regulation of meiotic initiation and progression facilitates the

continuous production of high-quality haploid spermatids.
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Conservation of meiosis between male and female

Unlike the transit-amplification phase, meiosis is a central feature of gamete production in both male and

female. The chromosomal program of meiotic prophase (described in the previous section) is common to

male and female (Hunt and Hassold 2002). This chromosomal program must be supported by an

underlying program of gene expression. Gene expression in female mice during meiotic prophase has

been systematically profiled using RNA-seq (Soh 2015a). Male meiosis is more difficult to profile

because it occurs asynchronously (as describes in later sections); however it seems that most of the key

meiotic genes identified by Soh et al. are expressed in the male (Margolin 2014).

The major difference between male and female meiosis is that they occur in different contexts.

Female meiosis occurs in the ovary and begins before birth; male meiosis occurs in the testis and begins

after birth. Male and female meiotic germ cells are thus exposed to distinct hormonal and signaling

environments. Similarly, female meiosis occurs in the context of oogenesis (cellular differentiation of

female gametes). As oocytes progress through meiotic prophase, they grow, differentiate, and organize

surrounding somatic cells into follicles. At the conclusion of meiotic prophase, oocytes divide

asymmetrically to produce one large ovum and three tiny polar bodies (Edson 2009). In contrast, male

meiosis occurs in the context of spermatogenesis (cellular differentiation of male gametes). Very little

visible differentiation occurs during male meiotic prophase. At the conclusion of prophase, spermatocytes

divide symmetrically to produce four small haploid cells, which then differentiate into mature sperm

(Russell 1990). In additional to these different contexts, there are sex differences in the meiotic program

itself: in sex chromosome pairing, meiotic arrests, and meiotic checkpoints. I summarize each of these in

turn.

Male meiosis must solve the special problem of X-Y chromosome pairing. Female germ cells

have two X chromosomes that are homologous along their entire length. Males, on the other hand, have

one X and one Y chromosome; these are homologous along only a small part of their length (the "pseudo-

autosomal region," or PAR). Male germ cells must thus solve two special problems: ensuring that the X

and Y chromosomes pair and recombine in the relatively tiny PAR; and altering synapsis checkpoints to
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accommodate the non-homologous regions of the X and Y. To ensure X-Y recombination, the PAR has a

much greater density of double-strand breaks than autosomes. These double-strand breaks occur later than

those on the autosomes and are under distinct genetic control (Kauppi 2011). To monitor for proper

synapsis, the male uses a mechanism called "meiotic silencing of unsynapsed chromatin." During

pachytene, unsynapsed regions are coated with the proteins BRCA 1, ATR and yH2AX, and are

transcriptionally silenced. If everything is proceeding properly, the only unsynapsed chromatin is from the

X and Y chromosomes (excluding the PAR). These are silenced and sequestered to a nuclear partition

called the sex body, while autosomal backups of essential X chromosome genes are activated. This

"meiotic sex chromosome inactivation" (MSCI) allows meiosis to proceed normally. If autosomes are

unsynapsed, the cell will die due to absence of essential autosomal transcripts. If the X or Y chromosome

undergoes synapsis outside of the PAR (for example due to sex chromosome aneuploidy), escape of X or

Y chromosome genes from MSCI will lead to toxicity and cell death (Turner 2007).

A second difference between male and female meiosis is the presence of arrests in the female.

Male meiosis proceeds from initiation to divisions without stopping. The entire process takes 12.5 days,

with the divisions themselves spanning less than 24 hours (Russell 1990). Female meiosis, on the other

hand, includes two long meiotic arrests. The first occurs in diplotene of meiotic prophase I; it begins

before birth and lasts until ovulation. This arrest can therefore last months (in the mouse) and even years

(in the human). After ovulation, the oocyte resumes meiosis and undergoes the first meiotic division. It

arrests again at metaphase of meiosis II, and does not complete the second division until after fertilization

(Borum 1961; Mehlmann 2005). During these arrests, the oocyte is transcriptionally and translationally

active. The first arrest in particular gives to oocyte critical time to grow, and to stockpile mRNAs and

protein that will be needed for embryonic development (Von Stetina and Orr-Weaver 2011).

Finally, some meiotic checkpoints seem to be much more stringent in male meiosis than in the

female. In male germ cells, a spindle assembly checkpoint is active in meiosis I. If homologous

chromosome pairs are not aligned at metaphase I, male germ cells undergo a cell cycle arrest. This

checkpoint seems to be entirely absent in female meiosis. Even when chromosomes are not paired and
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aligned on the metaphase plate, female germ cells can progress to metaphase II. Consequently,

approximately 20% of oocytes are aneuploid, vs. only 3-4% of sperm. Similarly, the recombination

checkpoint, which monitors for repair of double-strand breaks, differs between male and female. Both

male and female germ cells arrest and die in pachytene if recombination has not occurred properly;

however, many mutants defective for recombination exhibit male-specific infertility, suggesting that this

checkpoint is more stringent in male than female (Hunt and Hassold 2002). Burgoyne et al. (2007)

suggest that the recombination checkpoint may use fundamentally different mechanisms in male and

female. The reason behind this sexual dimorphism in checkpoint stringency is not known. One potential

explanation is that the energetic cost of making a large, RNA- and protein-filled ovum is much greater

than the energetic cost of making a tiny sperm cell (Hayward and Gillooly 2011). Since accidental

elimination of viable gametes is more costly in the female, evolution may have favored weak female

meiotic checkpoints. Alternatively, weak meiotic checkpoints in the female may be a simple mechanistic

consequence of the large gamete size: dilution of checkpoint components in a large cell volume may

decrease checkpoint effectiveness (Gorbsky 2015).

Regulators of meiotic initiation are partially shared between male and female. RA (retinoic acid)

and its target gene Stra8 control meiotic initiation in both male and female. Removing RA and STRA8 in

the female and male have very similar effects. When explanted female gonads are cultured with a pan-

RAR antagonist to block RA signaling, germ cells do not express STRA8 and do not enter meiosis

(Bowles 2006; Koubova 2006). In Stra8 knockout females, germ cells do not undergo pre-meiotic DNA

replication, and do not load meiotic cohesins or synaptonemal complex proteins (Baltus 2006). Similarly,

the transcription factor Dmrtl regulates both male and female meiosis. In the male, it regulates the

transition from mitotic divisions to meiosis; in the female, it is required for full expression of Stra8

(Krentz 2011). Several other regulators are required for meiotic initiation in only one sex. The

transcription factors MsxJ and Msx2 are upregulated at meiotic initiation in the female, and genetic

deficiency for these factors decreases the number of female meiotic cells. MsxJ and Msx2 are not up-

regulated at meiotic initiation in the male (Le Bouffant 2011). Conversely, the transcription factor Dmrtb]
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regulates the transition from mitotic divisions to meiosis in the male, while females deficient for Dmrtb]

have no reproductive defect (Zhang 2014) .

Overall, the chromosomal program, gene expression program, and regulation of meiosis seem to

be quite similar between male and female. Indeed, combined study of female meiosis in the embryonic

ovary and male meiosis in the adult testis has been a powerful tool for understanding the mammalian

meiotic program. However, these programs clearly have significant differences as well. Existing studies

have probably been biased toward identifying components of the sex-shared meiotic programs; there are

likely many sex-specific meiotic processes still to discover and understand.

Gamete differentiation phase of spermatogenesis

In the male, the meiotic divisions are followed by a 14-day-program of dramatic morphological changes.

The haploid germ cells (spermatids) transform from small, nondescript round cells into mature

spermatozoa. I provide an overview of the major events in the cellular differentiation of male gametes:

flagellum formation, acrosome development, cell compaction and shaping, and post-transcriptional

regulation.

Flagellum formation confers motility, allowing spermatozoa to reach the egg. Flagellum

formation begins immediately after the meiotic divisions. First, the centrioles migrate to the cell surface,

while the nucleus migrates to the opposite side of the cell, establishing cell polarity. Next, one of the

centrioles forms a microtubule structure called the axoneme, which in turn establishes a protrusion of the

plasma membrane. Additional components are gradually added to the axoneme to form the middle,

principle, and end pieces of the flagellum. Mitochondria are recruited to the middle piece, to help to

provide energy for sperm motility. Flagellum formation is complete by the time sperm are released from

the testis; however, sperm do not become robustly motile until after their maturation in the epididymis

(Russell 1990).

The acrosome is a specialized organelle on the sperm head. It contains digestive enzymes that

break down the outer membrane of the egg (the zona pellucida). Like flagellum formation, acrosome
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development begins immediately after the meiotic divisions. The acrosome is derived from the Golgi

apparatus. The Golgi produces proacrosomal vesicles, which coalesce into a single acrosomal vesicle.

This acrosomal vesicle makes contact with the nucleus, then gradually spreads out, forming a cap-like

structure over the nucleus, while the Golgi continues to contribute more and more acrosomal material.

Like the flagellum, the acrosome undergoes further modification in the epididymis (Cornwall 2009;

Russell 1990).

In parallel with acrosome and flagellum formation, the cell becomes compacted and streamlined.

The histones in the nucleus are replaced first by the so-called transition proteins and then by highly basic,

arginine-rich proteins called protamines. DNA winds tightly around protamines in donut-shaped loops,

causing nuclear compaction (Braun 2001). A few histones are selectively retained in regulatory regions

(Brykczynska 2010; Hammoud 2009). As the nucleus condenses, it becomes elongated, forming a sickle

shape. To further streamline the sperm cell, approximately 75% of its cytoplasm is eliminated: water is

gradually eliminated throughout haploid differentiation, and then a large cytoplasmic package (the

"residual body") is eliminated upon release from the testis. Together, these compactions allow the sperm

cell to swim efficiently in the female reproductive tract (Russell 1990).

When the nucleus begins to elongate, transcription is silenced (Kierszenbaum and Tres 1975).

However, translation continues in elongating spermatids, with robust translation via cytoplasmic

ribosomes continuing until sperm release, and some translation of nuclear-encoded proteins via

mitochondrial ribosomes continuing even after ejaculation (Gur and Breitbart 2006; Steger 1999). Thus,

spermatids must stockpile mRNA, and must use post-transcriptional regulation to ensure that proteins are

produced from this mRNA at the proper times. Based on ribosome profiling results, almost every mRNA

shows evidence of translational repression/regulation in haploid spermatids (Steger 1999). UTR length is

dynamically regulated in spermatids, and many mRNAs are bound by regulatory proteins in either the

poly(A) tail or the 3' UTR (Liu 2007; Steger 1999). To facilitate this post-transcriptional regulation,

meiotic and post-meiotic male germ cells assemble a large, RNA-dense cytoplasmic structure called the

chromatoid body, which is believed to have a role in RNA storage and sequestration (Voronina 2011). In
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addition, the piRNA pathway is disproportionately activated in male germ cells (Beyret and Lin 2011;

Tam 2008; Watanabe 2006). piRNAs play a post-transcriptional role in regulation and degradation of

mRNAs during haploid gamete differentiation, helping to minimize the number of mRNAs delivered by

the sperm cell to the zygote (Watanabe and Lin 2014).

In many ways, this process of male gamete differentiation is the exact opposite of what occurs in

the female. Female gametes are transcriptionally and translationally active throughout their development.

As they differentiate, they grow to many times the size of a somatic cell, and stockpile RNA and protein

that will be used during early development of the zygotene. Male gametes, on the other hand, are

streamlined, optimized for small size and fast swimming. They are transcriptionally silenced, and

selectively eliminate much of their RNA content; such that they contribute relatively little RNA or protein

to the zygote (Sutovsky and Schatten 2000).

Temporal and spatial organization of spermatogenesis

The entire process of spermatogenesis is precisely organized in time and space within the testis. Within a

seminiferous tubule cross-section, we observe multiple generations of germ cells. These generations are

found in concentric layers, with mitotic germ cells nearer to the basement membrane, and meiotic and

haploid (post-meiotic) germ cells closer to the lumen (Fig. 1.4A). Particular steps of germ cell

development always occur together within the same tubule cross section. For instance, spermatogonial

differentiation, meiotic initiation, spermatid nuclear elongation, and spermatid release always co-occur

(Fig. 1.4A). Oakberg (1956a) identified 12 such stereotypical associations of germ cells, denoted by

Roman numerals I-XII. Spermatogonial differentiation and meiotic initiation occur in stages VII/VIII.

This sequence of associations is called the "seminiferous cycle." Similar stereotypical germ cell

associations are observed in a wide variety of mammals (Russell 1990). No analog of the associations is

present in female mice, as most female germ cell development occurs in a single synchronous wave.

These stereotypical germ cell associations arise because spermatogenesis is precisely timed.

Undifferentiated spermatogonia are present throughout the testis (Huckins 1971). Within a tubule cross-
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section, a new cohort of these undifferentiated spermatogonia undergoes spermatogonial differentiation

precisely once every 8.6 days. These differentiated spermatogonia initiate meiosis precisely 8.6 days later.

After a further 2*8.6 days, this same cohort of cells is beginning spermatid elongation; after yet another

8.6 days, they are mature and ready to be released into the tubule lumen. Thus, it takes 8.6 days for a

given tubule cross-section, and the germ cells contained within, to cycle through all 12 associations. The

entire process of spermatogenesis, from undifferentiated spermatogonia to mature spermatozoa, takes

34.4 days (4*8.6) (Oakberg 1956b) (Fig. 1.4B). This timing varies between even closely-related species

(Russell 1990). Xenotransplantation experiments, in which rat germ cells were combined with mouse

soma, suggest that germ cell genotype determines the timing of spermatogenesis (Franga 1998).

Spermatogenesis is organized not only within a given tubule cross section but also along the

length of the seminiferous tubule. As we move along the tubule, we observe a repeating progression of

cell associations: I,11,...,XI,XII,I,II.... (Perey 1961; Russell 1990; von Ebner 1888). This "spermatogenic

wave" ensures that the testis always contains an equal mix of these 12 stages. Overall, the precise

organization of spermatogenesis in space and time ensures continuous production of mature spermatozoa.
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Figure 1.4 The temporal and spatial organization of mouse spermatogenesis

(A) Left: tubule cross-section in stage VII, stained with hematoxylin and periodic acid-Schiff. (Scale bar,

30 ptm.) Right: grayscale version of the same figure, with colored dots indicating the different generations

of germ cells within the tubule. Purple: A1 spermatogonia, undergoing spermatogonial differentiation.

Light blue: preleptotene spermatocytes, about to initiate meiosis. Teal: pachytene spermatocytes, in the

midst of meiotic prophase. Dark gray: round spermatids, about to begin elongation. Light pink: mature

spermatozoa, ready for release into the tubule lumen. These multiple generations are found in the

concentric layers; germ cells move from the basal lamina toward the tubule lumen as they differentiate.

Adapted from (Endo 2015).

(B) Schematic showing how the precise timing of spermatogenesis gives rise to the stereotypical germ

cell associations of the testis. Time is represented along the horizontal axis. Undifferentiated

spermatogonia (Aadiff, purple block) are continuously present. Black arrows represent spermatogonial

differentiation (transition from undifferentiated spermatogonia to differentiating A, spermatogonia),

which occurs every 8.6 days within a given tubule cross-section. Colored arrows (shaded from dark

purple to light pink) represent the rest of germ cell development, from A, spermatogonia to mature

spermatozoa. This development occurs on a strict timetable. The steps of this developmental progression

are: A1 , A2, A3, A4 , In (Intermediate), and B spermatogonia; P1 (preleptotene), L (leptotene), Z (zygotene);

P (pachytene); D (diplotene), and 2 (secondary) spermatocytes; RS (haploid round spermatids); and ES

(haploid elongating spermatids). At the end of their development, elongating spermatids become mature

spermatozoa and are released into the tubule lumen. The cell types that fall along a vertical line represent

the cell types that are present within a tubule cross-section at any given time. For example, on the black

lines marked "stage VII," we always observe A, spermatogonia, preleptotene and pachytene

spermatocytes, round spermatids (about to begin elongation), and late elongating spermatids (i.e. mature

spermatozoa). Note that stage VII recurs every 8.6 days. This so-called seminiferous cycle is divided into

12 stages, from I to XII (dotted gray lines). Adapted from (Sugimoto 2012).

(Figure appears on following page)
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METHODS OF ISOLATING GERM CELLS DURING THE MITOTIC AND MEIOTIC PHASES OF

SPERMATOGENESIS

To study the different phases of spermatogenesis, it is useful to be able to isolate particular developmental

stages. However, because multiple layers of germ cells are present at the same time in the testis, isolating

particular germ cell populations is difficult. If we could identify population-specific cell surface markers,

these populations could be separated using antibody staining and FACS (fluorescence-activated cell

sorting). Indeed, this approach has been successfully used in the stem cell pool (Oatley and Brinster 2008;

Shinohara 2000). However, in later stages of differentiation, relatively few specific markers are known,

and fewer of these markers are cell-surface proteins appropriate for FACS. As an alternative to

population-specific markers, investigators have used two classes of techniques: separation based on cell

size, and separation based on DNA staining intensity. In combination with these techniques, investigators

have sometimes used the pubertal testis rather than the adult testis, as a way to reduce cellular

heterogeneity.

The first class of sorting methods is based on cell size-operationally, on how quickly different

germ cell populations sediment in a gradient. The most common such technique is called "unit gravity

sedimentation." The testis is dissociated into a single-cell suspension, and is allowed to settle through a

shallow gradient for 2-4 hours at unit gravity, that is without centrifugation (Bellve 1993; Bellve 1977).

Under these conditions, sedimentation speed is determined primarily by cell size rather density; larger

cells sediment faster (Sharpe 1998). This technique works well for germ cell types that are relatively

prevalent in the testis and that have unique sizes. Thus, unit gravity sedimentation yields high purity of

the following cell types: round spermatids, (isolated from adult testes); pachytene and preleptotene

spermatocytes (isolated from "p 17" testes, i.e. at 17 days after birth); and type A and B spermatogonia

(isolated from p8 testes) (Table 1.1). Conversely, unit gravity sedimentation works poorly on leptotene

and zygotene spermatocytes, which are rare and very similar to each other in size. And, of course, unit

gravity sedimentation cannot separate cells of identical size, such as A1/A2/A3/A4 spermatogonia or the
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different steps of round spermatid development. In addition, unit gravity sedimentation is time-consuming

and requires specialized equipment and large amounts of input material. Despite these limitations, it is

one of the most effective techniques and is commonly used (Lesch 2013; Namekawa 2006).

A second class of sorting methods is based on DNA staining intensity. The testis is dissociated

into a single cell suspension and incubated with a DNA-staining dye, such as Hoechst 33342. Cells are

then separated by FACS based on intensity of Hoechst 33342 fluorescence. Every cell type has its own

distinct fluorescence intensity, which is influenced by DNA content, chromatin structure, and ability to

efflux dye (Bastos 2005; Getun 2011). To achieve higher purities, cells can be sorted not only on Hoechst

33342 fluorescence but on their light scatter properties, which vary based on cell size and density

(Gaysinskaya 2014). These DNA staining/FACS methods are very effective at separating populations with

different DNA contents; that is, at separating spermatogonia (predominantly 2S) from cells in meiotic

prophase (4S) from post-meiotic haploid cells (1S). DNA staining/FACS has been further optimized to

give relatively high purities of meiotic sub-populations, although the purity of preleptotene, leptotene, and

zygotene spermatocytes are still limited.

Table 1.1: Percent purities of various germ cell types yielded by unit gravity sedimentation (Bellve

1993) and DNA staining/FACS (Gaysinskaya 2014)

Type-A Type-B Prelep. Lep. Zyg. Pachy. Round Elong.

Unit gravity 93% 83% 93% 35% 23% 91% 94% 67%
sedimentation I
DNA Not resolved: 75-92% 60- 75- 81-95% N.D. N.D.
staining/FACS overall 80% 90%

spermatogonial
purity_80-90%

Type-A: type-A spermatogonia; Type-B: type-B spermatogonia; Prelep.: preleptotene spermatocytes;
Lep.: leptotene spermatocytes; Zyg.: zygotene spermatocytes; Pachy.: pachytene spermatocytes; Round:
round spermatids; Elong.: elongating spermatids. N.D.: not determined.
For DNA staining/FACS, all cell types were sorted from adult testes. For unit gravity sedimentation,
spermatogonia were sorted from p8 testes, spermatocytes from p17 testes, and spermatids from adult
testes.
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Sorting germ cell populations from the adult testis is particularly challenging, because of its

extreme cellular heterogeneity. The adult testis contains multiple layers of germ cells, the majority of

which are haploid spermatids. To simplify sorting (in particular, to circumvent the problem of spermatid

contamination), investigators sometimes use the pubertal testis rather than the adult. Spermatogenesis

begins after birth; thus, neonatal testes contain only undifferentiated spermatogonia, and progressively

more differentiated germ cell types are present at later time-points. This so-called "first wave of

spermatogenesis" is a very useful tool for enriching starting material for particular germ cell populations.

Can the "first wave of spermatogenesis" be used on its own as a "sorting" technique? For

instance, to study leptotene spermatocytes, could we collect whole pubertal testis at the time-point when

leptotene spermatocytes are most enriched (-p8-10)? This approach has been tried (Margolin 2014;

Shima 2004), but has serious limitations. A whole pubertal testis sample inevitably contains not only the

desired germ cell type but also somatic cells and younger germ cell generations. Even worse, the first

wave of spermatogenesis is not synchronous (Snyder 2010). Thus, enrichment for the desired

developmental stages is very poor. For example, even at p8-10, only 13% of tubules contain leptotene

spermatocytes (Nebel 1961). Since these tubules also contain somatic cells and earlier germ cell

generations, this corresponds to less than 10% overall purity of leptotene spermatocytes.

Clearly, none of these three approaches to sorting is entirely satisfactory. Unit gravity

sedimentation and DNA staining/FACS both give reasonably high purities, but work only for certain germ

cell types and require specialized equipment and skills. Timed collection during the "first wave" is

simple, requires no equipment, and can be used for any cell type-however, the purities are too low to be

of much use. There is a clear need for additional techniques to sort germ cell populations from the testis.

Such techniques would enable better understanding of all phases of spermatogenesis, including the

transit-amplifying divisions and meiotic prophase.
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CONCLUSIONS

In this work, I address three gaps in our knowledge of the mitotic and meiotic phases of spermatogenesis.

First: How does the precise organization of spermatogenesis in space and time arise? The

stereotypical cell associations of spermatogenesis have fascinated biologists for centuries (von Ebner

1888). In chapter 2, I investigate one small piece of this organization: the co-occurrence of

spermatogonial differentiation and meiotic initiation (Fig. 1.4). I show that both these transitions are

regulated by the same signal, retinoic acid (RA), acting at least in part through the common target gene

Stra8.

Second: How can we isolate pure subpopulations of mitotic and meiotic germ cells? As described

above, we need new ways to isolate pure germ cell populations. In chapter 3, I present a novel method

that combines developmental synchronization (via in vivo manipulation of RA metabolism) with FACS.

This method gives purities of -90% for previously difficult-to-isolate cell populations, including leptotene

and zygotene spermatocytes.

Third: What are the molecular similarities and differences between male and female meiotic

prophase? In chapter 4, I use developmental synchronization to profile gene expression in male germ

cells before, during, and after meiotic initiation. These data enable a head-to-head comparison of the gene

expression profiles during male and female meiotic prophase.
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ABSTRACT

Mammalian spermatogenesis - the transformation of stem cells into millions of haploid spermatozoa - is

elaborately organized in time and space. We explored the underlying regulatory mechanisms by

genetically and chemically perturbing spermatogenesis in vivo, focusing on spermatogonial

differentiation, which begins a series of amplifying divisions, and meiotic initiation, which ends these

divisions. We first found that, in mice lacking the retinoic acid (RA) target gene Stra8, undifferentiated

spermatogonia accumulated in unusually high numbers as early as 10 days after birth, while

differentiating spermatogonia were depleted. We thus conclude that Stra8, previously shown to be

required for meiotic initiation, also promotes (but is not strictly required for) spermatogonial

differentiation. Second, we found that injection of RA into wild-type adult males induced, independently,

precocious spermatogonial differentiation and precocious meiotic initiation; thus, RA acts instructively on

germ cells at both transitions. Third, the competencies of germ cells to undergo spermatogonial

differentiation or meiotic initiation in response to RA were found to be distinct, periodic, and limited to

particular seminiferous stages. Competencies for both transitions begin while RA levels are low, so that

the germ cells respond as soon as RA levels rise. Together with other findings, our results demonstrate

that periodic RA-STRA8 signaling intersects with periodic germ cell competencies to regulate two

distinct, cell-type specific responses: spermatogonial differentiation and meiotic initiation. This simple

mechanism, with one signal both starting and ending the amplifying divisions, contributes to the

prodigious output of spermatozoa and to the elaborate organization of spermatogenesis.
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INTRODUCTION

The adult mammalian testis is among the body's most proliferative tissues, producing millions of highly

specialized gametes, or spermatozoa, each day. Spermatogenesis (the program of sperm production) is

carefully regulated, ensuring that spermatozoa are produced at a constant rate. We used the mouse as a

model to understand how mammalian spermatogenesis is organized at the cellular and molecular level.

We focused on two key transitions: spermatogonial differentiation, which occurs cyclically and begins a

series of programmed mitotic divisions, and meiotic initiation, which ends these divisions and marks the

beginning of the meiotic program (Fig. 2.lA).

Like other proliferative tissues (e.g., blood, intestine, and skin), the testis relies on a modest

number of stem cells (Nakagawa 2007; Tegelenbosch and de Rooij 1993). The undifferentiated

spermatogonia (also known as the Asingle/Apaired/Aaigned spermatogonia), which encompass these stem cells,

have a remarkable capacity for self-renewal and differentiation: they can reconstitute spermatogenesis

upon transplantation to a germ cell-depleted testis (Brinster and Zimmermann 1994; Shinohara 2000). In

vivo, undifferentiated spermatogonia ultimately give rise to a single cell type, spermatozoa, yet these

undifferentiated spermatogonia express pluripotency-associated genes such as Lin28a (Zheng 2009) and

Pou5f/Oct4 (Pesce 1998; Tokuda 2007), and are the only postnatal mammalian cells from which

functionally pluripotent cells have been derived in vitro without introduction of exogenous transcription

factors or miRNAs (Kanatsu-Shinohara 2004). Spermatogonia from the undifferentiated population

periodically undergo spermatogonial differentiation (also known as the AaIigned-tO-A1 transition) to become

differentiating spermatogonia (also known as A 1/A2/A 3/A 4/intermediate/B spermatogonia). During

spermatogonial differentiation, the spermatogonia down-regulate pluripotency-associated genes (Buaas

2004; Zheng 2009), lose capacity for self-renewal (Shinohara 2000), and accelerate their cell cycle (Lok

and de Rooij 1983) to begin a series of six transit-amplifying mitotic divisions. At the conclusion of these

programmed mitotic divisions, germ cells become spermatocytes, and undergo meiotic initiation (Fig.
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2. 1A). This begins the meiotic program of DNA replication and reductive cell divisions, ensuring that

spermatozoa contribute exactly one of each chromosome to the zygote.

Meiotic initiation is precisely coordinated with spermatogonial differentiation: the six mitotic

divisions separating the two transitions occur over a span of exactly 8.6 days (Russell 1990). Moreover,

spermatogonial differentiation and meiotic initiation occur in close physical proximity. The testis

comprises structures known as seminiferous tubules (Fig. 2.2A); while one generation of germ cells is

initiating meiosis, a younger generation is simultaneously undergoing spermatogonial differentiation,

within the same tubule cross-section (Fig. 2.lB and Fig. 2.2A). Spermatogonial differentiation and meiotic

initiation occur in close association not only in mice but also in other mammals, including rats (Huckins

1971; Leblond and Clermont 1952), hamsters, and rams (Lok 1982). This precise coordination of

different steps of spermatogenesis is called the "cycle of the seminiferous epithelium" (or "seminiferous

cycle"); it has fascinated biologists for over a century (von Ebner 1888). We sought to explain the co-

occurrence of spermatogonial differentiation and meiotic initiation, to better understand the regulation of

these two transitions and the overall organization of the testis.

Both of these transitions require retinoic acid (RA), a derivative of vitamin A. In vitamin A-

deficient (VAD) mice and rats, most germ cells arrest as undifferentiated spermatogonia (van Pelt and de

Rooij 1990a, b). In VAD rat testes, some germ cells instead arrest just prior to meiosis, as preleptotene

spermatocytes (van Pelt and de Rooij 1990a, 1991). When VAD animals are injected with RA or vitamin

A, the arrested spermatogonia differentiate (Morales and Griswold 1987; van Pelt and de Rooij 1990b,

1991), and the arrested preleptotene spermatocytes initiate meiosis (van Pelt and de Rooij 1991). During

spermatogonial differentiation, RA is believed to act, at least in part, directly on germ cells:

spermatogonia express retinoic acid receptors (RARs) (Baleato 2005), and genetic ablation of RARs in

germ cells modestly impairs spermatogonial differentiation (Gely-Pernot 2012).

To understand how RA might co-regulate these two transitions, we needed to understand its target

genes. During meiotic initiation, RA acts instructively, through the target gene Stra8 (Stimulated by

retinoic acid gene 8). RA induces Stra8 expression in germ cells - not in somatic cells - in both males
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and females (Bowles 2006; Koubova 2006). Stra8 is required for meiotic initiation in both sexes: Stra8-

deficient germ cells in postnatal males and fetal females arrest just before meiosis, without entering

meiotic prophase (Anderson 2008; Baltus 2006). In contrast, no specific RA target genes have been

implicated in spermatogonial differentiation; RA could either instruct the germ cells to undergo

spermatogonial differentiation, or simply be permissive for this transition. We considered Stra8 as a

candidate regulator of spermatogonial differentiation: STRA8 protein is expressed in spermatogonia as

well as in preleptotene spermatocytes in vivo (Oulad-Abdelghani 1996; Zhou 2008b), and in vitro studies

suggest that RA can act directly on early spermatogonia to increase expression of Stra8 (Zhou 2008a).

However, the functional role, if any, of Stra8 in spermatogonia was not previously known. Using two

complementary perturbations of RA-STRA8 signaling - genetic disruption of Stra8 function, and

chemical manipulation of RA levels - we demonstrated that RA acts instructively, and at least in part

through STRA8, at spermatogonial differentiation as well as at meiotic initiation. The shared RA-STRA8

signal helps to coordinate these two transitions in time and space.
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Figure 2.1. Overview of spermatogenesis

(A) Diagram of mouse spermatogenesis. Germ cells develop from undifferentiated, mitotic spermatogonia

(red, bottom left), to differentiating spermatogonia (purple, middle left), to spermatocytes (germ cells that

undergo meiosis, green, middle right), to haploid spermatids (gray, top right). We highlight 2 cellular

differentiation steps: spermatogonial differentiation and meiotic initiation.

(B) Diagram of germ cell associations (stages) in the mouse testis. Oakberg (1956a) identified 12 distinct

cellular associations, called seminiferous stages I-XII. In the mouse, it takes 8.6 days for a section of the

seminiferous tubule, and the germ cells contained within, to cycle through all 12 stages (Oakberg 1956b).

Four turns of this seminiferous cycle are required for a germ cell to progress from undifferentiated

spermatogonium to spermatozoon that is ready to be released into the tubule lumen. Aundif, Adiff, In, and

B: undifferentiated type A, differentiating type A, intermediate, and type B spermatogonia. PI, L, Z, P, D,

and SC2: preleptotene, leptotene, zygotene, pachytene, diplotene, and secondary spermatocytes. Steps 1-

16: steps in spermatid differentiation. Purple: germ cells undergoing spermatogonial differentiation;

green: meiotic initiation.

(Figure appears on following page.)
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Figure 2.2. STRA8 is cyclically expressed in both spermatogonia and spermatocytes

(A) Structure of the mouse testis comprising seminiferous tubules. In any given tubule cross-section, one

observes germ cells at different steps in their development into spermatozoa. These germ cell types are

concentrically layered; undifferentiated spermatogonia lie on the basal lamina of the tubule, and germ

cells move toward the tubule lumen as they differentiate (Oakberg 1956a). Germ cell differentiation is

precisely timed; hence, particular steps of development are always found together at the same time and

place (Fig. 2. IB). Blue line indicates the orientation of testis cross-sections in (B). Panel: a representative

tubule cross-section in stage VII, stained with hematoxylin and periodic acid-Schiff (He-PAS).

Arrowheads: spermatogonia (white) and preleptotene spermatocytes (yellow). Scale bar, 30 pim.

(B) A scheme to determine the expression pattern of STRA8 in each testis tubule. One testis cross-section

was immunostained for STRA8 (right). The adjacent section was stained with He-PAS and used for

staging (left). Scale bar, 100 jim.

(C and D) Percentage of tubules containing STRA8-positive spermatogonia (C) or STRA8-positive

spermatocytes (D). All data are from wild-type, unperturbed mice. Error bars, mean SD. (E)

Immunostaining for STRA8 on testis cross-sections. Roman numerals indicate stages. Arrowheads:

spermatogonia (white), and preleptotene (yellow), leptotene (green), and zygotene spermatocytes (red).

Asterisks indicate adjacent tubules containing STRA8 positive spermatogonia. Scale bar, 30 pm.

(Figure appears on following page.)
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RESULTS

Massive Accumulations of Type A Spermatogonia in Testes of Aged Stra8-Deficient Males

As we previously reported, Stra8-deficient testes lacked meiotic and post-meiotic cells (Anderson 2008;

Baltus 2006); thus, at eight weeks of age, Stra8-deficient testes were much smaller than wild-type

testes(Baltus 2006). However, we observed that, after six months, some Stra8-deficient testes were

grossly enlarged (>400 mg) (44%; 11 of 25 mice) compared to wild-type (91+7 mg; average of testes

from 3 mice) (Fig. 2.3A). Both small and large aged Stra8-deficient testes (88%; 22 of 25 mice) had

accumulated cells that resembled spermatogonia and expressed the germ cell marker DAZL (Fig. 2.3B);

these accumulations were absent in aged wild-type and heterozygous mice (0%, 0 of 10 mice). In wild-

type testes, spermatogonia were confined to the basal lamina of seminiferous tubules, but even in small

Stra8-deficient testes (<50 mg), occasional tubules were filled with presumptive spermatogonia, which

sometimes spilled into the testicular interstitium. Large Stra8-deficient testes were composed almost

entirely of presumptive spermatogonia, with few remnants of tubule structure. Spermatogonial

morphology was very similar between small and large Stra8-deficient testes. We used mRNA sequencing

(mRNA-Seq) to confirm that spermatogonia had accumulated in Stra8-deficient testes; known

spermatogonial marker genes (Wang 2001) were up-regulated in Stra8-deficient vs. wild-type control

testes (Fig. 2.4A).

We classified more precisely the spermatogonia in these massive accumulations. Based on

nuclear morphology, spermatogonia can be classified as type A, intermediate, or type B (Fig. 2.1 A and B)

(Russell 1990). Type A includes the undifferentiated and early differentiating spermatogonia, while

intermediate and type B encompass the later differentiating spermatogonia. The Stra8-deficient cells had

type A morphology (Fig. 2.3B). To confirm this, we used mRNA-Seq to identify the 100 genes most

significantly up-regulated in Stra8-deficient vs. wild-type testes (Data S2. 1). We analyzed their

expression among different cell types in wild-type testes, using a published microarray dataset

(Namekawa 2006); 59% were most highly expressed in type A spermatogonia, vs. 22.7% of a control

gene set (all 17.345 genes on the microarray) (Fig. 2.3C) (p<0.001, Fisher's exact test).
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To verify that the aged Stra8-deficient testes were composed of type A spermatogonia, we

computed genome-wide expression correlations between our mRNA-Seq data, and three publically

available germ cell datasets (Fig. 2.4B). First, we compared with microarray data from sorted type A and

B spermatogonia, pachytene spermatocytes, and round spermatids (Namekawa 2006) (also used in Fig.

2.3C). Second, we compared with mRNA-Seq data from primary cultures of THYI-positive

(undifferentiated type A) spermatogonia, looking at both Id4-GFP-positive (stem-like) and Id4-GFP-

negative (not stem-like) fractions (Chan 2014) (SRA accession SRP042067). Finally, we compared with

mRNA-Seq data from sorted Oct4-GFP-positive (type A) spermatogonia, looking at both KIT-negative

(undifferentiated) and KIT-positive (differentiating) fractions (SRA accession DRP002386). The

expression patterns of Stra8-deficient testis were highly correlated with expression patterns of the other

type A spermatogonial samples (correlations ranging from 0.75 to 0.91). When we clustered samples from

the four datasets, the Stra8-deficient testis clustered in the middle of other type A spermatogonial

samples. These results suggest that the expression patterns of Stra8-deficient testis are typical of type A

spermatogonia. We conclude that type A spermatogonia accumulate in Stra8-deficient testes. This

suggests that STRA8 has a functional role in type A spermatogonia, distinct from its role in meiotic

initiation.
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Figure 2.3. Aged Stra8-deficient testes accumulate type A spermatogonia

(A) Wild-type (left) and Stra8-deficient small (center) and large (right) testes from 1-year-old mice. Scale

bar, 5 mm.

(B) Testis sections from 1-year-old mice: wild-type (top), Stra8-deficient small testis (middle), and Stra8-

deficient grossly enlarged testis (bottom). Left: hematoxylin and eosin staining (H&E); right: DAZL

immunostaining. Insets enlarge the boxed regions. Scale bars, 50 ptim.

(C) Percentage of genes whose highest expression is found in: type A spermatogonia, type B

spermatogonia, pachytene spermatocytes, or round spermatids. Black bars (control), all analyzable genes

(17,345 genes). Gray bars, 100 genes most significantly up-regulated in Stra8-deficient large testes

relative to wild-type testes (Data S2.1).
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Figure 2.4. Gene expression patterns of Stra8-deficient large testes resemble type A undifferentiated

spermatogonia

(A) Expression of 30 spermatogonial marker genes(Wang 2001) in Stra8-deficient large testes relative to

adult wild-type testes. We show log 2 ratios of normalized transcript counts (from mRNA-Seq). Error bars,

mean SD. *p<0.05, **p<0.01 (one-tailed Welch's t test).

(B) Heat map of correlations between our Stra8-deficient and wild-type testis RNA-seq data, and three

other publically available genome-wide datasets: (i) microarray data from type A spermatogonia, type B

spermatogonia, pachytene spermatocytes, and round spermatids; (ii) mRNA-Seq data from 1d4-GFP-

positive and Id4-GFP-negative spermatogonia (Chan 2014) (SRA accession SRP042067); (iii) mRNA-

Seq data from KIT-positive and KIT-negative spermatogonia (SRA accession DRP002386). Numbers are

pairwise Spearman correlations between FPKMs/microarray expression values. Dendrogram represents

complete linkage clustering of samples based on their correlations.

(C) Expression of undifferentiated and differentiating spermatogonial marker genes, in Stra8-deficient

large testes relative to adult wild-type testes. Undifferentiated spermatogonia marker genes: Gfral;

Lin28a; Oct4 (a.k.a. Pou5fl); Nanos2 (Sada 2009; Suzuki 2009); Ngn3 (Yoshida 2004); Plzf(a.k.a.

Zbtbl6); Sall4; and Ufl (Guan 2006; van Bragt 2008). Differentiating spermatogonia marker genes:

Ccnd2, which is expressed exclusively in very early differentiating spermatogonia (Beumer 2000); and

Kit, which is expressed in all differentiating spermatogonia. We show log2 ratios of normalized transcript

counts (from mRNA-Seq). Error bars, mean SD. *p<0.01 (one-tailed Welch's t test).

(D) Testis cross-sections from 1-year-old mice: wild-type (top) and Stra8-deficient large (bottom) testes.

From left to right: immunostaining for PLZF, LIN28A, GFRal, and KIT. Scale bars, 50 pm.

(E) Percentage of genes whose expression is higher in: (left) Id4-GFP-positive spermatogonia, or Id4-

GFP-negative spermatogonia; (right) KIT-positive spermatogonia, or KIT-negative spermatogonia. Black

bars (control), all analyzable genes (18,936 genes). Gray bars, 100 genes most significantly up-regulated

in Stra8-deficient large testes relative to wild-type testes (Data S2.1).

(Figure appears on following page.)
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Early Postnatal Stra8-Deficient Testes Contain Accumulations of Undifferentiated Spermatogonia

and Are Depleted for Differentiating Spermatogonia.

We considered our findings in light of published observations that (i) a subset of type A spermatogonia

undergo spermatogonial differentiation, (ii) RA is required for spermatogonial differentiation (van Pelt

and de Rooij 1990b, 1991), and (iii) RA can act directly on spermatogonia to induce Stra8 expression

(Zhou 2008a). We postulated that in the unperturbed wild-type testis, RA induction of Stra8 promotes

spermatogonial differentiation, while in the absence of Stra8, impaired spermatogonial differentiation

leads to accumulation of undifferentiated spermatogonia, accounting for the massive accumulations of

type A spermatogonia observed in aged Stra8-deficient males.

This hypothesis predicts that aged Stra8-deficient testes should consist in large part of

undifferentiated spermatogonia. We thus assessed the expression of marker genes in these aged testes. Our

whole-testis mRNA-Seq data confirmed that genes expressed in undifferentiated spermatogonia were up-

regulated in aged Stra8-deficient testes (relative to wild-type testes) (Fig. 2.6C). However, we also

observed some up-regulation of genes expressed in early differentiating spermatogonia (Kit and Ccnd2).

We next immunostained for KIT and for three markers of undifferentiated spermatogonia: LIN28A, PLZF

(promyelocytic leukemia zinc finger, a.k.a. ZBTB 16) (Buaas 2004; Costoya 2004), and GFRcI (Chan

2014; Nakagawa 2010) (Fig. S2D). All three undifferentiated markers were highly expressed in aged

Stra8-deficient testes, with little cell-to-cell heterogeneity, whereas expression of KIT was patchy. This

mixed expression pattern could be a result of ongoing partial differentiation within the aged Stra8-

deficient testes, or could be a secondary effect of perturbed soma-germ interaction in these massively

enlarged testes. To confirm that the Stra8-deficient spermatogonial accumulations were more similar to

undifferentiated than to differentiating spermatogonia, we performed genome-wide analyses. As expected,

in our genome-wide correlation analysis (Fig. 2.6B), Stra8-deficient testis was more closely correlated

with KIT-negative (undifferentiated) spermatogonia than with KIT-positive (early differentiating)

spermatogonia. When we looked specifically at the 100 genes most significantly up-regulated in Stra8-

deficient vs. wild-type testes (Fig. 2.6E and Data S2. 1), we found that 70% were more highly expressed in
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KIT-negative than in KIT-positive spermatogonia (p=0.002, compared with a control of all analyzable

genes in the mRNA-seq dataset, Fisher's exact test). Similarly, 70% were more highly expressed in Id4-

GFP-positive than in Id4-GFP-negative spermatogonia (p<0.00 1) (Chan 2014). These strong similarities

in expression between undifferentiated spermatogonia and the aged Stra8-deficient testes are consistent

with an accumulation of undifferentiated spermatogonia in aged Stra8-deficient mice.

If Stra8 promotes spermatogonial differentiation, Stra8-deficient testes should contain more

undifferentiated spermatogonia than wild-type testes not only in aged males but also in very young males.

To test this, we counted undifferentiated spermatogonia in testes from 10-day-old (p10) animals (Fig. 2.5

A and B and Fig. 2.6 A and B) using the markers LIN28A and PLZF. As predicted, LIN28- and PLZF-

positive spermatogonia were enriched in Stra8-deficient testes (p< 10-" for LIN28A, p<104 for PLZF,

one-tailed Kolmogorov-Smirnov test) (Fig. 2.5B and Fig. 2.6B). Stra8-deficient testes had 9.4 2.3

LIN28A-positive spermatogonia per tubule cross-section, vs. 4.4 + 0.8 in wild-type testes (p=0.026, one-

tailed Welch's t test). As the testis matured, the number of undifferentiated spermatogonia per tubule

section declined in both wild-type and Stra8-deficient testes, but undifferentiated spermatogonia remained

significantly enriched in Stra8-deficient testes at p30 (Fig. 2.5C and Fig. 2.60. Indeed, some testis

tubules in p30 Stra8-deficient mice contained large clusters of LIN28A-positive and PLZF-positive type

A spermatogonia (Fig. 2.5D and Fig. 2.6E). Spermatogonia in these clusters were densely packed in

multiple layers, whereas in wild-type testes, where type A spermatogonia were widely spaced in a single

layer (Fig. S3D). Thus, we conclude that undifferentiated spermatogonia progressively accumulate in

Stra8-deficient animals.

If this progressive accumulation were due to a defect in spermatogonial differentiation, the

proportion of differentiating spermatogonia should be smaller in Stra8-deficient testes than in wild-type

testes. We thus counted type B (differentiating) spermatogonia in Stra8-deficient and wild-type testes at

p30 (Fig. 2.5C and Fig. 2.6F). Indeed, compared to wild-type testes, Stra8-deficient testes contained both

significantly fewer type B spermatogonia per tubule cross-section. As predicted, the ratio of

differentiating-to-undifferentiated (LIN28-positive) spermatogonia was decreased to 2.8 in Stra8-deficient
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testes, vs. 7.9 in wild-type testes (p=0.05 by Mann-Whitney U test). We conclude that STRA8 promotes

(but is not strictly required for) spermatogonial differentiation.

Figure 2.5. Testes of young Stra8-deficient males are enriched for LIN28A-positive spermatogonia.

(A) Immunostaining for LIN28A on postnatal day 10 (p10) testis sections: wild-type (left) and Stra8-

deficient (right). Scale bars, 50 pm.

(B) Histogram of number of LIN28A-positive cells per tubule cross-section, in p10 wild-type and Stra8-

deficient testes. For each genotype, testes from 3 mice were counted and averaged.

(C) Number of type B and LIN28A-positive spermatogonia per tubule cross-section, in p30 wild-type and

Stra8-deficient testes. Only tubules containing >1 type B spermatogonia were counted. Error bars, mean

SD. *p<0.01 (one-tailed Welch's t test).

(D) Clusters of LIN28A-positive undifferentiated spermatogonia in p30 Stra8-deficient testes. Top:

hematoxylin and periodic acid-Schiff (He-PAS) staining. Middle: grayscale version of top panel, with red

dots indicating type A spermatogonia. Bottom: LIN28A immunostaining on adjacent section. Scale bars,

50 pm.

(Figure appears on following page)
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Figure 2.6. LIN28A-positive and PLZF-positive spermatogonia accumulate at p10 and p30 in Stra8-

deficient males

(A) Immunostaining for PLZF on postnatal day 10 (p 10) testis sections: wild-type (top) and Stra8-

deficient (bottom). Scale bars, 50 im.

(B) Histogram of number of PLZF-positive cells per tubule cross-section, in p10 wild-type and Stra8-

deficient testes. Testes from 1 wild-type mouse and 2 Stra8-deficient mice were counted and averaged.

(C) Number of PLZF-positive spermatogonia per tubule cross-section, in p10 and p30 wild-type and

Stra8-deficient testes. One animal was counted for each condition (except for p10 Stra8-deficient, for

which 2 animals were counted).

(D) Testis cross-sections from p30 mice: wild-type (left), Stra8-deficient (middle), and Dmcl-deficient

(right). Top: sections stained with He-PAS. Bottom: grayscale versions of top panel, with red dots

indicating type A spermatogonia. Spermatogonial clusters (close packing of type A spermatogonia in

multiple layers) were observed in some Stra8-deficient tubules, but never in wild-type or DmcJ-deficient

tubules. Since tubule size is reduced in both Stra8-deficient and Dme]-deficient testes (due to meiotic

arrest), we conclude that the spermatogonial clusters are not simply a result of reduced tubule size. Scale

bars, 50 pm.

(E) Immunostaining for PLZF on p30 Stra8-deficient testis sections, showing clusters of PLZF-positive

undifferentiated spermatogonia. Scale bars, 50 jim.

(F) Testis cross-sections from p30 mice: wild-type (top) and Stra8-deficient (bottom). These are

representative of the tubule cross-sections used for counts of type B and LIN28A-positive spermatogonia

(Fig. 2.5D). Left: He-PAS stained section. Inset enlarges the boxed region. Middle: adjacent section,

immunostained for LIN28A. Right: grayscale version of middle panel, with red dots indicating LIN28A-

positive spermatogonia, and purple dots indicating type B spermatogonia. Scale bars, 50 pm.

(Figure appears on following page.)
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STRA8 Expression Begins Shortly Before Spermatogonial Differentiation

Previous reports showed that STRA8 is expressed in spermatogonia and spermatocytes, but did not

distinguish between different subtypes of spermatogonia (Oulad-Abdelghani 1996; Zhou 2008b). We

tested our model's prediction that STRA8 must be expressed before or during spermatogonial

differentiation, by immunostaining intact testis tubules for STRA8 and for PLZF (Fig. 2.7A and Fig.

2.8A). A subset of PLZF-positive (undifferentiated) spermatogonia expressed STRA8. We next

immunostained for GFRaI (GDNF family receptor alpha 1), a marker of early undifferentiated

spermatogonia (Fig. 2.8A) (Nakagawa 2010). GFRaI did not overlap with STRA8. We thus hypothesized

that STRA8 expression begins immediately before spermatogonial differentiation.

To confirm this, we immunostained testis sections for STRA8 and then classified tubules by stage

of the cycle of the seminiferous epithelium (hereafter referred to as "seminiferous stage") (Fig. 2. 1B and

Fig. 2.2B). In the testis, particular germ cell types are always found in the same tubule cross-section;

Oakberg (1956a) identified 12 such stereotypical associations of germ cells, called stages I-XII. Any

given section of a seminiferous tubule cycles through all 12 stages in order, with a full seminiferous cycle

encompassing these stages taking 8.6 days. Spermatogonial differentiation and meiotic initiation occur

together in stages VII/VIII. Consistent with our hypothesis, STRA8 expression was rare in stages II-VI

(before spermatogonial differentiation), then increased rapidly in stages VII-VIII (during spermatogonial

differentiation), and remained high thereafter, in stages IX-I (Fig. 2.2C). [Similar increases in STRA8

expression in stage VII or VIII have been previously reported (Hogarth 2015; Mark 2015)]. We further

found that STRA8 expression overlapped with PLZF in stages VII-VIII and was limited to PLZF-low and

-negative spermatogonia thereafter, in stages IX-X (Fig. 2.7 A and B, and Fig. 2.8A). We thus conclude

that STRA8 expression begins in late undifferentiated spermatogonia and persists in differentiating

spermatogonia.

Intriguingly, in stages VII-VIII, STRA8 expression increased in preleptotene spermatocytes

(premeiotic cells) as well as in undifferentiated spermatogonia (Fig. 2.2 D and E) (Vernet 2006a; Zhou
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2008b). Since STRA8 promotes spermatogonial differentiation and is required for meiotic initiation, we

speculate that precisely timed increases in STRA8 expression coordinate these two transitions, ensuring

that they occur together in stages VII-VIII.

STRA8 expression is induced by RA (Bowles 2006; Koubova 2006; Oulad-Abdelghani 1996;

Zhou 2008a). We hypothesized that RA, acting through Stra8, coordinates spermatogonial differentiation

with meiotic initiation. To test this, we perturbed RA signaling in the testes of wild-type mice, by

injecting either RA or WIN18,446, an inhibitor of RA synthesis (Amory 2011; Hogarth 2011). We first

predicted that injected RA would induce ectopic STRA8 expression both in undifferentiated

spermatogonia and in premeiotic cells (differentiating spermatogonia/preleptotene spermatocytes).

Furthermore, injected RA should induce both precocious spermatogonial differentiation and precocious

meiotic initiation. In contrast, WIN 18,446 should inhibit STRA8 expression, spermatogonial

differentiation, and meiotic initiation. We proceeded to test these predictions.
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Figure 2.7. STRA8 protein is normally present in late undifferentiated spermatogonia and can be

precociously induced by injected RA

(A) Whole-mount immunostaining of intact wild-type testis tubules for PLZF (red) and STRA8 (green),

in controls (left) and 1 day after RA injection (right). Arrowheads: isolated (single) spermatogonia.

Dashed lines: putative interconnected chains of spermatogonia. Magenta labels: early undifferentiated

type A spermatogonia (Aeary). Yellow labels: late undifferentiated type A spermatogonia (Alate). Blue

labels: differentiating type A spermatogonia (Adiff). Scale bar, 30 pm.

(B) Diagram of STRA8 expression in type A spermatogonia, in controls (light blue) and 1 day after RA

injection (light blue + dark blue). Diagram is based on observations in (A) and (C). Aeariy, Aiate, Aundiff, and

Adiff: early undifferentiated type A, late undifferentiated type A, undifferentiated type A, and

differentiating type A spermatogonia.

(C) Percentage of testis tubule cross-sections containing STRA8-positive spermatogonia, in controls, 1

day after a single RA injection, and after 2 days of WIN18,446 treatment. Control data are duplicated

from Fig. 2.2C. Error bars, mean SD. *p<0.01 (one-tailed Welch's t test).

(D) Immunostaining for STRA8 on testis cross-sections in stages IV and VIII. Dashed lines: basal

laminae. Arrowheads: spermatogonia. Scale bar, 30 pm.

(E and F) Percentage of PLZF-positive cells (E) or PLZF-negative premeiotic cells (F) that are also

positive for STRA8 in testis cross-sections, in controls or 1 day after RA injection. Premeiotic germ cells

(In+B+Pl): intermediate and type B spermatogonia and preleptotene spermatocytes. Error bars, mean

SD. *p<0.01 (one-tailed Welch's t test).

(Figure appears on following page.)
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Figure 2.8. Injected RA induces precocious STRA8 expression, KIT expression, and S Phase Entry

(A) Whole-mount immunostaining of the intact wild-type testis tubules shown in Figure 2.7A, for PLZF

(red), STRA8 (green), and GRFaI (gray), with DAPI counterstain (gray). (PLZF and STRA8 panels are

duplicated from Fig. 2.7A.) Dashed lines: putative interconnected chains of spermatogonia. Magenta

labels: early undifferentiated type A spermatogonia (Aeariy). Yellow labels: late undifferentiated type A

spermatogonia (Aiate). A,, Apr, and Ad: Asingie (isolated; arrowheads), Apaired (chains of 2), and Aaligned

(chains of >4) spermatogonia. Blue labels: differentiating type A spermatogonia (Adiff). Aearly identified as

PLZF-positive, GRFal-positive A, and Apr; Aiate identified as PLZF-positive, GFRal-negative Aai. Scale

bar, 30 pm.

(B) Immunostaining for PLZF (red) and STRA8 (green), with DAPI counterstain (blue), on control and

RA-injected testis cross-sections in stage IV. Arrowheads: PLZF-positive cells. Scale bar, 30 pm.

(C) PLZF is expressed only in type A spermatogonia, not in intermediate or type B spermatogonia, in

controls and 1 day after RA injection. Immunostaining for PLZF (red), with DAPI counterstain (blue), on

control and RA-injected testis cross-sections in stages II and V. Arrowheads: type A (white), intermediate

(yellow), and type B (green) spermatogonia. Scale bar, 10 pm.

(D) Immunostaining for STRA8 (red), with DAPI counterstain (blue), on control and RA-injected testis

cross-sections in stages II and V. Arrowheads: premeiotic germ cells, specifically intermediate (yellow)

and type B (green) spermatogonia. Scale bar, 10 pim.

(E) Percentage of type A spermatogonia that are positive for KIT in testis cross-sections, in controls or 1

day after RA injection. Error bars, mean SD. *p < 0.0 1(one-tailed Welch's t test).

(F) Percentage of PLZF-positive cells that are also positive for BrdU in testis cross-sections, in controls

or 1 day after RA injection. Error bars, mean SD. *p < 0.0 1(one-tailed Welch's t test).

(Legend continues on following page.)
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(G) Immunostaining for KIT, on control and RA-injected testis cross-sections in stages IV and VIII. Insets

enlarge boxed regions. Arrowheads: type A (white) and intermediate (yellow) spermatogonia, and

preleptotene spermatocytes (green). Scale bar, 30 ptm.

(H) Immunostaining for PLZF (red) and BrdU (green), with DAPI counterstain (blue), on control and

RA-injected testis cross-sections in stage IV. Arrowheads: PLZF-positive cells. Scale bar, 30 [tm.

(Figure appears on following page)
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Injected RA Induces Precocious STRA8 Expression in Both Undifferentiated Spermatogonia and

Premeiotic Germ Cells.

We first verified that injected RA induced precocious STRA8 protein expression in the spermatogonial

population, which encompasses both undifferentiated spermatogonia and premeiotic cells. In the

unperturbed wild-type testis, spermatogonia began to express STRA8 in stages VII-VIII (during

spermatogonial differentiation/meiotic initiation) (Fig. 4C). At 1 day after RA injection, STRA8

expression was strongly induced in spermatogonia in stages II-VI (Fig. 2.7C), as previously reported

(Hogarth 2015). In contrast, when we treated mice for two days with the RA synthesis inhibitor

WIN18,446, spermatogonial STRA8 expression was almost completely eliminated in all stages (Fig. 2.7

C and D).

We next showed that injected RA induced precocious STRA8 expression specifically in

undifferentiated spermatogonia, by staining testis sections and intact testis tubules for STRA8 and PLZF

(Fig. 2.7 A, B, and E, and Fig. 2.8 A and B). Indeed, after RA injection, STRA8 expression was strongly

induced in a subset of undifferentiated spermatogonia. STRA8 was not induced in stages IX-X, but only

in late undifferentiated spermatogonia in stages II-VI. We conclude that a very specific subset of

undifferentiated spermatogonia is competent to express STRA8.

Finally, we demonstrated that injected RA could induce precocious STRA8 expression in

premeiotic cells, which we identified by nuclear morphology and by absence of PLZF expression (Fig.

2.8C). In the unperturbed testis, STRA8 was expressed in preleptotene spermatocytes in stage VII-VIII

(during meiotic initiation), but was otherwise absent in premeiotic cells (Fig. 2.7F and Fig. 2.8D). After

RA injection, STRA8 was strongly induced in all premeiotic cells, including intermediate and type B

spermatogonia and preleptotene spermatocytes, in stages II-VI. We conclude that both undifferentiated

spermatogonia and premeiotic cells precociously express STRA8 when exposed to RA in vivo.
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Injected RA Induces Precocious Spermatogonial Differentiation.

Since injected RA induced precocious STRA8 expression in stages II-VI, and STRA8 promotes

spermatogonial differentiation, we hypothesized that RA would also induce spermatogonial differentiation

in these stages. In the unperturbed testis, as a consequence of their differentiation in stages VII-VIII,

spermatogonia express KIT and enter mitotic S phase. They eventually develop into type B

spermatogonia, then become preleptotene spermatocytes, and then initiate meiosis to become leptotene

spermatocytes. We predicted that RA injection would cause undifferentiated spermatogonia to

precociously begin this developmental progression.

We first confirmed that RA injection induced precocious KIT expression in spermatogonia. In

control testis sections, KIT expression was absent in type A spermatogonia in stages II-VI, and present in

stages VII-VIII (Fig. 2.8 E and G) (Tokuda 2007; Yoshinaga 1991). As predicted, at 1 day after RA

injection, KIT was strongly induced in stages II-VI. We next tested for precocious entry into S phase,

using PLZF to identify undifferentiated and newly differentiating spermatogonia, and bromodeoxyuridine

(BrdU) incorporation to assay for S phase (Fig. 2.8 F and H). Indeed, at I day after RA injection, many

PLZF-positive spermatogonia in stages I-VIII incorporated BrdU, whereas in control testes BrdU

incorporation did not begin until stage VIII (de Rooij 2001; Oakberg 1971).

If injected RA had induced precocious spermatogonial differentiation, the spermatogonia should

develop into type B spermatogonia, preleptotene spermatocytes, and leptotene spermatocytes after 7, 8.6,

and 10.6 days respectively (Fig. 2. lB and 2.9A) (Russell 1990). Thus, we should see transient increases in

these cell types. As predicted, at 7 days after RA injection, type B spermatogonia were present in an

increased fraction of testis tubules, in a much broader range of stages (XII-VI) than in control testes (IV-

VI) (Fig. 2.9 B and C and Fig. 2.1 OA). Preleptotene spermatocytes were similarly increased at 8.6 days

after RA injection (in stages II-VIII, vs. VI-VIII in control testes) (Fig. 2.9 D and E and Fig. 2.1OB);

throughout these stages, most of the premeiotic cells in the tubule cross-sections were preleptotene

spermatocytes (Fig. 2. 1OD). Finally, at 10.6 days after RA injection, leptotene spermatocytes were present

in an increased fraction of tubules, throughout stages VI-X (vs. VIII-X in control testes) (Fig. 2.9 F and G
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and Fig. 2. 1C). We confirmed our identification of leptotene spermatocytes throughout this broad range

of stages by immunostaining for meiotic markers: yH2AX (phosphorylated H2A histone family member

X, a marker of DNA double strand breaks) (Rogakou 1998) and SYCP3 (synaptonemal complex protein

3) (Yuan 2000). Indeed, at 10.6 days after RA injection, leptotene spermatocytes in stages VI-X were

yH2AX- and SYCP3-positive (Fig. 2.1 IA). The stages at which type B spermatogonia, preleptotene

spermatocytes, and leptotene spermatocytes appeared after RA injection were completely consistent with

spermatogonial differentiation having occurred throughout stages II-VIII (Fig. 2.10 E-G and Table 2.1).

We conclude that injected RA induced precocious spermatogonial differentiation. The

precociously differentiated spermatogonia then progressed into meiotic prophase, ahead of schedule.

Based on our observations of STRA8 expression, KIT expression, and BrdU incorporation,

spermatogonial differentiation appeared limited to stages II-VIII, while undifferentiated spermatogonia in

stages IX-I were seemingly unaffected by RA.
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Figure 2.9. Injected RA induces precocious spermatogonial differentiation and meiotic initiation

(A) Diagram of predicted germ cell development after RA-induced spermatogonial differentiation.

(B, D, and F) Percentage of tubules containing type B spermatogonia (B), preleptotene spermatocytes (D),

or leptotene spermatocytes (F), in control or RA-injected testis cross-sections. Error bars, mean + SD.

*p<0.0I compared to control (Dunnett's test).

(C, E, and G) Control and RA-injected testis cross-sections, stained with hematoxylin and periodic acid-

Schiff (He-PAS). Roman numerals indicate stages. Insets enlarge the boxed regions. Arrowheads in (C):

type A (white) and type B (yellow) spermatogonia. Arrowheads in (E): intermediate spermatogonia

(white) and preleptotene spermatocytes (yellow). Arrowheads in (G): type B spermatogonia (white) and

leptotene spermatocytes (yellow). Scale bars, 30 ptm.

(H) Diagram of predicted germ cell development after RA-induced meiotic initiation.

(I and J) Percentage of tubules containing preleptotene (1) or leptotene (.1) spermatocytes, in control or

RA-injected testis cross-sections. Error bars, mean SD. *p<0.0I compared to control (Dunnett's test).

(K) Control and RA-injected testis cross-sections, stained with He-PAS. Roman numerals indicate stages.

Insets enlarge boxed regions. Arrowheads: preleptotene (white) and leptotene (yellow) spermatocytes.

Scale bars, 30 pm.

(Figure appears on following page.)
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Figure 2.10. Injected RA induces premature spermatogonial differentiation in stages II-VI and

premature meiotic initiation in stage VI

(A-C) RA-injected testis cross-sections, stained with He-PAS. Roman numerals indicate stages.

Arrowheads in (A): type B spermatogonia. Arrowheads in (B): preleptotene spermatocytes. Arrowheads in

(C): leptotene spermatocytes. Insets enlarge boxed regions. Scale bars, 30 pm.

(D) The entire tubule images of RA-injected testis cross-sections in stages II, IV, and VI, stained with He-

PAS. Insets (blue and black) enlarge boxed regions. Left: He-PAS stained section. Right: grayscale

version of left panel. Red, purple, and yellow dots indicate intermediate spermatogonia, type B

spermatogonia, and preleptotene spermatocytes, respectively. At 8.6 days after RA injection, the tubules

in stages II-VI contained predominantly preleptotene spermatocytes, with only a few intermediate and

type B spermatogonia. This result indicates that, at the time of RA injection, most (though not all)

undifferentiated spermatogonia in stages II-VI successfully underwent precocious spermatogonial

differentiation. Scale bars, 50 pm.

(E-G) Two RA injections induced meiotic initiation in all preleptotene spermatocytes present in stages II-

VIII. At 10.6 days after a single RA injection, leptotene spermatocytes were present only in stages VI-X

(Fig. 2.9 F and G). (If all preleptotene spermatocytes in stages II-VIII had initiated meiosis, we would

expect to observe leptotene spermatocytes throughout stages V-X. See Table 2.1 for details.) Because RA

is required for meiotic initiation, we reasoned that a second injection of RA might be required to induce

meiotic initiation in all preleptotene spermatocytes present in stages Il-VIII. Thus, we gave a second

injection of RA, 8.6 days after the first injection, and collected testes after 10.6 days (E). We observed

leptotene spermatocytes in stages V-X (F and G).

(E) Diagram of germ cell development after two injections of RA (8.6 days apart). Testes were harvested

10.6 days after the first RA injection. Aiff, Adiff, In and B: undifferentiated type A, differentiating type A,

intermediate, and type B spermatogonia. PI and L: preleptotene and leptotene spermatocytes.

(Legend continues on following page)
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(F) Percentage of tubules containing leptotene spermatocytes, in control or RA-injected testis cross

sections. Mice were injected with RA once (RAx1) or twice (RAx2). Error bars, mean SD. *p <0.01

(Tukey-Kramer test).

(G) Control and RA-injected testis cross-sections in stage V, stained with He-PAS. Mice were injected

with RA once (RAxi) or twice (RAx2). Arrowheads: intermediate spermatogonia (white) and leptotene

spermatocytes (yellow). Insets enlarge boxed regions. Scale bars, 30 pm.

(H) Percentage of tubules containing type B spermatogonia, in control or RA-injected testis cross-

sections. Error bars, mean SD.

(1) Immunostaining for STRA8 on testis cross-sections in stage VIII. Sections are from control mice, and

from mice treated with WIN18,446 for 2 days. Dashed lines, basal laminae. Arrowheads: type A

spermatogonia (white) and preleptotene spermatocytes (yellow). Scale bar, 30 pm.

(J) Testis cross-sections in stage IX, stained with He-PAS. Sections are from control mice, and from mice

treated with WIN18,446 for 4 days. Arrowheads: preleptotene spermatocytes (white) and leptotene

spermatocytes (yellow). Insets enlarge boxed regions. Scale bar, 30 pm.

(K) Percentage of tubules containing preleptotene spermatocytes (top) or leptotene spermatocytes

(bottom), in testis cross-sections from control or WIN I8,446-treated mice. Error bars, mean SD.

*p<0.01, compared to control (Dunnett's test).

See also Table 2.1

(Figure appears onfollo.1wing page.)

84



A 7 days after RA

K7i[E

Type B spermatogonia]

E

C)*
Aundiff

(Days) 0

A diff

F a)50 *

040 *

8 30

20

101
+10 0

Control RAx1 R
10.6 da
after R

G

B 8.6 days after RA

ill .- IV 4

vPeotn L t

Vil LI

VPreleptotene sperm-atocytes

C 10.6 days after RA
V1, Vil

Leptotene spermatocyters

H 40

In B P1 L o

5 7 8-6 10.6 T 20

.0 10

0 ? -

Control 2 days
after RA

I
Ax2
ys
A

10.6 days after RA
Control RAx1 RAx2

V V V

V Type B spermatogonia

V Preleptotene spermatocytes,
I Leptotene spermatocytes

D 8.6 days after RA
He-PAS

LI

Gray-scale

IV OF

Vi -

& Intermediate spermatogonia
* Type B spermatogonia

Preleptotene spermatocytes

WIN18,446 K
Control for 2 days M

VI .40
V1111 Vill.9 h

(D 30
STRA8 20

<A'- 10
.0 -Ul') 0

V Type A spermatogonia Control 2 4

V Preleptotene spermatocytes R Days after
WIN18,446

WIN18,446 40
Control for 4 days 30

IX oX20

10
0-

Control 2 4
Days after

V Preleptotene spermatocytes WIN18,446

V Leptotene spermatocytes

85



Table 2.1. Progression of germ cells through the seminiferous stages after RA-induced precocious

spermatogonial differentiation

86

Days Germ cell Expected Observed
after type stage progression stage progression
RA Broken into individual stages Full stage Full stage

- -range range
0 Adjif 11/111 IV V VI VII VIII II-ViII II-ViII

spermatogonia
7 Type B XII/I I II II IV VNI XII-VI XII-VI

spermatogonia

8.6 Preleptotene II/III IV V VI VII VIII II-ViII II-VIII
spermatocytes

10.6 Leptotene VNI VI/VII VII VIII IX X/XI V-X VI-X (1 RA injection)
spermatocytes V-X (2 RA injections)



Injected RA Induces Precocious Meiotic Initiation

Because injected RA induces precocious STRA8 expression in both premeiotic cells and undifferentiated

spermatogonia, and STRA8 is required for meiotic initiation, we hypothesized that injected RA would

also induce precocious meiotic initiation. In the unperturbed testis, germ cells initiate meiosis in late stage

VII and stage VIII, and then develop into leptotene spermatocytes 2 days later. Thus, we expect a

transient increase in leptotene spermatocytes at 2 days after RA injection. Indeed, leptotene spermatocytes

were present in an increased fraction of testis tubules, in a broader range of stages (VII-X) than in control

testes (VIII-X). The percentage of tubules containing preleptotene spermatocytes was correspondingly

decreased (Fig. 2.9 H-K and Fig. 2.1 OH). The precocious leptotene cells had normal meiotic yH2AX and

SYCP3 expression patterns (Fig. 2.1 1B). To confirm that precocious meiotic initiation was a specific

effect of RA-STRA8 signaling, we used WINI 8,446 to chemically block RA synthesis and inhibit STRA8

expression (Fig. 2.101). As expected, WIN18,446 prevented meiotic initiation in preleptotene

spermatocytes (Fig. 2.10 Jand K). We next confirmed that the precocious leptotene spermatocytes could

progress normally through meiosis. In the unperturbed testis, after meiotic initiation, germ cells develop

into zygotene spermatocytes and ultimately undergo meiotic divisions, after 4 and 12.25 days respectively

(Fig. 2.12A). We expected to see transient increases in these cell types after RA injection. Indeed, at 4

days after RA injections, zygotene spermatocytes were present in a broader range of stages (IX-XII) than

in control testes (X-XII) (Fig. 2.12 B and C). Similarly, at 12.25 days after RA injection, meiotically

dividing spermatocytes were present in an increased fraction of testis tubules, throughout stages X-XII,

compared to XII in control testes (Fig. 2.12 D and E).

Our results show that premeiotic cells initiated meiosis precociously in response to injected RA,

and then progressed normally through meiosis, ahead of their usual schedule. However, precocious

meiotic initiation occurred in fewer tubules than precocious spermatogonial differentiation (Fig. 2.9 B and

J), strongly suggesting that the window of competence for meiotic initiation was narrower than that for

spermatogonial differentiation. Based on the stages in which leptotene spermatocytes, zygotene

spermatocytes, and meiotically dividing cells appeared after RA injection, we calculate that precocious
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meiotic initiation occurred in stage VI, and perhaps also in stages IV-V. This contrasts with precocious

spermatogonial differentiation, which occurred throughout stages I-VI. Moreover, only premeiotic cells,

not undifferentiated spermatogonia, were able to initiate meiosis directly in response to RA, as judged by

the absence of yH2AX and SYCP3 signals in type A spermatogonia, 2 days after RA injection (Fig.

2.1 IB). Thus, the competencies of germ cells to interpret the RA-STRA8 signal are distinct between

undifferentiated spermatogonia and premeiotic cells.
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Figure 2.11. Injected RA induces precocious expression of meiotic markers

(A and B) Immunostaining for yH2AX (green) and SYCP3 (red), with DAPI counterstain (blue), on

control and RA-injected testis cross-sections. Roman numerals indicate stages. Arrowheads in (A): type A

spermatogonia (white), type B spermatogonia (yellow), and leptotene spermatocytes (green). Arrowheads

in (B): type A spermatogonia (white), preleptotene spermatocytes (yellow), and leptotene spermatocytes

(green). P: pachytene spermatocytes. Scale bars, 10 pm.
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Figure 2.12. After RA injection, precocious leptotene spermatocytes undergo meiotic progression

and meiotic divisions

(A) Diagram of spermatocyte development after RA injection. Pl, L, and Z: preleptotene, leptotene, and

zygotene spermatocytes.

(B) Control and RA-injected testis cross-sections, stained with He-PAS. Roman numerals indicate stages.

Arrowheads: leptotene (yellow) and zygotene (green) spermatocytes. Insets enlarge boxed regions. Scale

bar, 30 pm.

(C) Immunostaining for yH2AX (green) and SYCP3 (red), with DAPI counterstain, on control and RA-

injected testis cross-sections. Roman numerals indicate stages. Arrowheads: type A spermatogonia

(white), and preleptotene (yellow) and leptotene (green) spermatocytes. P and D: pachytene and diplotene

spermatocytes. Insets enlarge boxed regions. Scale bars, 10 pm.

(D) Control and RA-injected testis cross-sections, stained with He-PAS. Roman numerals indicate stages.

Arrowheads: pachytene (white) and meiotically dividing (yellow) spermatocytes. Insets enlarge boxed

regions. Scale bar, 30 pm.

(E) Percentage of tubules containing meiotically dividing spermatocytes, in control or RA-injected testis

cross-sections. Error bars, mean SD. *p<0.01 (one-tailed Welch's t test).

(Figure appears on following page.)
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Competencies for Spermatogonial Differentiation and Meiotic Initiation are Limited to Distinct

Subsets of Germ Cells.

We set out to verify these distinct competencies using more stringent criteria. In the unperturbed testis, the

seminiferous cycle lasts 8.6 days (i.e., in a given tubule section, spermatogonial differentiation and

meiotic initiation occur once every 8.6 days) (Fig. 2. 1B). We administered successive RA injections, once

per 8.6-day cycle (Fig. 2.13A). We then predicted when different germ cell types should appear, based on

our findings that competence for spermatogonial differentiation was limited to stages Il-VIII, that

competence for meiotic initiation was limited to a subset of these stages, and that germ cells developed

normally after precocious spermatogonial differentiation/meiotic initiation.

Competencefor meiotic initiation: We first predicted that premeiotic cells in stages VI-VIII (and possibly

also in stages IV/V), having initiated meiosis, would develop into step 7-8 spermatids after two 8.6-day

intervals of RA injection (2x 8.6 days) (Fig. 2. 1B). Indeed, an increased percentage of tubules contained

step 7-8 spermatids; step 6 spermatids were correspondingly depleted (Fig. 2.14A). Step 2-5 spermatids

were virtually unchanged, demonstrating that meiotic initiation occurred specifically in stages VI-VIII,

not in stages IV-V.

Competence for spermatogonial differentiation: We next predicted that spermatogonia in stages II-VIII,

having differentiated, would develop into step 7-8 spermatids after 3x8.6 days of RA injection, then

develop into spermatozoa after 4x8.6 days, and finally be released into the tubule lumen (Fig. 2. 1B).

Indeed, we saw increases in step 7-8 spermatids and spermatozoa after 3 x8.6 days and 4x8.6 days

respectively (Fig. 2.13 B and C and Fig. 2.14A). Successive RA injections were able to repeatedly induce

spermatogonial differentiation; at 4x8.6 days, spermatozoa combined with younger RA-induced

generations of germ cells to produce an excess of stage VII/VIII germ cell associations, with a

corresponding depletion of stages II-VI (Fig. 2.13B). Finally, after 4x8.6 plus 2 days of RA injection

(36.4 days total), an increased percentage of tubules had released their spermatozoa (Fig. 2.14 B-D). All
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these results are entirely consistent with competence for spermatogonial differentiation being limited to

stages II-VIII.

Competencefor neither: Finally, since germ cells in stages IX-I are competent for neither spermatogonial

differentiation nor meiotic initiation, they should be unaffected by successive RA injections. Indeed, after

4x8.6 days of RA injections, the frequency of stage IX-I tubules was the same as in controls (Fig. 2.13B).

We found that, when germ cells are provided with RA, competence to undergo spermatogonial

differentiation is strictly limited to stages Il-VIII, while competence to undergo meiotic initiation is

strictly limited to stages VI-VIII. The accuracy of our predictions, over long time-scales, demonstrated

that these windows of competence are precise. Furthermore, we found that germ cells are able to develop

at their normal pace after precocious spermatogonial differentiation/meiotic initiation, becoming

spermatozoa ahead of their usual schedule. This development occurs even when germ cells are outside of

their usual cell associations. Injected RA is thus able to accelerate spermatogenesis. Finally, we note that

successive RA injections, combined with native germ cell competencies, repeatedly induced

spermatogonial differentiation; four successive injections were thus able to re-establish normal stage

VII/VIII germ cell associations (Fig. 2.13 B and C). We conclude that spermatogonial differentiation and

meiotic initiation are regulated by a shared RA-STRA8 signal intersecting with two distinct germ cell

competencies (Fig. 2.13D).
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Figure 2.13. Periodic RA-STRA8 signaling intersects with periodic germ cell competencies to

regulate the cycle of spermatogenesis

(A) Diagram of 4 successive RA injections. Testes were harvested 34.4 days after the first RA injection.

(B) Percentage of tubules in each stage of seminiferous cycle, in controls and after 4 RA injections.

Abnormal germ cell associations indicated by "ab;" all other germ cell associations are fully normal.

Error bars, mean SD. *p<0.05, **p<0.01 (two-tailed Welch's t test).

(C) Testis cross-sections, stained with He-PAS, in controls (left) or after 4 RA injections (right). Cross-

sections with the highest frequency of stage VII tubules (red) were selected. Stage VII tubules contain

spermatozoa, clustered around the tubule lumen. Roman numerals indicate stages. Insets enlarge boxed

regions. Scale bar, 100 ptm.

(D) Model: Periodic RA-STRA8 signaling and periodic germ cell competencies regulate spermatogonial

differentiation and meiotic initiation. Red: competence for spermatogonial differentiation. Yellow:

competence for meiotic initiation. Blue: stages in which we infer RA signaling is active. Competence for

spermatogonial differentiation intersects with RA signaling to induce spermatogonial differentiation

(purple). Competence for meiotic initiation intersects with RA signaling to induce meiotic initiation

(green).

(Figure appears on following page.)
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Figure 2.14. Successive RA injections confirm distinct competencies for spermatogonial

differentiation and meiotic initiation

(A) Percentage of tubules containing spermatids at various steps of post-meiotic differentiation: steps 2-5

(top), step 6 (middle), or steps 7-8 (bottom); in control or RA-injected testis cross-sections. Error bars,

mean SD. *p<0.05, **p<0.01, compared to control (Dunnett's test).

(B-D) Successive RA injections can drive release of spermatozoa.

(B) Diagram of five successive RA injections. Testes were harvested 36.4 days after the first RA injection.

(C) Percentage of tubules in stages IX-X of the seminiferous cycle, in controls and after five RA

injections. Tubules in stages IX-X have recently undergone release of spermatozoa. Error bars, mean

SD. *p<0.01 (two-tailed Welch's t test).

(D) Testis cross-sections, stained with He-PAS, in controls (left) or after five RA injections (right). The

cross-section areas with the highest frequency of stage IX-X tubules (red) were selected. Roman numerals

indicate stages. Insets enlarge boxed regions. Scale bar, 100 pm.

(Figure appears on following page.)
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DISCUSSION

RA-STRA8 Signaling Coordinates Spermatogonial Differentiation and Meiotic Initiation

Spermatogenesis in rodents is elaborately organized, with multiple generations of germ cells developing

in stereotypical cell associations. This organization was first reported in 1888 (von Ebner 1888), and by

the 1950's had been comprehensively described (Leblond and Clermont 1952; Oakberg 1956a, b). To

understand spermatogenesis, we must systematically perturb its organization. Here, we used two

complementary perturbations, genetic ablation of Stra8 function and chemical manipulation of RA levels,

to probe the coordination of two key transitions: spermatogonial differentiation and meiotic initiation.

We report that RA-STRA8 signaling plays an instructive role in both spermatogonial

differentiation and meiotic initiation, inducing these transitions to occur together. Specifically, we provide

the first functional evidence to our knowledge that STRA8, an RA target gene, promotes spermatogonial

differentiation (as well as being required for meiotic initiation) (Anderson 2008; Baltus 2006). In the

absence of Stra8, spermatogonial differentiation was impaired: undifferentiated spermatogonia began to

accumulate as early as p10, ultimately giving rise to massive accumulations of type A spermatogonia in

aged testes. These findings show that RA acts instructively at spermatogonial differentiation, by altering

gene expression in spermatogonia. Genetic ablation of Stra8 did not completely block spermatogonial

differentiation, indicating that RA must act through additional targets at this transition. Additional targets

could be activated either directly by RARs in spermatogonia, or indirectly, by the action of RA on the

supporting somatic (Sertoli) cells of testis. Indeed, indirect RA signaling, via RARa in Sertoli cells, is

critical for the first round of spermatogonial differentiation (Raverdeau 2012). We also report that, in

wild-type mice, RA injection induced precocious spermatogonial differentiation and meiotic initiation.

We infer that, in the unperturbed wild-type testis, a single pulse of RA signaling drives STRA8 expression

in both undifferentiated spermatogonia and premeiotic spermatocytes, and induces two distinct, cell-type

specific responses. The shared RA-STRA8 signal helps to ensure that spermatogonial differentiation and

meiotic initiation occur at the same time and place (Fig. 2.13D).
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Evidence of Elevated RA Concentration in Stages VII-XIII

In any given tubule cross-section, spermatogonial differentiation and meiotic initiation occur periodically,

once every 8.6 days. Sugimoto et al. (2012) and Hogarth et al. (2013) have hypothesized that RA

concentration also varies periodically over the course of this 8.6-day cycle. This hypothesis is supported

by expression data, functional studies, and direct measurements of RA levels (Hasegawa and Saga 2012;

Hogarth 2015; Sugimoto 2012; Vernet 2006b). However, the pattern of RA periodicity was previously

unclear. Hogarth et al. (2015; 2013) suggested a sharp RA peak in stages VIII-IX. In contrast, based on

expression patterns of RA-responsive genes and the functional consequences of inhibiting RA signaling,

Hasegawa et al. (2012) suggested that RA levels rise in stage VII and remain high through stage XII.

Our data support the latter model, of a prolonged elevation of RA levels (Fig. 2.14D). We and

others (Mark 2015) have demonstrated that, in the unperturbed testis, STRA8 is periodically expressed,

and is present for the majority of the seminiferous cycle. Specifically, we show that STRA8 protein is

present in spermatogonia in stages VII-XII/I, and absent in II-VI. Furthermore, we show that, at the level

of the tubule cross-section, spermatogonial STRA8 expression marks the presence of RA: when we

increased RA levels by injecting RA or decreased them by injecting WIN18,446, STRA8 expression was

immediately induced or repressed in all seminiferous stages (Fig. 2.7C). We thus agree with and extend

the model of Hasegawa et al. (2012): in the unperturbed testis, RA levels rise in stage VII, rapidly

inducing STRA8 and then inducing spermatogonial differentiation and meiotic initiation. RA levels

remain high until stages XII/I. This model of a long RA-STRA8 pulse is consistent with additional

published data. First, the enzyme Aldhla2, which increases RA levels, is strongly expressed in stages VII-

XII, while the enzymes Lrat and Adfp, which reduce RA levels, are expressed in stages I-VI/VII

(Sugimoto 2012; Vernet 2006b). Second, while measured RA levels appear to peak in stages VIII-IX, they

remain elevated for an extended period (2-4 days in pubertal animals, and through stage XII in adults)

(Hogarth 2015). Despite these persistently elevated RA levels, neither spermatogonial differentiation nor

meiotic initiation recurs in stages IX-I. As we will now discuss, germ cells at these later stages lack

competence to undertake either of these developmental transitions.
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Undifferentiated Spermatogonia and Premeiotic Cells Have Different Competencies to Respond to

RA-STRA8 Signaling

By examining responses to exogenous RA, we provide functional evidence that germ cells have periodic,

stage-limited competencies to differentiate in response to the instructive RA signal. These competencies

intersect with instructive, periodic RA-STRA8 signaling. Specifically, undifferentiated spermatogonia are

competent for spermatogonial differentiation in stages II-VIII, and premeiotic cells are competent for

meiotic initiation in stages VI-VIII (Fig. 2.13D). Competencies for both transitions begin while RA levels

are low, so that the germ cells respond as soon as RA levels rise. Competencies for both transitions end

simultaneously, while RA levels are still high. Thus, germ cell competencies and high RA levels intersect

briefly, causing spermatogonial differentiation and meiotic initiation to occur at the same time and place

(in stages VII-VIII).

We also conclude that undifferentiated spermatogonia and premeiotic cells enact different

molecular and cellular programs in response to RA-STRA8 signaling. In response to injected RA, only

preleptotene spermatocytes (and possibly late type B spermatogonia, the immediate precursors of

preleptotene spermatocytes) began to express meiotic markers such as SYCP3 and yH2AX.

Undifferentiated spermatogonia were not competent to initiate meiosis directly. Instead, in response to

injected RA, most of the late undifferentiated spermatogonia began a program of spermatogonial

differentiation, followed by six mitotic cell divisions. The early undifferentiated spermatogonia and a

fraction of the late undifferentiated spermatogonia were seemingly unaffected by RA; they did not

express STRA8 and did not differentiate. We believe that these undifferentiated spermatogonia are able to

self-renew and proliferate even in the presence of RA, preventing the pool of undifferentiated

spermatogonia from becoming depleted. Indeed, a normal complement of germ cells remained after

repeated RA injections, indicating that injected RA did not eliminate the pool of undifferentiated

spermatogonia (which includes the spermatogonial stem cells). Thus, distinct germ cell competencies

enable a single RA signal to induce both spermatogonial differentiation and meiotic initiation and ensure

that a subset of spermatogonia are able to self-renew and proliferate despite exposure to the RA signal.
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We do not yet know the molecular mechanism behind the stage- and cell-type-specific

competencies to differentiate in response to RA. These competencies cannot simply be explained by RAR

expression, because the RARs do not have precise stage-specific expression patterns. For instance, RARy

expression can be observed in all stages of the seminiferous cycle (Gely-Pernot 2012; Vernet 2006b). The

competencies must therefore result from other aspects of germ cell state. We note that competence for

spermatogonial differentiation is closely correlated with proliferative activity. Specifically,

undifferentiated spermatogonia in stages I-VIII, which are competent for differentiation, are arrested in

the GO/G1 phase of the cell cycle, while undifferentiated spermatogonia in stages IX-I are actively

proliferating (Lok and de Rooij 1983; Oakberg 1971). Further studies are needed to identify the

mechanisms by which competencies to undergo spermatogonial differentiation, and then meiotic

initiation, are achieved.

The critical role for intrinsic germ cell competence during spermatogenesis is in some respects

analogous to the well-established role of competence during oogenesis. In adult ovaries, immature

oocytes are arrested at the diplotene stage of meiotic prophase. Some of these arrested oocytes grow and

acquire intrinsic competence to resume meiosis, and then acquire competence to mature (i.e., to progress

to metaphase II arrest) (Mehlmann 2005; Sorensen and Wassarman 1976). These serially acquired

competencies intersect with extrinsic, hormonal signals. We suggest that, in both oogenesis and

spermatogenesis, properly timed differentiation depends on the intersection of extrinsic chemical cues and

intrinsic competence.

RA-STRA8 Signaling Can Both Perturb and Re-establish the Complex Organization of the Testis

We find that injected RA can induce spermatogonial differentiation and meiotic initiation to occur

precociously and ectopically, outside of their normal context. In the unperturbed testis, these two

transitions occur together at stages VII/VII, but, following a single RA injection, they occurred in

different stages, with spermatogonial differentiation as early as stage II and meiotic initiation as early as

101



stage VI. Then, when provided with RA at 8.6-day intervals, these precociously advancing germ cells

were able to complete meiosis and develop into spermatozoa, ahead of schedule. This developmental

flexibility is surprising, given the seemingly rigid organization of spermatogenesis (Russell 1990). In the

unperturbed testis, multiple generations of germ cells occur together in stereotypical associations; these

associations are conserved across mammals and, prior to this study, had proven difficult to chemically

disrupt (Meistrich 1986; Snyder 2010; Sugimoto 2012). Nevertheless, when provided with RA, germ cells

proceeded through spermatogenesis, outside of their usual environs, with no apparent guidance from the

neighboring germ cells.

Why, then, is spermatogenesis so precisely organized, if the stereotypical associations are not

required for germ cell development? We posit that this precise organization is in part a byproduct of RA-

STRA8 signaling (and germ cell competencies): co-occurrence of spermatogonial differentiation and

meiotic initiation nucleates the stereotypical germ cell associations. In support of this idea, when we

administered successive RA injections at 8.6-day intervals, to repeatedly drive precocious spermatogonial

differentiation and meiotic initiation, we were able to perturb and re-establish the characteristic germ cell

associations in vivo. The stereotypical associations, established by RA-STRA8 signaling, may ensure the

efficiency of spermatogenesis.

We conclude that a simple regulatory mechanism helps to explain the testis's extraordinary

capacity for proliferation and differentiation. Periodic RA signaling repeatedly induces spermatogonial

differentiation and meiotic initiation, driving germ cells forward on the path to becoming highly

specialized haploid spermatozoa. Meanwhile, distinct germ cell competencies enforce that every

spermatogonium undergoes programmed amplifying divisions before initiating meiosis, thereby

guaranteeing a prodigious output of spermatozoa. Moreover, a fraction of spermatogonia undergo neither

spermatogonial differentiation nor meiotic initiation in response to RA, ensuring that a reservoir of

undifferentiated spermatogonia is maintained throughout the animal's reproductive lifetime. This basic

understanding of the organization of spermatogenesis, derived from genetic and chemical perturbation of
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the testis, will facilitate future studies of germ cell development, RA-driven differentiation, and cell

competence, both in vivo and in vitro.

MATERIALS AND METHODS

Mice. Three types of mice were used: wild-type, Stra8-deficient, and Dmcl-deficient. Wild-type:

C57BL/6NtacfBR mice were purchased from Charles River Laboratories or from Taconic Farms. Stra8-

deficient: As described previously (Anderson 2008), Stra8-mutant mice (Baltus 2006) were crossed to

C57BL/6 mice for at least 15 generations. In these back-crossed mice, >99.99% of the genome is

expected to be of C57BL/6 origin; all Y chromosomes and mitochondria are of C57BL/6 origin. Stra8-

deficient males were generated by mating heterozygotes. Stra8 genotypes were assayed by PCR as

described previously (Baltus 2006). Dmcl-deficient: Dmcl-deficient mice (Pittman 1998) (strain name

B6.Cg-DmclmJcs/JcsJ) were purchased from the Jackson Laboratory. The Dmcl-deficient mice were

back-crossed to C57BL/6J mice for at least 10 generations. Dmc 1-deficient males were generated by

mating heterozygotes. Dmcl genotypes were assayed by PCR, using the protocol provided by the Jackson

Laboratory. For all three types of mice, unless otherwise noted, experiments were performed on 6- to 8-

week-old male mice, fed a regular (vitamin A-sufficient) diet. All experiments involving mice were

approved by the Committee on Animal Care at the Massachusetts Institute of Technology.

Statistics. Data are represented as mean i standard deviation (SD) of three biological replicates. To

compare two groups, Welch's t test (one- or two-tailed as indicated) or the Mann-Whitney U test were

used. To compare three or more groups, one-way ANOVA with the Tukey-Kramer post hoc test was used.

To compare multiple experimental groups with a control group, one-way ANOVA with Dunnett's post hoc

test was used. To compare distributions, the Kolmogorov-Smirnov test was used. When performing
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genome-wide analysis of mRNA-Seq data, the Benjamini-Hochberg procedure was used to control the

false discovery rate.

mRNA-Seq Sample Preparation. Testes were stripped of the tunica albuginea, placed in TRIzol

(Invitrogen), homogenized, and stored at -20 0 C. Total RNAs were prepared according to the

manufacturer's protocol. Total RNAs were then DNase-treated using DNA Free Turbo (Ambion).

Libraries were prepared using the Illumina mRNA-Seq Sample Preparation Kit according to the

manufacturer's protocol. Libraries were validated with an Agilent Bioanalyzer. Libraries were diluted to

10 pM and applied to an Illumina flow cell using the Illumina Cluster Station. The Illumina Genome

Analyzer II platform was used to sequence 36-mers (single end) from the mRNA-Seq libraries.

mRNA-Seq and Microarray Data Analysis. For mRNA-Seq data, reads were aligned to the mouse

genome (mm9, NCBI Build 37) using TopHat (Trapnell 2009). Unique reads in each gene were counted

using htseq-count (Anders 2014). For genome-wide differential expression analysis, fold-changes and p-

values were calculated using edgeR, using tagwise dispersions and normalizing for library complexity

(Robinson 2010). For genome-wide clustering analysis, FPKM (fragments per kilobase per million

fragments mapped) values were calculated using Cufflinks (Trapnell 2010) or downloaded directly

(Supplemental Dataset S1 of (Chan 2014)); then, complete linkage hierarchical clustering, based on

Spearman correlations of the FPKM values, was performed using custom R scripts. For marker gene

analysis, read counts were normalized to the 7 5 h percentile as described in Bullard et aL. (2010), and p-

values were calculated using Welch's t test. For microarray data, the microarray CEL files were

normalized with the GCRMA package from Bioconductor. Probe set names were mapped to gene names

using Bioconductor's mouse4302.db package and DAVID (Huang 2009a, b). When multiple probe sets

mapped to the same gene, absent probe sets were filtered out and then the median was used (Cui and

Loraine 2009). Replicate arrays were averaged using limma (Smyth 2005). Comparison mRNA-Seq and

microarray datasets (used in Fig. 2.3C and 2.4E) were downloaded from National Center for
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Biotechnology Information Gene Expression Omnibus (GEO) and Sequence Read Archive (SRA). To

compare the datasets, the genes present in both datasets were analyzed. Each gene was categorized based

on the cell type of maximum expression. If a gene had equally high expression in two or more germ cell

types, it was not counted toward any cell type.

Histology, and Identification of the Stages of the Seminiferous Cycle. Testes were fixed overnight in

Bouin's solution, embedded in paraffin, sectioned, and stained with hematoxylin and eosin, or with

hematoxylin and periodic acid-Schiff (PAS). All sections were examined using a light microscope. Germ

cell types were identified by their location, nuclear size, and chromatin pattern (Russell 1990).

Seminiferous stages were determined using PAS and hematoxylin-stained cross sections, according to

morphological criteria (Oakberg 1956a; Russell 1990). In brief, 12 stages were determined primarily

based on the first 12 steps of spermatid development. When the patterns of germ cell associations were

changed after RA injection, the stages were identified according to spermatid development. The stages in

immunohistochemically stained sections were determined using adjacent serial sections stained with PAS

and hematoxylin (Fig. 2.2B).

Chemical Treatments. For RA injection experiments, mice received intraperitoneal (i.p.) injections of

100 pl of 7.5 mg/ml all-trans RA (Sigma-Aldrich) in 16% (vol/vol) DMSO-H 20. For BrdU incorporation

experiments, mice received i.p. injections of 10 p/g body weight of 10 mg/ml BrdU (Sigma-Aldrich) in

PBS, 4 hours before they were killed. For WIN18,446 injection experiments, mice received i.p. injections

of 100 pl of 20 mg/ml WIN18,446 (sc-295819A, Santa Cruz Biotechnology) in 16% DMSO-H 20; mice

were dosed at intervals of 12 hours for a total of 2 or 4 days.

Immunostaining on Testis Sections. Testes were fixed overnight in Bouin's solution at room temperature

(for colorimetric detection, and for fluorescent detection of LIN28A) or in 4% (wt/vol) paraformaldehyde

at 40 C (for all other fluorescent detection). Fixed testes were embedded in paraffin, and sectioned at 5 pm
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thickness. Slides were de-waxed, rehydrated, and heated in 10 mM sodium citrate buffer (pH 6.0).

Sections were then blocked, incubated with the primary antibody, washed with PBS, and incubated with

the secondary antibody, and washed with PBS. Primary and secondary antibodies are listed in Table 2.2,

along with incubation and blocking conditions. ImmPRESS peroxidase reagents are from Vector

Laboratories and PowerVision Poly-HRP conjugated secondary antibodies are from Leica Biosystems.

Unless otherwise noted, all other secondary antibodies are donkey antibodies from Jackson

ImmunoResearch Laboratories. For LIN28A-strained slides with fluorescent detection, after incubation

with the secondary antibody, slides were washed with PBS and incubated for 60 minutes at room

temperature with donkey anti-streptavidin antibody (1:200 dilution) conjugated to FITC (Jackson

ImmunoResearch Laboratories). For colorimetric detection, slides were developed using a DAB substrate

kit (Vector Laboratories), counterstained with Mayer's hematoxylin, dehydrated, and mounted with

Permount (Fisher Scientific). For fluorescent detection, slides were mounted with Vectashield mounting

media with DAPI (Vector Laboratories).

Immunostaining on Intact Testis Tubules. Testes were stripped of the tunica albuginea, dispersed in

PBS, fixed overnight in 4% paraformaldehyde at 4*C, and washed with PBS. Testes were blocked with

2.5% (vol/vol) donkey serum, incubated with the primary antibody, washed with PBS, incubated with the

secondary antibody, and washed with PBS. Finally, seminiferous tubules were dissected from testes and

mounted with SlowFade Gold antifade reagent with DAPI (S36939, Life Technologies). The

combinations of primary and secondary antibodies were as follows. Anti-STRA8 (1:500 dilution;

ab49405, Abcam) with donkey anti-rabbit antibody conjugated to FITC (1:200 dilution; Jackson

ImmunoResearch Laboratories); anti-PLZF (1:100 dilution; OP 128, Calbiochem) with donkey anti-mouse

antibody conjugated to Rhodamine Red X (1:200 dilution; Jackson ImmunoResearch Laboratories); and

anti-GFRa1 (1:100 dilution; AF560, R&D Systems) with donkey anti-goat antibody conjugated to

Dylight 649 (1:1000 dilution; Rockland Immunochemicals).
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Table 2.2. Antibodies and conditions for immunostaining (o/n: overnight; r.t: room temperature)

Antigen Primary Blocking Detection Secondary
Antibody condition Type antibody

Type Source Incubation
(Catalog No.) condition

BrdU Rat AXYLL 1:500 2.5% donkey Fluorescence FITC-conjugated
monoclonal (OBT0030) o/n 40 C serum 1:200, 60 min r.t.

DAZL Mouse AbD Serotec 1:100 5% BSA Colorimetric PowerVision
monoclonal (MCA2336) 30 min r.t. Poly-HRP IgG

reagent, 30 min r.t
GFRal Goat R&D systems 1:100 2.5% donkey Fluorescence Dylight 649-

polyclonal (AF560) o/n 40 C serum conjugated, 1:200,
45 min r.t.

yH2AX Mouse Upstate 1:100 2.5% donkey Fluorescence FITC-conjugated
monoclonal Biotechnology o/n 40 C serum 1:200, 45 min r.t.

(05-636)
KIT Mouse Cell Signaling 1:100 2.5% normal Colorimetric Anti-rabbit

monoclonal Technology 120 min horse serum ImmPRESS
(3074) r.t. peroxidase reagent

30 min r.t.
LIN28A Rabbit Abcam 1:200 5% BSA and Colorimetric Anti-goat

polyclonal (ab46020) o/n 40 C 2.5% normal ImmPRESS
horse serum peroxidase reagent

10 min r.t.
Goat R&D Systems 1:100 1% BSA and Fluorescence Biotinylated
polyclonal (AF3757) o/n 4 0 C 5% donkey horse anti-goat

serum 1:200, 60 min r.t.
PLZF Mouse Calbiochem 1:100 5% BSA Colorimetric PowerVision

monoclonal (2A9) 30 min r.t. Poly-HRP IgG
reagent, 30 min r.t

Mouse Calbiochem 1:100 2.5% donkey Fluorescence DyLight 549-
monoclonal (OP128) o/n 4 0 C serum conjugated

1:200, 45 min r.t.
STRA8 Rabbit Abcam 1:200 5% BSA or Colorimetric Anti-rabbit

polyclonal (Ab49405) 30 min r.t. 2.5% normal ImmPRESS
horse serum peroxidase reagent

30 min
Rabbit Abcam 1:500 2.5% donkey Fluorescence DyLight 488- or
polyclonal (Ab49405) o/n 4 0 C serum Rhodamine Red

X- conjugated
1:200, 45 min r.t.

SYCP3 Mouse Santa Cruz 1:100 2.5% donkey Fluorescence Rhodamine Red
monoclonal Biotechnology o/n 4 0 C serum X-conjugated

(sc-74569) 1:200, 45 min r.t

Rabbit Abcam 1:1000 2.5% donkey Fluorescence Rhodamine Red
polyclonal (ab15092) o/n 4 0 C serum X-conjugated

1:200, 45 min r.t.
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SUPPLEMENTARY INFORMATION
Data S2.1. 100 genes most significantly up-regulated in Stra8-deficient large
to wild-type ("w.t.") testes

("large") testes, relative

Gene Log2(fold- P-value
name change) (FDR-

(large/w.t.) corrected)
1) Ccnd2 6.68 4.86E-59

2) Phlda2 9.44 2.06E-58

3) Gpnmb 8.76 4.26E-54

4) Dkk3 7.22 5.23E-54

5) Uppl 6.76 2.98E-52

6) Irfl 5.95 9.11E-51

7) Fbxo4l 6.36 3.18E-50

8) Dapk2 6.44 2.03E-49

9) Slc38a4 6.97 3.82E-48

10) Spp1 7.86 6.36E-48

11) Piwil4 7.29 7.03E-48

12) Rrad 7.23 8.72E-48

13) Afp 7.48 2.54E-47

14) Cd9 6.45 5.71E-47

15) Pramefl2 5.79 2.68E-46

16) Mobp 6.78 7.48E-45

17) Glipr2 6.30 1.22E-44

18) Mmp2 6.16 3.24E-44

19) Pgc 9.79 4.08E-44

20) Abcc8 6.00 6.17E-44

21) Nphsl 9.37 1.60E-43

22) Asphd2 6.70 4.77E-43

23) Gnb4 5.71 9.92E-43

24) Tmem40 7.94 2.12E-42

25) A230065- 6.45 4.88E-42

26) Pnma5 5.44 5.13E-42

27) Lin28a 5.33 7.08E-42

28) Foxfla 6.99 1.15E-41

29) Lambi 4.91 1.67E-41

Gene name Log2(fold- P-value
change) (FDR-
(large/w.t.) corrected)

30) Cpm 6.04 3.76E-41

31) Bmpr1b 6.84 3.09E-40

32) Gfral 5.00 4.34E-40

33) Dctd 5.16 4.91E-40

34) Serpine2 5.44 1.62E-39

35) Depdc7 5.78 2.62E-39

36) Clec7a 7.32 7.26E-39

37) Hoxb4 7.37 8.89E-39

38) Erg 5.63 1.01E-38

39) Tphl 8.92 1.58E-38

40) Apba2 6.45 3.08E-38

41) Tro 5.04 3.11E-38

42) Nfkbid 6.91 3.60E-38

43) Cacnb3 5.40 3.93E-38

44) Slc15a3 6.44 4.94E-38

45) 9130401- 5.02 5.07E-38

46) S1c26a5 8.28 2.59E-37

47) Mmp12 35.00 2.72E-37

48) Alkbh2 6.29 2.77E-37

49) Six4 4.91 4.42E-37

50) Fbxo32 5.23 9.93E-37

51) Atp6vOd2 8.26 2.82E-36

52) Cenpa 4.91 3.71E-36

53) Igfbpll 7.45 5.52E-36

54) Ldlrad3 5.07 5.61E-36

55) Nefm 7.51 6.17E-36

56) Pde9a 5.18 1.78E-35

57) Crabpl 4.78 2.49E-35

58) Corola 6.01 5.02E-35
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Data S2.1. 100 genes most significantly up-regulated in Stra8-deficient large (large) testes, relative
to wild-type (w.t.) testes (continued)

Gene name Log2(fold- P-value
change) (FDR-
(large/w.t.) corrected)

59) Hoxal 6.43 1.19E-34

60) KLf 1 4.42 6.64E-34

61) Hrhl 5.14 7.75E-34

62) Dctppl 4.88 9.38E-34

63) Onecut2 5.37 1.21E-33

64) Ret 5.09 1.59E-33

65) Diki 4.90 2.11E-33

66) Sntg2 5.95 2.40E-33

67) Nptxl 5.61 2.81E-33

68) Gng13 6.10 3.74E-33

69) Morci 4.58 3.80E-33

70) Ankrd26 4.80 4.14E-33

71) Ly6g6e 6.97 4.89E-33

72) Trpv4 5.08 6.34E-33

73) Gprc5c 6.47 6.94E-33

74) Dlk2 5.72 8.87E-33

75) Nlrp4c 4.80 1.36E-32

76) Grik3 4.83 1.57E-32

77) 2610524- 5.52 1.84E-32

78) Prtg 4.95 2.12E-32

79) Zrsr2 4.27 2.96E-32

80) Sertad4 4.30 3.11E-32

81) 4933427- 4.51 3.19E-32

82) Tpbg 5.52 3.62E-32

83) Zbtbl6 4.66 3.63E-32

84) Slc4a5 4.75 3.81E-32

85) Hyal2 4.29 4.69E-32

86) Dgki 5.25 5.50E-32

87) Slc3OalO 33.80 6.55E-32

Gene name Log2(fold- P-value
change) (FDR-
(large/w.t.) corrected)

88) Mdh2 4.33 1.04E-31

89) Gcat 4.49 1.15E-31

90) Nthll 4.83 1.42E-31

91) Osbpl3 4.70 1.53E-31

92) Dbndd2 4.19 1.56E-31

93) Fsdl 4.43 2.09E-31

94) Cnn3 4.74 2.41E-31

95) Oasl2 5.05 2.44E-31

96) Armcx4 5.45 2.52E-31

97) Lgals3 5.54 2.68E-31

98) Hoxb2 6.09 2.77E-31

99) Tex19.1 4.33 2.93E-31

100) Ill3ral 4.68 3.45E-31
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ABSTRACT

Isolating germ cell populations from the testis is challenging, because the adult testis contains germ cells

at every stage of spermatogenesis, in addition to somatic cells. We have developed a novel method for

isolating precise populations of germ cells from the mouse testis at high purity. To reduce the number of

germ cell types that are present in the testis, we first synchronize germ cell development in vivo by

manipulating retinoic acid metabolism, and perform histological staging to verify synchronization. Then,

by simple cell sorting methods, we can separate these germ cells from contaminating somatic and stem

cells, to achieve -90% purity of each distinct germ cell type from the stem cell pool through late meiotic

prophase. Utilizing this "3S" method (synchronize, stage, and sort), we can robustly and efficiently

separate germ cell types that were previously challenging or impossible to distinguish, with sufficient

yield for transcriptomic and epigenetic studies. We believe that "3S" will help to elucidate the molecular

changes that occur during the mitotic and meiotic stages of mouse spermatogenesis.
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INTRODUCTION

Mammalian spermatogenesis-the transformation of stem cells into haploid, highly specialized

spermatozoa-encompasses three different developmental periods. The first period is a mitotic phase, in

which germ cells exit the stem cell pool and undergo a series of six programmed mitotic divisions. Over

this period, germ cells lose expression of pluripotency genes (Buaas 2004; Shinohara 2000), increase in

number by a factor of approximately 20 (Huckins 1978), and become competent for meiosis. Cell types

during the mitotic phase can be distinguished by skilled histological analysis, but molecular changes

during these divisions are poorly understood. The second period is a meiotic phase, in which germ cells

replicate their DNA, then pair, recombine, and segregate homologous chromosomes, ultimately producing

haploid gametes that will contribute exactly one of each chromosome to the zygote. Meiosis has been

extensively studied, but molecular changes and chromatin states in early meiotic prophase are still poorly

described. The third is a post-meiotic differentiation phase, in which germ cells rapidly undergo

morphological and other cellular changes to become mature gametes.

The developmental progression of mouse spermatogenesis has been extensively studied by

histology, and 28 distinct cell stages have been described. In the mitotic phase, germ cells are classified as

undifferentiated spermatogonia (Aundi ff) or as one of six types of differentiating spermatogonia: A1, A2, A3 ,

A4 , Intermediate, or B. In the meiotic phase, they are classified as preleptotene, leptotene, zygotene,

pachytene, diplotene, or secondary spermatocytes. During the post-meiotic phase, they are classified as

step 1-16 spermatids (Fig. 3.IA) (Russell 1990). Few of these histologically distinct populations have

been studied at the biochemical level.

It would be advantageous to isolate germ cells at each of these precise developmental stages. In

the mouse embryonic ovary, where germ cell development is relatively synchronous, germ cells at

particular stages can be isolated simply by timed collection (Borum 1961; Soh 2015). However, in the

male, differentiation of spermatogonial stem cells occurs asynchronously; this asynchrony is present from

the very beginning of spermatogenesis in neonatal males (Snyder 2010). Moreover, this differentiation of
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spermatogonial stem cells occurs repeatedly throughout the animal's lifetime, such that multiple

generations of germ cells are developing in close proximity. Thus, the adult testis contains germ cells at

every stage of spermatogenesis, in addition to the complement of somatic cells. To isolate specific germ

cell types, investigators must sort them from a very complex starting tissue.

Specific molecular markers of most germ cell populations have not yet been identified, with the

notable exception of the stem cell pool (Oatley and Brinster 2008; Shinohara 2000). Thus, investigators

have relied on more general cell properties. Sedimentation-based approaches, including unit gravity

sedimentation and centrifugal elutriation, separate germ cells based on size and density (Bellve 1993;

Grabske 1975). DNA-staining/FACS uses a dye such as Hoechst 33342 to separate germ cells based on

DNA staining and light scatter properties (Bastos 2005; Gaysinskaya 2014). Both of these techniques are

powerful, and can distinguish mitotic, meiotic, and post-meiotic populations with high accuracy.

However, they are technically challenging, and have difficulty distinguishing closely related cell types. To

give one example: leptotene and zygotene, the first two steps of meiotic prophase, are histologically

distinct, and encompass distinct chromosomal events, with programmed double-strand breaks occurring

doing leptotene, and synapsis of homologous chromosomes not beginning until zygotene. However, these

have so far proved impossible to distinguish with sedimentation-based approaches, and are difficult to

distinguish with DNA staining/FACS approaches (Bellve 1993; Gaysinskaya 2014). To give a more

extreme example: early cell types from the mitotic phase (A1/A 2/A 3/A 4) have known molecular

differences, for instance in the expression of the regulators LIN28A and DMRT1B (Chakraborty 2014;

Zhang 2014), but are virtually indistinguishable by histology and cannot be sorted by either

sedimentation- or Hoechst-based approaches (Chiarini-Garcia and Russell 2001).
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Figure 3.1 Overview of "3S" (synchronize, sort, and stage)

(A) Schematic of germ cell development in the testis of an unperturbed male mouse, showing the germ

cell types that can be isolated with "3S."

In the neonatal mouse, the only germ cells present are undifferentiated spermatogonia (the germline stem

cell pool, which persists throughout the animal's lifetime). In a retinoic acid (RA)-dependent fashion,

cohorts of these undifferentiated spermatogonia then differentiate to become mitotic differentiating

spermatogonia. Germ cells next initiate meiosis as preleptotene spermatocytes, and go through meiotic

prophase (leptotene, zygotene, pachytene, and diplotene spermatocytes) and two reductive divisions.

Finally, germ cells go through post-meiotic development (round and elongating spermatids). Germ cell

types from undifferentiated spermatogonia through mid-pachytene (black bar) can be easily isolated with

3S. Later germ cell types (gray bar) are more difficult to isolate by sorting, due both to differentiation of

subsequent cohorts of undifferentiated spermatogonia and to diminished fluorescence from the Mvh-

Cre/tdTomato germ cell lineage tracing system (Fig. 3.6).

(B) The "3S" protocol.

B-1: Description of the synchronization procedure. WIN18,446 (gray): an RA synthesis inhibitor. The

provided timeline for synchronous development after RA injection is for a typical C57BL/6 mouse.

B-2: Description of the staging procedure. A small portion of the synchronized testis is embedded in

paraffin, sectioned, and examined with a light microscope, to confirm that germ cells have reached the

desired stage of development. Staging verifies the identity of the sorted germ cells.

B-3: Description of the sorting procedure (performed in parallel with staging). Schematic shows digestion

of the testis into a single-cell suspension, followed by FACS (fluorescence activated cell sorting).

Schematic for FACS shows identification of three cell populations (leptotene spermatocytes,

spermatogonia, and somatic cells) by a combination of cell size, as approximated by light scatter, and

tdTomato fluorescence intensity. Based on this identification, leptotene spermatocytes are selectively

sorted. For a description of the Mvh-Cre/tdTomato germ cell lineage tracing system, see Fig 3.6.

(Figure appears on following page)
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A: Germ cell types that can be isolated with "3S"

Easy to sort with the 35 protocol
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Example: isolating leptotene spermatocytes (early meiotic prophase)
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verify by morphological appearance
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Use majority of testes for sorting;
reserve small portion for staging

3) Sort (-2 hours, In parallel with staging)

Digest testes
to get a single-cell
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" Leptotene
spermatocyte

" Spermatogonium

Identify desired germ cells (using size
+ and/or a marker system) and sort by FACS
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These sorting challenges emerge because of the great variety of germ cell types found in the adult

testis. The alternative approach that we propose is to reduce the complement of germ cell types in vivo,

prior to tissue collection and sorting. One existing technique for simplifying the complement of gem cells

is developmental synchronization, i.e. synchronizing exit from the spermatogonial stem cell pool in vivo

throughout the entire testis. Such synchronization of exit from the stem cell pool can be achieved through

in vivo manipulation of retinoic acid (RA) levels. Spermatogonial differentiation is instructively regulated

by RA via the target genes Kit, Sall4a, and Stra8; differentiation ceases in the absence of RA, and occurs

prematurely in the presence of injected RA (Busada 2015; Endo 2015; Gely-Pernot 2015; Hogarth 2011).

Thus, a synchronous wave of spermatogonial differentiation can be achieved by RA removal followed by

a single pulse of exogenous RA. Synchronization was first achieved by withholding vitamin A (the

metabolic precursor of RA) from the diet of adult mice, and then restoring vitamin A; developmental

synchronization persists for at least two months after vitamin A restoration (Morales and Griswold 1987;

van Pelt and de Rooij 1990). However, synchronization by vitamin-A deprivation is not practical to apply

on a large scale: it is labor-intensive, requires four or more months of dietary manipulation and

monitoring for each animal, and severely compromises animal health (van Pelt and de Rooij 1990). More

recently, Hogarth et al. (2013) developed a practical synchronization method using the compound

WIN18,446, which inhibits the oxidation of vitamin A into RA. In these studies, Hogarth et aL.

administered WIN18,446, followed by a single dose of RA, to juvenile mice, thus achieving

synchronization with only 8 days of animal manipulation. Developmental synchronization persists for

approximately two months after R injection.
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Here, we present a sorting method based on this developmental synchronization. We have

modified the synchronization method of Hogarth et al. (2013) to give more predictable timing after RA

restoration, so that, as in the embryonic ovary, germ cells at particular stages can be isolated by timed

collection. Utilizing FACS, we can separate these germ cells from contaminating somatic and germline

stem cell populations, to get -90% purity of populations from the stem cell pool through late meiotic

prophase and beyond. Histological staging of a reserved portion of the synchronized testis allows high-

confidence verification that synchronization was successful and that the desired cell population was

isolated.

PROTOCOL FOR 3S

Synchronization

As shown in Fig. 3. 1B- 1, we first synchronize germ cell development in vivo, such that, at the time of

collection, the testis is highly enriched for the germ cell type of interest. Synchronization requires 8 days

of injections, followed by collection at the time-point dictated by the cell type of interest. (The optimal

time-points for collection are laid out in Fig. 3.3 and Fig. 3.4). Fig. 3.2 shows an example of

synchronization, with development allowed to proceed for 9 days after the RA injection, in order to

collect late leptotene spermatocytes. Sections from an unsynchronized control and a synchronized testis

are stained for two meiotic markers: yH2AX, which marks double-strand breaks (Rogakou 1998), and

SYCP3, a component of the synaptonemal complex, (Yuan 2000). In the unsynchronized control, the

tubules have different staining patterns: a few tubules contain late leptotene spermatocytes as the most

advanced cell type, but others contain different stages of meiosis. In contrast, in the synchronized testis,

each tubule displays the same staining pattern, indicating that late leptotene spermatocytes are the most

advanced (and most prevalent) cell type in almost every tubule. Fig. 3.3 shows the enrichment of different

germ cell types at various time-points after RA restoration in C57BL/6 mice. Immediately prior to RA

restoration (Fig. 3.3A), the only germ cells in the testis are undifferentiated spermatogonia (Fig. 3. 1A). At
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5.75 days after RA restoration, the most advanced germ cells in each tubule are type B spermatogonia; the

testis also contains some undifferentiated spermatogonia (the germline stem cell pool) (Fig 3.3B). At 7

days after RA restoration, the most advanced germ cells are initiating meiosis; specifically, they are

preleptotene spermatocytes that are positive for the meiotic initiation marker STRA8 (Baltus 2006; Mark

2015) (Fig 3.3C). At 8, 10, and 12 days after RA restoration, the most advanced germ cells are

progressively further into meiotic prophase (Fig 3.3 D-F). We note that this timetable of germ cell

development is more rapid than is usually observed in the adult, consistent with previous observations

that pubertal spermatogenesis proceeds more rapidly than adult spermatogenesis (de Rooij and Russell

2000; Kluin 1982). From 7 days onward, a new generation of germ cells begins differentiating

synchronously behind the meiotic cohort (Fig 3.3 C-F) (Russell 1990), increasing the total number of

spermatogonia in the testis. Synchronization does not deteriorate significantly during these 12 days of

development. We calculate that, throughout this period, germ cell development is synchronized to within

a -24 hour developmental window.
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Figure 3.2. An example of synchronization

Testis sections, stained for SYCP3 (green) and yH2AX (red) and counterstained with DAPI (blue). Cells

with high levels of SYCP3 and low/punctate yH2AX are in late leptotene, approaching zygotene. (Scale

bars, 100 ptm.)

(A) Control, unsynchronized pubertal testis, p10. At this time-point, the unsynchronized testis is relatively

enriched for leptotene spermatocytes. Nevertheless, the staining patterns of individual tubules are highly

heterogeneous. Most tubules have little or no SYCP3 expression, indicating that they do not contain

meiotic spermatocytes.

(B) Synchronized testis, 9 days after RA restoration. All tubules are dominated by cells with high

SYCP3/low yH2AX, indicative of synchronization at the end of leptotene.

A. B.
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Figure 3.3 Typical time-course of synchronization

Left column: Days after RA restoration, and most advanced (and most prevalent) germ cell types

observed. To determine the most advanced germ cell types, at least 100 tubules were scored for each

sample.

Middle column: histology. Section in (C) is stained for STRA8 (brown) and counter-stained with

hematoxylin (blue); all other sections are stained with hematoxylin only. (Scale bars, 100 jim.)

Right column: Germ cell types present in each tubule. Grayscale version of image in middle column, with

all germ cells in the section marked with colored dots as indicated. All unmarked cells are somatic. For

each time-point (A-F), the cells in one example tubule (indicated by dashed black outline) are counted.

Undiff.: undifferentiated; diff.: differentiating

(A) Just before RA restoration. 100% of tubules contain undifferentiated spermatogonia as their only germ

cell type. Thus, undifferentiated spermatogonia and somatic cells are the only cell types in the testis; most

cells in the testis at this time-point are somatic.

(B) 5.75 days after RA restoration. 99% of tubules contain type-B (late differentiating) spermatogonia as

their most advanced (and most prevalent) germ cell type. Tubules also contain somatic cells and a few

undifferentiated spermatogonia. These three cell types make up the vast majority of the testis. The 1% of

tubules without type-B spermatogonia, which arise due to imperfect synchronization, contribute few

intermediate spermatogonia.

(C, D, E, and F). 7, 8, 10, and 12 days after RA restoration. 91%, 97%, 94%, and 99% of tubules

respectively contain STRA8-postive preleptotene, leptotene, zygotene, and pachytene spermatocytes as

the most advanced germ cell type. Tubules also contain somatic cells and a few spermatogonia. The

spermatogonia are a mixture of undifferentiated and differentiating spermatogonia, with the

undifferentiated spermatogonia representing the germline stem cell pool, and the differentiating

spermatogonia representing a second synchronous generation of germ cells, developing behind the

meiotic cohort.

(Figure appears on the following page.)
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Days after RA
restoration

A. 0 days:
100% of tubules
contain undifferentiated
spermatogonia

B. 5.75 days:
99% of tubules contain
differentiating
type-B spermatogonia

C. 7 days:
91% of tubules contain
STRA8(+) preleptotene
spermatocytes

D. 8 days:
97% of tubules
contain leptotene
spermatocytes

E. 10 days:
94% of tubules
contain zygotene
spermatocytes

F. 12 days:
99% of tubules
contain pachytene
spermatocytes

Histology
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We now describe the protocol for synchronization in detail.

Materials:

* Mice, two days after birth (p2): Any strain of mice can be used, but the timing of development

after synchronization must be established anew in each strain. To increase the reproducibility of

developmental timing, we strongly recommend using genetically uniform mice (i.e. inbred or F 1

of two inbred strains). We use the C57BL/6 strain of mice. To obtain mice at p2, we either

perform timed matings, or check daily for pups.

To facilitate sorting germ cells from soma, we use mice carrying one copy of each of two

alleles. First, "tdTomato": a loxP-STOP-loxP-tdTomato construct in the Rosa26 locus, strain

B6.Cg-Gt(ROSA)26SOrtml4(CAG-tdTomato)Hze/J from The Jackson Laboratory (Madisen 2010).

Second, "Mvh-Cre": a Cre-mOrange fusion protein, driven by the endogenous Mvh (Mouse vasa

homolog, a.k.a. Ddx4) promoter (Hu 2013). (We note that the mOrange fluorescence is extremely

weak, and therefore cannot be used for sorting.) These together form the "Mvh-Cre/tdTomato

germ cell lineage tracing system;" see the "Sorting" section and Fig. 3.6 for more information.

Wild-type mice can also be used, but the purities obtained will be reduced (Table 3.3).

" WIN18,446, often sold under the name N,N'-Octamethylenebis(2,2-dichloroacetamide) or

FertilysinTM: We source our WINI 8,446 from MP Biomedicals (catalog number 02158050) or

from Santa Cruz Biotechnology (catalog number sc-295819).

* Retinoic acid: It is most convenient to purchase this in small vials. We use Sigma Aldrich R2625-

50mg.

" Carriers for WIN18,446 and RA solutions: DMSO, PBS, and water. These should be sterile and

pharmaceutical grade.

* For injections: 1 ml syringes; 26-gauge needles, 3/8 inch or less in length; 30 gauge needles, any

length.
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Procedure.

1) Begin with a single dam and her litter of pups, at p2.

Note: Before beginning dosing, we recommend removing or euthanizing any co-housed adult

mice; this improves pup health and survival. If the litter is especially large (>6 pups for

C57BL/6), we recommend euthanizing some of the female pups to reduce litter size. Also check

that the dam is nesting well and that pups are healthy and normal-weight (for C57BL/6 mice,

>1.5 g at p2). Developmental timing after synchronization is less consistent in low-weight pups.

2) Prepare WIN18,446 solution fresh each day, directly before injection.

For 1 ml of injection solution, dissolve 5 mg of WIN18,446 in 25 pl of DMSO. Add 975 p1 of

sterile PBS and immediately shake to mix. Result will be a cloudy suspension.

Caution: always add PBS to WINI 8,446/DMSO solution, rather than the reverse, to avoid

precipitation of the WIN18,446.

3) Inject 10 pl per g body weight subcutaneously into male mice, once per day for 7 days, using a 1

ml syringe and a 26-gauge needle. The first injection should be performed around noon;

subsequent injections can be at any time of day. (If schedule requires, a day's injection can be

skipped, as long as injections are no more than 48 hours apart.)

Caution: WIN18,446 suspension can clog needles. The short, 26-gauge needles ameliorate this

problem. To reduce the risk further, shake WIN18,446 suspension well before filling syringe, and

load only -300 gI at a time. If the needle clogs, shake syringe and replace needle.

Note: Pups sometimes develop a hairless patch on their neck from repeated injections. This is not

harmful.

4) At p9 (day 8 of the protocol), check animal weight. If the animal has healthy weight gain (>5 g in

C57BL/6), collect tissue or inject RA at p9, and expect germ cell development to proceed with

typical timing. If an animal is somewhat smaller (4-5 g), an extra 1-2 days of WIN18,446 can be

administered to allow further weight gain before RA injection. These animals should be

histologically staged with care. If animals have severely stunted growth (<4 g with an unhealthy
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appearance), it is best to euthanize them. If used, they should be carefully monitored, and germ

cell development may be significantly slower than usual.

5) If the desired germ cell type is undifferentiated spermatogonia, euthanize animal, dissect testes

and proceed to sorting and staging. Otherwise, prepare and inject RA.

To make RA injection solution, first make a 100 mM solution (e.g. 50 mg RA + 1.664 ml

DMSO). Then, mix 1.917 ml of water with 83 gl of RA solution. The result will be a yellow,

opaque solution. RA/DMSO solution can be stored for up to 1 week at -800 C.

Inject 10 pl per g of body weight, subcutaneously, using 30-gauge needles. Shake RA solution

well before injection. Record exact injection time, and animal weight at the time of injection.

Caution: RA adheres to plastic, so use glass vials and pipettes as much as possible.

RA is oxygen-sensitive, so use entire vial of RA powder at once when preparing solution.

RA is light-sensitive, so store in amber or foil-wrapped vials.

Caution: Too much RA can be toxic to pups, and may stunt growth. Be very careful not to inject

more than 10 pl per g of body weight.

6) (Optional) After RA injection, we recommend, when practical, removing or euthanizing any co-

housed un-injected pups. The RA-injected pups recover better if they do not need to compete with

un-injected animals.

7) Monitor pups after injection, and choose collection time-point based on the desired germ cell

type. Developmental timing will have to be determined anew for each strain, and may vary

somewhat from investigator to investigator even within the same strain. As a starting reference,

our observed timings in normal-weight C57BL/6 animals are shown in Fig. 3.3 and Fig. 3.4A.

If a pup appears unhealthy, or is not gaining weight appropriately, do not expect normal germ cell

developmental timing (Fig. 3.4B). It may be best to euthanize the animal.

At the time of collection, euthanize animal, dissect out testes, and proceed to sorting and staging.
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Figure 3.4 Reproducibility of timing of germ cell development in synchronized animals

(A and B) Timing of germ cell development in a total of 35 (A) and 24 (B) developmentally synchronized

animals. All of the animals in (A) were normal weight (>5 g at the time of RA injection); all of the

animals in (B) were underweight (<5 g at the time of RA injection). For each animal, we scored at least

100 tubules for the most advanced germ cell type (as in Fig. 3.3). If >90% of tubules had the same most

advanced germ cell type, the animal's count was assigned to that cell type. Otherwise, the animal's count

was split equally across all of the most advanced germ cell types that were observed in >10% of tubules.
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Staging

To establish the timing of germ cell development after RA restoration, it is important to histologically

examine ("stage") a protein of one testis from each synchronized animal (Fig. 3. 1B-2). By identifying

when each germ cell type appears, we can determine the typical timing of germ cell development in the

mouse strain of interest. Once the synchronization protocol is established in a given strain, staging

becomes less essential, but it is still wise to stage every animal, for several reasons. First, developmental

timing is only predictable in healthy, normal-weight animals; staging allows underweight or marginal

animals to be used. Second, even in normal-weight animals, developmental timing can vary slightly (Fig.

3.4A); staging is thus essential for capturing short-lived cell types. Finally, staging ensures that rare errors

in synchronization are detected so that samples may be excluded from analysis.

We use half of one testis for staging, and the remainder for sorting. We stage and sort in parallel. In

particular, we sort and process germ cells while the tissue for staging is being fixed. We then store sorted

cells (or extracted RNA, protein, etc.) until staging is complete, whereupon we pool sorted cells from

multiple animals and proceed with downstream studies.

The technique we use for preparing tissues is:

1) Cut off half of one testis, and fix for 4 hours in Bouin's solution.

2) Embed tissue in paraffin, section (5 pm width), and stain with hematoxylin.

Staging requires a light microscope with an oil objective and 1 00x magnification. Staging takes some

effort to learn: two excellent references are Ahmed and de Rooij (2009) and Russell et al. (1990).

Some practical tips for learning to stage:

* By histology alone, leptotene spermatocytes are one of the easiest cell types to identify: see the

characteristic speckled hematoxylin staining in Fig. 3.3D.

" Preleptotene spermatocytes are also reasonably easy to identify by histology. For confirmation,

sections can be stained with an antibody to the meiotic initiation marker STRA8, as described in

"Additional Materials and Methods" (Fig 3.3C).
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* Later stages of meiosis (zygotene, early/mid/late pachytene, diplotene) are harder to identify by

histology, but their identity can be readily confirmed by meiotic spreads (de Boer 2009; Peters

1997).

Investigators can settle upon their own criteria for sample inclusion following staging. We include

samples in which >90% of tubules contain the desired cell type.

Sorting

As shown in Fig. 3.1B-3, the final step of the protocol is sorting the desired germ cells from

contaminating cells, most of which are somatic. Because synchronization dramatically simplifies the cell

type composition of the testis, and staging conclusively identifies those cells, simple sorting strategies are

sufficient to isolate the desired germ cells at high purity. We describe two sorting strategies. The first,

based simply on light scatter properties, gives moderately high purity, with no need for staining or genetic

markers. The second, based on the Mvh-Cre/tdTomato germ cell lineage tracing system (Fig. 3.6), is more

involved but yields ~90% purity of multiple germ cell subtypes. Both strategies begin with digestion of

the testes to a single-cell suspension. They differ only in the gating strategy during FACS.

Materials.:

* Collagenase type I (we use Worthington, Cat # LS004196)

* 2.5% trypsin stock solution

0 DNAse I, 6820 U/ml

0 Hank's balanced salt solution (HBSS)

* Serum, for quenching digestion (we use cosmic calf serum)

* 40 gm filter

* DAPI (4',6-diamidino-2-phenylindole) stock solution, 0.5 mg/ml in water

* Solutions:

o Collagenase solution: HBSS + 1 mg/ml collagenase + 1:1000 DNAse I
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o Collagenase/trypsin solution: HBSS + 1 mg/ml collagenase + 0.05% trypsin + 1:1000

DNAse I

Equipment: FACS instrument. We use a FACSAria II instrument (BD Biosciences)

Procedure:

1) Digest the testis to a single-cell suspension. We use the two-step digestion protocol of

(Gaysinskaya 2014), adapted for the pubertal testis. First, the tubules are dispersed in a

collagenase solution, to remove interstitial cells. Second, the dispersed tubules are digested with

collagenase and trypsin to obtain a single-cell suspension. Ideally, shaking steps should be

performed at approximately 35*C; however, if this is not possible, the shaking steps may be

performed at room temperature.

a) After collecting testes, remove the tunica albuginea and place testes into 1 ml of

collagenase solution in a 1.7 ml microtube.

b) Shake the tube vigorously until the tubules begin to separate from each other, and then

gently shake in a horizontal position for 7 minutes at 35'C. Halfway through this shaking

period, gently pipette the tubules up and down with a 1 ml pipette tip to assist in the

tubule dispersion. By the end of the 7 minute period, most tubules should appear thin and

dispersed, though a few clumps may remain.

c) Place the tube in a vertical position and allow tubules to settle at room temperature,

undisturbed, for 2 minutes. Remove and discard the supernatant (which contains

unwanted somatic cells from the testicular interstitium), leaving enough liquid to cover

the tubules generously.

Note: For very small quantities of tissue (e.g. testes collected at 0 days after RA

injection), to minimize tissue loss, do not remove supernatant. Instead, after the tubule

dispersion step, add trypsin stock solution directly to the tubule/collagenase mixture, to

achieve a final concentration of 0.05% trypsin.
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d) Add 1 ml of pre-warmed trypsin/collagenase solution. Gently shake in a horizontal

position for 20 minutes at 35*C. Every 5 minutes, gently pipette the tubules up and down

to assist in digestion. After 10 minutes, add an additional 8 pA of 2.5% trypsin; if

digestion solution is overly viscous, also add an additional 1 pl of DNAse I stock. At the

end of this digestion period, the testis tubules should be reduced to a single-cell

suspension.

e) Quench digestion with 400 [L of serum, and mix thoroughly by pipetting.

2) Wash, filter and stain the testicular cells in preparation for sorting: Spin down the cell suspension

for 5 minutes at 2000g, remove supernatant, and re-suspend in 500 Rl of ice-cold HBSS, making

sure to thoroughly break up the cell pellet by repeated pipetting. Hold cells on ice until ready to

sort. Immediately before sorting, pass cell suspension through a 40 pm filter, and wash through

with an equal volume of ice-cold HBSS. Add 2 pl of DAPI stock solution, to exclude dead cells

during sorting.

Note: We use DAPI because it has minimum spectral overlap with tdTomato. However, if your

FACs instrument does not have an appropriate (UV) laser for DAPI, another fluorescent dye can

be used to exclude dead cells.

3) Isolate germ cells by FACS. We use an 85 ptm nozzle, and the gating strategy described below.

Gatingfor germ cell subpopulations: Fig. 3.5 shows our standard gating strategy, which gives high purity

for meiotic and late mitotic cell types, from type B spermatogonia through early pachytene spermatocytes.

Specifically, Fig. 3.5 shows the gating results from a sort designed to enrich for leptotene spermatocytes.

The input to this sort was a pair of synchronized testes, collected 8 days after RA restoration, and verified

by staging to contain leptotene spermatocytes.

We first gate based on light scatter properties (forward and side scatter area), which largely assay

cell size (Shapiro 2003) (Fig. 3.5A). The majority of cells in this sample are leptotene spermatocytes (Fig.

3.2D), which are very homogeneous in size. These leptotene spermatocytes form a tight, dense cluster on
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the forward scatter/side scatter plot, and can be easily gated (Fig 3.7A). Next, we apply two standard gates

to improve the quality of our sorted cell populations. First, we gate for single cells (Shapiro 2003) (Fig

3.5B). Next, we gate for live cells, using DAPI fluorescence, as dead cells have compromised membrane

integrity and thus absorb the DAPI stain (Fig 3.7C). For DAPI detection, we use a 375 nm UV laser and a

450 nm/520 nm bandpass filter. If the digestion has been performed correctly, the majority of the cells

should be live, single cells. After these three gating steps, we are ready to sort a highly purified population

of leptotene spermatocytes (Fig. 3.5F, Table 3.1, and Table 3.3).
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Figure 3.5: Gating for leptotene spermatocytes

(A) We first gate for the leptotene spermatocyte population by cell size, as assayed forward and side

scatter (black outline). Red represents areas of highest density on the scatter plot. FSC-A: forward scatter-

area; SSC-A: side scatter-area.

(B) We next gate for single cells (black outline). Only cells that pass the size gate (A) are included in the

scatter plot. SSC-W: side scatter-width.

(C) We next gate for live (DAPI-negative) cells (blue). Only cells that pass the size and single-cell gates

(A and B) are included in the histogram.

(D) Finally, we optionally gate for tdTomato intensity (black outline). Only cells that pass the size, single-

cell, and live-cell gates (A, B, and C) are included in the scatter plot.

(E) Overall tdTomato fluorescence intensity profile. The scatter plot shows all data (without pre-gating for

size, single cells, and live cells). The gate, for mid-range tdTomato fluorescence intensity (black outline),

is the same as in (D); this population is primarily leptotene spermatocytes. The tdTomato-low population

is primarily somatic cells; the tdTomato-high population is primarily spermatogonia (Fig 3.6B).

(F) Summary of the gates, and the number of cells that pass each gate. We present gating results on a

subset of our data, encompassing 10,000 "events." (Each event is a particle detected by the instrument:

either a cell or a piece of non-cellular debris). Black part of flow chart shows the gates in (A, B, C, and

D); gray part shows the gate in (E).

(Figure appears onfollowing page)
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To achieve greater purity, we use transgenic mice that carry a fluorescent marker of germ cells

(Fig. 3.6). With this Mvh-Cre/tdTomato germ cell lineage tracing system, all germ cells in the postnatal

testis express some level of the fluorescent protein tdTomato (under the control of the CAG promoter). In

somatic cells, tdTomato is not translated, due to the presence of a STOP codon that is excised in germ

cells. Thus, germ cells can be identified as tdTomato-positive (Fig 3.6A). While the CAG promoter is

generally thought of as ubiquitous (Madisen 2010), we observed that tdTomato fluorescence intensity in

fact varies between cell types (Fig. 3.6B). tdTomato is brightest in early spermatogonia, and gradually

decreases as germ cells approach and progress through meiosis. By mid/late pachytene, tdTomato

fluorescence has decreased to only slightly above background. For detection of tdTomato fluorescence,

we use a 488 nm blue laser and a 585 nm/642 nm bandpass filter. Fig. 3.5E shows three distinct levels of

tdTomato fluorescence, reflecting the three major cell types in the synchronized testis: somatic cells

(tdTomato-negative), leptotene spermatocytes (moderate tdTomato fluorescence intensity), and

spermatogonia (high tdTomato). Combining tdTomato fluorescence with our previous gating strategy

(Fig. 3.5D), we obtain a more precisely defined population of leptotene spermatocytes. Fig. 3.7 shows

that a very similar gating strategy can be used for other late mitotic and early meiotic cell types: STRA8-

positive preleptotene spermatocytes (Fig. 3.7A-C), and zygotene spermatocytes (Fig 3.7D-F). As for

leptotene spermatocytes, gating on tdTomato fluorescence produces only modest increases in purity of the

sorted populations (Fig. 3.7C and F, Table 3.2).

Our experience indicates that the Mvh-Cre/tdTomato lineage tracing system is necessary for the

sorting of undifferentiated spermatogonia. Our gating strategy for this cell population is shown in Fig.

3.8A-D. There are two reasons why light scatter properties alone are not sufficient to select for

undifferentiated spermatogonia. First, undifferentiated spermatogonia have a fairly wide range of sizes

(Fig. 3.8E), perhaps because their cell cycle is not subject to synchronization (van Pelt 1995). Their size

range thus overlaps with that of the somatic cells of the testis (Fig. 3.8F). Second, at this early time-point,

somatic cells outnumber germ cells (Fig. 3.2A). The tdTomato lineage tracing system, in addition to being

necessary for sorting undifferentiated spermatogonia, is very helpful for sorting early differentiating
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spermatogonia. It becomes less necessary for later differentiating spermatogonia, as the germ cells begin

to outnumber soma (data not shown).

Figure 3.6: The Mvh-Cre/tdTomato germ cell lineage tracing system

(A) The Mvh-Cre/tdTomato lineage tracing system consists of two components. First, our mice are

heterozygous for Mvh-Cre (Hu 2013): Cre recombinase driven by the Mvh promoter and in the

endogenous Mvh locus. (The other Mvh locus contains a wild-type allele.) Mvh-Cre has a very similar

expression pattern to endogenous Mvh; thus, all germ cells express Mvh-Cre at some point during their

embryonic development. Mvh-Cre is not expressed outside of the germline.

Second, our mice are heterozygous for a loxP-STOP-loxP-tdTomato allele (Madisen 2010), driven by the

CAG promoter in the Rosa26 locus. (The other Rosa26 locus is unmodified.) In the absence of Cre, the

STOP codon prevents translation of tdTomato. Upon exposure to Cre, the STOP codon is excised and

tdTomato translation begins.

These two alleles together function as a germ cell lineage tracing system; tdTomato protein is present in

cells that have expressed Mvh-Cre at some point during their development.

(B) Pattern of tdTomato expression in the adult (unsynchronized) testis. Left panel shows a merge of

tdTomato (red) and DAPI (cyan), with Sertoli cells indicated by white arrows; middle panel shows

tdTomato alone (white). Right panel is an inverted version of the middle image, with different cell types

marked with translucent dots (yellow=Sertoli cell; red=spermatogonium; green=preleptotene

spermatocyte; blue=pachytene spermatocyte). (Scale bar, 50 tm.)

(Figure appears on following page.)
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Figure 3.7: Gating for STRA8-positive preleptotene spermatocytes and for zygotene spermatocytes

(A,D) We first gate for the STRA8-postive preleptotene (A) and zygotene (D) spermatocyte populations

by cell size (black outline). Red represents areas of highest density on the scatter plot. FSC-A: forward

scatter-area; SSC-A: side scatter-area. Following the size gate, we gate for single cells and for live cells as

in Fig. 3.5B and C.

(B,E) Finally, we optionally gate for tdTomato intensity (black outlines) to isolate STRA8-positive

preleptotene (B) and zygotene (E) spermatocytes. Only cells that pass the size, single-cell, and live-cell

gates are included in the scatter plot. tdTomato-A: tdTomato fluorescence intensity-area.

(C, F) Summary of the gates, and the percentage of cells that pass each gate.

(Figure appears on following page)
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Figure 3.8: Gating for undifferentiated spermatogonia

(A) We first gate for single cells (black outline). Red represents areas of highest density on the scatter

plot. SSC-A: side scatter-area; SSC-W: side scatter-width.

(B) We next gate for live (DAPI-negative) cells (blue). Only cells that pass the single-cell gate (A) are

included in the histogram. DAPI-A: DAPI-area.

(C) Finally, we gate for tdTomato intensity (black outline). Only cells that pass the single-cell and live-

cell gates (A and B) are included in the scatter plot. tdTomato-A: tdTomato fluorescence intensity-area.

(D) Summary of the gates, and the percentage of cells that pass each gate.

(E) Light scatter (size) profile of putative undifferentiated spermatogonia. Only cells that pass the single-

cell, live-cell, and tdTomato-intensity gates (A-C) are included the scatter plot. Putative undifferentiated

spermatogonia do not cluster tightly on the scatter plot, indicating a fairly wide range of sizes. FSC-A:

forward scatter-area; SSC-A: side scatter-area.

(F) Light scatter profile of putative undifferentiated spermatogonia (gated for single cells, live cells, and

tdTomato intensity, from (E), in red), overlaid on overall light scatter profile (all data, ungated, in gray).

(Figure appears on following page)
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RESULTS AND DISCUSSION

We have used the 3S to isolate, at high purities, germ cell subpopulations ranging from undifferentiated

spermatogonia to early pachytene spermatocytes. As a representative test of the method, we performed

detailed purity assessments for three cell populations that have previously proved difficult to separate: late

(STRA8-positive) preleptotene spermatocytes, leptotene spermatocytes, and zygotene spermatocytes.

These populations encompass key events of meiotic prophase: meiotic initiation in preleptotene, double-

strand break formation in leptotene, and break repair and homologous chromosome synapsis beginning in

zygotene.

To enrich for these three populations, we synchronized germ cell development, and collected

testes at 7, 8, and 10 days after RA restoration (Fig. 3.3 C, D, and E). We staged each sample, requiring

that at least 90% of tubules contain the target cell type; we discarded any samples that did not meet this

criterion. We then sorted and performed purity assessments on the sorted cells (Table 3.1). These purity

assessments were done by immunostaining of fixed cells (for preleptotene samples) or of meiotic

chromosome spreads (for leptotene and zygotene samples). We distinguished preleptotene, leptotene, and

zygotene spermatocytes by staining for meiotic initiation marker STRA8, and for the synaptonemal

complex proteins SYCP3 (part of the lateral element) and SYCP1 (part of the axial element), using the

criteria of Morelli et al. (2008) and Gaysinskaya et al. (2014). Representative immunostained cells and

spreads are shown in Fig. 3.9.

We obtained very high purity (-90%) for all three cell types (Table 3.1), demonstrating that we

can consistently separate these spermatocyte populations. We next compared these results to published

data from unit gravity sedimentation and from DNA staining/FACS (Table 3.2) (Bellve 1993;

Gaysinskaya 2014). We found that the purities obtained with 3S represented a substantial improvement

over previous methods. In particular, 3S was able to separate leptotene and zygotene spermatocytes with

higher purity than was previously possible. Moreover, we were able to specifically isolate the subset of

preleptotene spermatocytes that had initiated meiosis, as assessed by staining for the marker STRA8 (Fig
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3.9A). To our knowledge, this is the first time that STRA8-positive spermatocytes have been specifically

isolated at high purity: the unperturbed testis contains a mixture of STRA8-positive and -negative

preleptotene spermatocytes, which cannot be separated by unit gravity sedimentation or DNA

staining/FACS. The ability to separate STRA8-positive from STRA8-negative preleptotene spermatocytes

has great potential to enable a better understanding of meiotic initiation and of the early events of meiotic

prophase.

Figure 3.9: Immunostaining to determine purity of sorted spermatocyte populations

(A and B) Spermatocytes, fixed and immunostained, from a sort designed to enrich for STRA8-positive

preleptotene spermatocytes. (Both images show the same field of cells). All but one of the cells can be

clearly identified as STRA8-positive preleptotene spermatocytes, with the diffuse and punctate SYCP3

staining patterns characteristic of preleptotene (Gaysinskaya 2014). One cell (white arrow) is STRA8-

positive but SYCP3-negative with unusual morphology. (Scale bar, 5 Im.)

(A) Immunostaining for STRA8 (green) and SYCP3 (red). Inset enlarges the boxed region.

(B) Counterstaining for DAPI (blue), with differential interference-contrast shown in grayscale.

(C and D) Representative meiotic spreads, from sorts designed to enrich for leptotene (C) and zygotene

(D) spermatocytes. Immunostaining for SYCP3 (green) and SYCP1 (red). All cells in (C) can be clearly

identified as leptotene spermatocytes, with stretches of SYCP3 along parts of the chromosome axes and

absent or diffuse SYCP1 staining. All cells in (D) can be clearly identified as zygotene spermatocytes,

with SYCP3 along the entire chromosome lengths and stretches of SYCP 1 (Gaysinskaya 2014; Morelli

2008). (Scale bar, 15 gm.)

(Figure appears on following page)
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Table 3.1 Purities of sorted cell populations

For each target population (STRA8-positive preleptotene, leptotene, or zygotene spermatocytes), three

sorts were performed, each from a single synchronized and staged animal. At least 50 randomly selected

cells were assessed for each animal. Purities were assessed by immunostaining (Fig. 3.9). For the

leptotene and zygotene sorts, STRA8-positive and STRA8-negative preleptotene spermatocytes were not

distinguished.

prelep., lep., zyg.: preleptotene, leptotene, and zygotene spermatocytes. N.D.: not determined.

Observed
Sperma- STRA8(-) STRA8(+) Lep. Zyg. Pachy. N.D.
togonia prelep. prelep. - - - -

Sort 3.5% 89.5% 3.5% 3.5%

STRA8(+) Sort 2% 2% 87.5% 3% 6%
prelep. S r

Sort 2% 2% 94% 2%#3 1___

Ave. 1.5% 2% 90% 2% 5%

Sort 6% 92% 2%

Sort 2% 95% 3%Lep. #2
Sort
#3 8% 92%
#3___

Ave. 5% 93% 1% 1%

-ort
#1 81.5% 14.5% 4.5%

Sort 4% 93% 3%
Zyg. #2

Sort 10% 88% 2%#3 4.5% 17% 1.

Ave. 4.5% 87% 5.5% 2.5%
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Since synchronization is maintained throughout both mitotic and meiotic germ cell development

(Fig 3.3), we believe 3S can be used to isolate germ cell populations across all of these developmental

stages (until loss of tdTomato fluorescence in early/mid pachytene). We find that germ cell development

is synchronized within a -24 hour window. This is sufficient resolution to separate the different subtypes

of spermatogonia-Auniff, A, A2, A3, A4, Intermediate, and B (Table 3.2). Since 3S produced consistent

purities of -90% for the three tested cell types (Table 3.1), we expect that it will yield purities of -90%

for these spermatogonial subtypes as well. These spermatogonial subtypes, which encompass a ten-day

stretch of germ cell development, could not be separated by previous methods (Table 3.2). The ability to

separate spermatogonial subtypes has great potential to enable better understanding of spermatogonial

self-renewal, proliferation, and preparation for meiosis.

We note additional advantages of the 3S protocol. First, one uses the same basic protocol to sort

cell types from undifferentiated spermatogonia to mid-meiotic prophase. To obtain different cell

populations, one simply changes the amount of time that germ cells are allowed to develop after RA

restoration. Reflecting this consistency, the purities obtained for preleptotene, leptotene, and zygotene

spermatocytes are very similar. This is in contrast to other sorting methods, where the purity depends on

the cell type being sorted, and where investigators must optimize the protocol anew for every cell type.

Second, 3S is gentle on the cells. Because synchronization is achieved in vivo, the testis is

subjected to minimal handling after dissection. It does not need to be stained with dyes such as Hoechst

33342 that can be cytotoxic (Durand and Olive 1982), and, as described above, it can be sorted quickly.

As a result, most cells are alive at the time of sorting (Fig. 3.5C and Fig. 3.8B). This means that the

transcriptional and epigenetic state of the cells is likely to be relatively unperturbed after sorting.
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Table 3.2 Comparison of purities obtainable with 3S, unit gravity sedimentation, and DNA

staining/FACS

Purities obtainable with unit gravity sedimentation and DNA staining/FACS are from (Bellve 1993) and

(Gaysinskaya 2014) respectively. For DNA staining/FACS, all cell types were sorted from adult testes.

For unit gravity sedimentation, cell types were sorted at the time-points indicated in Table 1.1. Bottom

table indicates that 3S can split Type-A spermatogonia into multiple sub-stages, which is not possible with

either of the other two methods. For 3S, percentages in bold represent measured purities (Table 3.1);

percentages in gray represent estimated achievable purities for cell types that we have not yet tested.

Durations of each stage are calculated based on (Ahmed and de Rooij 2009; Oakberg 1956).

Type- In. Type- Prelep. Lep. Zyg. Pachy. Round Elong.
A B

Duration in 187.8 22.7 29.7 40.1* 31.3 37.45 169.7 138.4 196.7
adult (hours)
Purity with 3S -90% % 90% 90% 93% 97% -))0%" Need Need

(specifically (can split alt. alt.
isolating into sorting sorting
STRA8+) mlIplc method' method'

Unit gravity 93% N.D. 83% 93% 35% 23% 91% 94% 67%
Sedimentation I
DNA Not resolved: overall 75-92% 60- 75- 81-95% N.D. N.D.
staining/FACS spermatogonial purity 80% 90%

80-90%

Type-A Aundiff A, A2 A 3  A 4
spermatogonial
sub-stage
Duration of Indefinite** 38.7 hours 29.6 hours 42.6 hours 24.5 hours
stage in adult
(hours)
3S 90 9 0 -90% 10

Type-A, Type-B: types-A and -B spermatogonia. Prelep., Lep., Zyg., Pachy.: preleptotene, leptotene,
zygotene, and pachytene spermatocytes. Round, Elong.: round and elongating spermatids.
N.D.: not determined.
* Of which approximately 24.5 hours are STRA8-positive (chapter 2).
** Undifferentiated spermatogonia are present in all stages of spermatogenesis. In WIN 18,446-treated
pubertal testes, before RA restoration, undifferentiated spermatogonia are the only germ cell type present.
t Round and elongating spermatids have very low tdTomato fluorescence, only slightly above
background, so they cannot be sorted with the Mvh-cre/tdTomato germ cell lineage tracing system.
Synchronization is maintained, so sorting by alternative methods should be possible.
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Third, 3S gives high yields. For the isolation of spermatocytes, we get -500,000 cells from each

pair of testes, in 15-20 minutes of sorting time (Table 3.3, first column). This high yield is largely due to

synchronization. In the unperturbed adult testis, the percentage of any given type of spermatocyte is low

(Gaysinskaya 2014). For instance, -15% of tubules in the unperturbed adult testis contain leptotene

spermatocytes, and in these tubules leptotene spermatocytes are just one of five germ cell layers, leading

us to estimate that leptotene spermatocytes make up only -3% of the overall germ cell complement of the

testis (Russell 1990). Thus, sorting from the unperturbed testis yields relatively low numbers of each cell

type. Synchronization greatly increases the percentage of tubules containing the desired cell types (Fig.

3.3), improving yield and accelerating the sorting process. We also note that, because the target cell

populations are well-separated from contaminating cell types (e.g. Fig 3.5A), we can use a fairly fast

sorting rate without compromising sort efficiency. (On the FACSAria II instrument, we use a flow rate of

7, corresponding to -60 pil/minute.) The yield from a single animal is sufficient for many genome-wide

assays, including transcriptional profiling and ChIP-seq; by pooling several animals, one could obtain

enough starting material for biochemical assays.

Finally, 3S can give excellent results without specialized equipment and supplies. The Mvh-

cre/tdTomato germ cell lineage tracing system gives the best purities in our hands; however, simply

selecting for cell size (Fig. 3.5 and 3.7) also provides fairly high purities (Table 3.3, second column). If a

FACS instrument is not available, synchronization and staging, without sorting ("2S") can be used (Fig

3.2 and 3.3). We note that 2S represents a dramatic improvement over the commonly used "first wave of

spermatogenesis;" which attempts to enrich for particular cell types by timed collection of

unsynchronized pubertal testes (Nebel 1961).
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Table 3.3 3S yields large numbers of sorted cells, and can give excellent results without specialized

supplies

Additional data from representative sorts of STRA8(+) preleptotene, leptotene, and zygotene

spermatocytes (sorts #2, #1, and #3 respectively from Table 3.1). In the first column, we report, for each

sort, the number of cells from the target populations that we were able to isolate from a single animal (i.e.

two testes). In the second columns, we report the purity of the target population that could be obtained

without using the Mvh-cre/tdTomato lineage tracing system. (These purities were estimated from the

values in Table 3.1 and the gating statistics in Fig. 3.5F and Fig3.7 C and F).

Yield from sort Estimated purity obtainable
(1 animal) without Mvh-cre/tdTomato

lineage tracing system
STRA8(+) preleptotene 519,024 cells 86.5%
Leptotene 304,951 cells 89.5%
Zygotene 720,074 cells 78.8%

In the future, we would like to improve and extend 3S, so that it can be used for late meiotic and

post-meiotic cell types (round and elongating spermatids). The main obstacle to extending 3S is

identifying sorting methods suitable to late meiotic and post-meiotic stages. Synchronization is

maintained throughout post-meiotic spermatid development (Hogarth 2013), and histological staging of

post-meiotic cell types is straightforward (Ahmed and de Rooij 2009). However, because tdTomato

fluorescence intensity diminishes over the course of germ cell development, our Mvh-cre/tdTomato

lineage tracing system cannot be used to sort germ cells after mid-pachytene of meiosis. And, by mid-

pachytene, the cell composition of the testis has become too complex to sort by light scatter properties

alone (Fig. 3.3F). There are a variety of alternative sorting methods that could be used to isolate late

meiotic and post-meiotic cell types. The simplest is probably combining synchronization and staging with
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a DNA staining/FACS approach. DNA staining excels at separating germ cells by ploidy, so it is a natural

approach for isolating synchronized haploid spermatids. Late meiotic prophase is slightly more difficult,

because some mitotically replicating spermatogonia have the same 4N ploidy as spermatocytes; however,

DNA staining/FACS can resolve these cell types by size and by ability to efflux the DNA dye

(Gaysinskaya 2014).

We believe that 3 S will enable investigators to purse biological questions that were previously

difficult or impossible to experimentally address. We briefly discuss a few open questions in meiosis and

spermatogenesis that could be addressed by 3S. First, 3S could enable better understanding of the changes

that occur during the long mitotic phase of spermatogenesis. Over the course of these transit-amplifying

divisions, spermatogonia lose expression of pluripotency genes (Chakraborty 2014) and gain competence

for meiosis (chapter 2). By isolating different spermatogonial types (A, through B) along this

developmental progression, one could start to understand these changes at a molecular and biochemical

level. Second, by enabling separation of STRA8-positive and -negative preleptotene spermatocytes, 3S

could help to reveal the molecular changes that occur at meiotic initiation. By analyzing the very earliest

events of meiosis, one could better understand the regulatory network governing meiotic initiation. In

particular, one could begin to separate STRA8's direct and secondary targets. Finally, by enabling

isolation of large numbers of preleptotene, leptotene, and zygotene spermatocytes, 3S opens the door to

more detailed genome-wide and biochemical characterizations of these cell types. For example, one could

profiling how meiotic factors such as PRDM9, SPOl 1, and DMCl are bound to DNA in each of these

stages, to understand the dynamics of double-strand break formation and homologous recombination.

With further development, we hope that 3S will open up even more biological questions, enabling greater

understanding of late meiotic prophase and of haploid gamete differentiation.

More broadly, the mammalian testis is potentially a very powerful model system for studying a

wide variety of biological processes, including cell proliferation and lineage commitment (Oatley and

Brinster 2008), cell cycle, cellular remodeling (Russell 1990), and alternative splicing and UTR usage

(Liu 2007; Soumillon 2013). However, testis biology can be daunting for the non-expert, due to complex
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cell composition of the testis. 2S and 3S provide a straightforward means to reduce this complexity, and

do not require specialized equipment or large amounts of starting material. 2S and 3S could be applied by

investigators across many subfields of modem biology and biochemistry; we hope that these techniques

will facilitate wider adoption of the testis as a model system.

ADDITIONAL MATERIALS AND METHODS

Immunostaining of testis sections: Bouin's-fixed, paraffin-embedded sections were prepared as

described in the protocol above. Slides were dewaxed and rehydrated with a xylene and ethanol series.

Antigen retrieval was performed by heating in a 10 mM sodium citrate buffer (pH 6.0). For STRA8

immunostaining, slides were blocked with 2.5% horse serum and 5% BSA for 90 minutes and incubated

for 60 minutes with primary antibody: 1:500 anti-STRA8 (Abcam ab49505, rabbit polyclonal antibody).

Detection was colorimetric: slides were washed, incubated with ImmPRESS anti-rabbit IgG detection

reagent (Vector Laboratories) for 30 minutes, and developed using a DAB substrate kit (Vector

Laboratories). Slides were then counterstained with Mayer's hematoxylin, dehydrated, and mounted with

Permount (Fisher Scientific). For SYCP3 and yH2AX immunostaining, slides were blocked with 2.5%

donkey serum for 30 minutes and incubated overnight at 4'C with primary antibodies: 1:250 anti-SYCP3

(Santa Cruz Biotechnology sc-74569, mouse monoclonal) and 1:150 anti-yH2AX (Pierce MA5-15130,

rabbit monoclonal). Detection was fluorescent. Slides were washed and incubated for 60 minutes with

1:200 secondary antibodies (Jackson ImmunoResearch): Cy5-conjugated anti-rabbit IgG and rhodamine

red X-conjugated anti-mouse IgG. Slides were mounted using Vectashield with DAPI (Vector

Laboratories), and sealed with nail polish.
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Fixing and staining intact sorted cells: After sorting, cells were fixed for 15 minutes in 4%

paraformaldehyde (PFA), and then washed twice in PBS. After fixing, cells were re-suspended in PBS

and stored at 4'C. Staining was performed at room temperature. Cells were settled onto poly(L) lysine

coated coverslips, permeabilized for 10 minutes by incubation in 0.25% Triton X-100, and blocked with

2.5% donkey serum and 1% BSA for 90 minutes. The coverslips were incubated for 60 minutes with

primary antibodies: 1:500 anti-STRA8 and 1:100 anti-SYCP3 (see above). Coverslips were then washed

with PBS and incubated for 60 minutes with 1:250 secondary antibodies (Jackson ImmunoResearch):

Cy5-conjugated anti-rabbit IgG and FITC-conjugated anti-mouse IgG. Coverslips were mounted and

sealed as above.

Making and immunostaining meiotic chromosome spreads: Meiotic spreads were made following the

protocol of (Peters 1997). Briefly: after sorting, cells were re-suspended in hypotonic extraction buffer,

and then in 100 mM sucrose. The cell/sucrose solution was then pipetted onto glass slides, which had

been coated in a thin layer of fixative (1% PFA and 0.15% Triton X-100). Slides were dried slowly in a

humid chamber at room temperature. To stain, slides were washed with PBS and blocked with 3% BSA

and 1% donkey serum for 30 minutes. Slides were then incubated with primary antibody overnight at

4*C: 1:250 anti-SYCP3 (see above) and 1:250 anti-SYCP1 (Abcam ab15090, rabbit polyclonal). Spreads

were then washed with PBS and incubated for 60 minutes with 1:250 secondary antibodies (Jackson

ImmunoResearch): Cy5 conjugated anti-rabbit IgG and rhodamine red X-conjugated anti-mouse IgG.

Finally, spreads were washed with PBS, incubated with 0.02 pg/ml DAPI for 10 minutes, washed with

water,

mounted with Vectashield (Vector Laboratories), and sealed with nail polish.

Data analysis: FACS data were analyzed with R, using the Bioconductor libraries flowCore and flowViz.

Immunostaining images were processed with Fiji (Schindelin 2012).
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ABSTRACT

Male and female germ cells both undergo meiotic prophase, albeit in very different developmental

contexts. Several significant differences between male and female prophase have been reported-for

example in sex chromosome pairing and in meiotic checkpoints. We performed transcriptional profiling

of testes synchronized in meiotic prophase, and then systematically compared the gene expression

programs in male and female prophase. We identified 260 genes up-regulated during both male and

female prophase. This shared program represents a core meiotic program, composed of known and

potential novel meiotic players. We also identified over two thousand genes that are up-regulated during

meiotic prophase specifically in the male, with no corresponding program in the female. Much of this

male-specific program represents preparation for cellular differentiation of spermatozoa; it also includes

male-specific meiotic factors. By comparing male and female gene expression during meiotic prophase,

we have begun to disentangle the gene expression programs of meiosis and gamete cellular

differentiation.
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INTRODUCTION

In sexually reproducing organisms, gametes are produced by meiosis, a specialized program of

homologous chromosome pairing and reductive division that produces haploid cells. In mouse, as in other

organisms, meiosis occurs in both the male and the female. The core chromosomal program of meiosis-

including laying down of meiotic cohesins, pairing of homologous chromosomes, assembly of the

synaptonemal complex, and homologous recombination-is similar in male and female. The outcome of

this chromosomal program is haploid gametes in both sexes: sperm in male, and egg in female.

There are several intriguing differences between the male and female meiotic programs. The

female program includes two special features, which enable oocytes to stockpile large amounts of mRNA

and protein for the zygote. First, meiotic arrests give the oocyte additional time to grow. Oocytes arrest in

diplotene of meiotic prophase I from birth until ovulation, which can be months or years later. They then

arrest again at metaphase II until fertilization. Second, asymmetric meiotic divisions produce one large

oocyte and three small polar bodies (Borum 1961; Edson 2009). Meanwhile, male meiosis must

accommodate the special problem of X-Y chromosome pairing. The X and Y chromosomes are

homologous along only a small part of their length, so male germ cells must ensure that the X and Y

chromosomes recombine in that small region (Kauppi 2011). Male germ cells must also alter the synapsis

checkpoint to accommodate the non-homologous portion of the sex chromosomes, through an X/Y

transcriptional silencing program (MSCI, meiotic sex chromosome inactivation) (Turner 2007). In

addition, male meiosis has much more stringent checkpoints than female meiosis. The meiosis I spindle

assembly checkpoint is present in male meiosis and absent in the female; thus 20% of ova are aneuploid

vs. only 3-4% of sperm (Hunt and Hassold 2002). The recombination checkpoint is present in both male

and female, but many recombination-defective mutants exhibit male-specific infertility, suggesting that

this checkpoint is more stringent in male (Hunt and Hassold 2002). A few of the factors behind these sex

differences have already been identified. For example, yH2AX and ATR are required for MSCI (Turner

2007), the Spol1 isoform Spolla is specifically required for X-Y homologous recombination (Kauppi
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2011), and LSD 1 and CDC25B help to control meiotic arrest and resumption in oocytes (Kim 2015).

However, the genetics of most of these sex differences are poorly understood.

In both male and female, the chromosomal program of meiosis is closely coordinated with the

programs of cellular differentiation into sperm and egg. In the female, this gamete cellular differentiation

occurs, for the most part, during the diplotene arrest. A few days after this arrest is established, oocytes

undergo their first visible signs of cellular differentiation: they recruit somatic cells to form a follicle.

Shortly thereafter, the oocyte itself begins to grow, allowing it to stockpile mRNAs and proteins for the

embryo. As it grows, the oocyte forms the zona pellucida, a protective glycoprotein coat that regulates

interactions with sperm (Edson 2009). Male germ cells undergo an entirely different program of gamete

differentiation, which occurs, for the most part, after the meiotic divisions. In contrast to the female, male

germ cells cease transcription and actively eliminate their mRNAs and most of their cytoplasm (Russell

1990; Steger 1999). They develop a flagellum, which confers motility, and an acrosome, which enables

them to penetrate the zona pellucida and fertilize the egg (Russell 1990). Meiosis and gamete cellular

differentiation are genetically separable in the female mouse (Dokshin 2013) and in a variety of other

organisms (Klar 1980; Morgan 2013; Ravi 2008) including the Drosophila male (Alphey 1992; Fuller

1998). However, because meiosis and gamete differentiation are so closely coordinated, they are difficult

to molecularly and computationally disentangle.

Complicating matters further, male and female meiosis occur in strikingly different contexts. In

the female, meiosis begins in the fetal ovary. Female germ cells enter meiosis in a semi-synchronous

fashion beginning around embryonic day 13.5 (E13.5) (McLaren 1984; Menke 2003), then proceed

synchronously to diplotene of meiotic prophase I (Borum 1961). In contrast, male meiosis takes place in

the postnatal testis, and occurs asynchronously throughout the animal's reproductive lifespan (Russell

1990). Thus, any comparison of male and female meiotic prophase must take into account that these occur

in different organs at different times, and that female meiotic prophase is synchronous up until diplotene

while male prophase is asynchronous.
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Gene expression changes during meiotic prophase have previously been cataloged in the female

mouse (Lesch 2013; Soh 2015), and separately in the male (da Cruz 2016; Evans 2014; Margolin 2014;

Namekawa 2006). However, because these analyses considered only one sex at a time, they were not able

to identify sex-specific meiotic factors, or to separate the shared program of meiosis from the sex-specific

programs of gamete differentiation. We therefore set out to collect genome-wide expression data from

male meiotic prophase and to rigorously compare these data to existing female datasets (Soh 2015). From

these data, we were able to catalog the genes that are shared between male and female meiotic prophase.

In addition, we identified thousands of genes that are up-regulated specifically in the male, with no

corresponding female-specific program.

RESULTS

RNA-seq on synchronized and staged testes in meiotic prophase

Our first task was to obtain genome-wide transcriptome profiling data (RNA-seq) over the course of male

and female meiotic prophase. Because female meiotic prophase is relatively synchronous, different stages

of prophase can be observed simply by timed collection. We used a previously published time-course

from our lab, which encompasses whole fetal ovaries at E12.5, E14.5, and E16.5 (Soh 2015). These fetal

ovaries contained a mixture of somatic and germ cells. At these time-points, the majority of ovarian germ

cells are, respectively: mitotic, in early meiotic prophase (leptotene), and in mid/late meiotic prophase

(early pachytene) (Borum 1961; Speed 1982). At E14.5, a subset of germ cells is in preleptotene

(initiating meiosis) (Menke 2003).

Male meiotic prophase is more difficult to profile, because germ cell development is naturally

asynchronous. Because spermatogenesis begins shortly after birth, some previous investigators have used

timed collection of pubertal testes to examine a "first wave" or "first front" of spermatogenesis (Margolin

2014). However, because the initiation of spermatogenesis is asynchronous (Snyder 2011), timed

collection yields only modest enrichment for particular stages of meiotic prophase (Nebel 1961). To
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enrich further for particular stages, we used the synchronization and staging, or "2S," method (presented

in detail in chapter 3). The first step of spermatogenesis, spermatogonial differentiation, is dependent on

retinoic acid (RA); we can therefore synchronize germ cell development in vivo by manipulation of RA

metabolism (Hogarth 2013). We injected neonatal mice first with an RA synthesis inhibitor (WIN 18,446)

and then with exogenous RA (Fig 4.1A). Following this synchronization, we collected whole testes at

5.75, 7, 8, and 12 days after RA injection. Like the fetal ovarian samples, these whole synchronized testes

contained a mixture of somatic and germ cells. By histologically staging each sample, we verified that the

majority of germ cells at these time-points were, respectively: type-B spermatogonia (late mitotic,

analogous to E 12.5 ovary); preleptotene spermatocytes (initiating meiosis) that are positive for the

meiotic initiation marker STRA8 (Anderson 2008); leptotene spermatocytes (early meiotic prophase,

analogous to E14.5 ovary), and early pachytene spermatocytes (mid/late meiotic prophase, analogous to

E16.5 ovary). We refer to these samples as: "2S-Bgonia," "2S-prelep," "2S-lep," and "2S-pachy." We

collected RNA-seq data from each time-point, and verified cell identity by marker gene analysis (Fig.

4. 1B).
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Figure 4.1: Isolation of germ cells by synchronization and staging (2S)

(A) Schematic of injection and tissue collection schedule for 2S. Pubertal male mice were injected with

WIN18,446 daily from postnatal day (p) 2 to p8, then were injected once with RA on p9 to synchronously

start spermatogenesis. Samples were collected at 5.75, 7, 8, and 12 days after RA injection (i.e. at p14.75,

p 1 6, p1 7, and p21), to obtain samples with the most advanced germ cell types indicated.

(B) Marker gene analysis. Pre-meiotic (spermatogonial) marker genes: Dmrtl and Kit (Matson 2010;

Yoshinaga 1991). Meiotic initiation (preleptotene) marker genes: Rec8 (Eijpe 2003) and Stra8. Meiotic

prophase marker genes selected from (Soh 2015). As expected, pre-meiotic markers were most highly

expressed in the 2S-Bgonia sample, meiotic initiation markers were most highly expressed in the 2S-

prelep sample, and meiotic prophase markers were most highly expressed in the 2S-lep and 2S-pachy

samples. Values are FPKM (Fragments Per Kilobase of transcript per Million mapped reads), normalized

to a mean of 1 for each gene. Error bars represent 95% confidence intervals.

(Figure appears on following page)
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The meiotic prophase programs of gene expression

Having obtained comparable male and female RNA-seq datasets, we set out to identify gene sets likely to

function in meiotic prophase. We defined these gene sets by the criteria summarized in Fig. 4.2. We

performed this filtering separately on the male and female datasets. First, we reasoned that genes with

functions in meiotic prophase should be expressed at one or more time-points before or during prophase.

To set appropriate expression thresholds, we examined the distribution of expression values for all genes

(Fig. 4.3A) and for known meiotic genes (Fig 4.3B). We noted that males had overall higher expression

values for known meiotic genes, perhaps because the ratio of germ cells to somatic cells is higher in the

postnatal testis than in the fetal ovary; we thus imposed expression thresholds of>1 FPKM (Fragments

Per Kilobase of transcript per Million mapped reads) in the female dataset and >5 FPKM in the male. We

verified that these different thresholds were appropriate by examining overlap between male and female

gene lists (Fig. 4.3E and F). Second, we reasoned that genes with functions in meiotic prophase should be

up-regulated in meiotic relative to mitotic germ cells. Thus, for the female dataset, we required that genes

be up-regulated >2-fold at E14.5 or E16.5, relative to E12.5. For the male dataset, we required that genes

be up-regulated >2-fold at 2S-prelep, 2S-lep, or 2S-pachy, relative to 2S-Bgonia. We verified that known

meiotic genes have very similar fold-changes and FDR-corrected p-values in male and female (Fig. 4.3C

and D), indicating that these thresholds are appropriate for both male and female. Using these two criteria,

we identified 913 genes that are expressed and up-regulated during female meiotic prophase, and a

corresponding set of 2350 genes in the male (Fig. 4.2 and Table S4.1). We next looked for overlap

between the sets of genes that were up-regulated during male and female meiotic prophase (Fig. 4.4). We

determined that 260 genes were up-regulated in both male and female; we refer to this as the "shared-

upregulated" gene set. This overlap between the male and female programs is highly significant, p<107.

We refer to the remaining genes as the "female specific-upregulated" (653 genes) and "male specific-

upregulated" (2090 genes) gene sets.

To validate our filtering approach, we verified that all three gene sets were enriched for genes

with known reproductive functions. First, we counted the number of genes in each category with a
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"reproduction" annotation in the Gene Ontology (GO). Indeed, all three gene sets were significantly

enriched for the "reproduction" annotation (Fig. 4.5A). Second, we examined mutant phenotypes (curated

from the Mouse Genome Informatics database, MGI). The male-specific and shared sets were highly

enriched for infertility and other reproductive phenotypes (Fig. 4.5B, Table S4.2). As we would expect,

deficiencies for genes in the male-specific set predominantly led to male-specific phenotypes (Fig 4.5C

and Table S4.2). Similarly, deficiencies in the shared set generally led to shared phenotypes (and also to

some male-specific phenotypes, perhaps because meiotic checkpoints are more stringent in male than in

female). The female-specific set was minimally enriched for reproductive phenotypes, and, oddly,

deficiency in the female-specific set led predominantly to male-specific phenotypes (we will return to this

observation later). Because the "shared-upregulated" genes were identified independently in two different

datasets, they are an especially high-confidence gene set; thus, as we would expect, the highest

enrichments for reproductive annotations and phenotypes were found in this shared-upregulated set (Fig

4.5B).
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Figure 4.2 Identifying genes up-regulated during male and female meiotic prophase

In the female, we required genes to have >1 FPKM in the E12.5, E14.5, or E16.5 ovary; a total of 14539

genes met this criterion. Of these, 913 had a fold-change >2 (with FDR-corrected p-value q<0.01)

between E12.5 and E14.5/E16.5. In the male, we required >5 FPKM the 2S-Bgonia, 2S-prelep, 2S-lep, or

2S-pachy testis; 11566 genes met this criterion. Of these, 2350 had a fold-change >2 (q<0.0l) between

2S-Bgonia and one of the other samples.
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Figure 4.3 Establishing filtering thresholds for male and female datasets

(A) Histogram of FPKM values across all genes and samples in female (pink) and in male (blue). These

distributions are bimodal, with most observations at FPKM<l (not expressed) or FPKM>5 (expressed);

thus, an appropriate FPKM threshold for both male and female is between 1 and 5.

(B, C, and D) To insure that our filtering criteria would proportionately identify both male- and female-

upregulated genes, we examined 32 genes involved in the core chromosomal processes of meiosis (from

Table 4.1). We would expect these genes to be up-regulated equally in male and female meiotic prophase.

We plot, for male and female: (B) FPKM (maximum across all samples).

(C) log2(fold-change) (maximum of E12.5 vs. E14.5/E16.5, and of 2S-Bgonia vs. other male samples)

(D) -logio(q-value) (minimum of the same comparisons examined for fold-change). Upward arrow in D

indicates two outlier values in the male data (79.0 and 56.0), which were included in all analyses but are

omitted from the plot for display purposes.

For (B, C, and D), we give the ratio of medians between male and female, and compare male and female

using the two-sided Mann-Whitney U test. Male FPKM values were approximately 5-fold higher than

female; we found no difference between the sexes in fold-change and q-value.

(E and F) Based on results in (A) and (B), we used an FPKM threshold of >1 in female and >5 in male. To

confirm that this less stringent threshold for the female was appropriate, we looked at overlap between

male and female gene sets, for various FPKM thresholds.

(E) FPKM threshold varied from >5 to >0 in female, with a constant male threshold of >5.

(F) FPKM threshold varied from >5 to >0 in male, with a constant female threshold of >5

Plots show the observed overlap between the male and female gene sets, minus the overlap that would be

expected by chance. We found that overlap between male and female gene sets increased significantly

(hypergeometric test) when the FPKM threshold in female was reduced from 5 to 1 (p<10-"), but not

when the FPKM threshold was further reduced from 1 to 0 (p=O. 11) or when the FPKM threshold was

reduced in male from 5 to 0 (p=0.99).

(Figure appears on following page.)
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Figure 4.5 Sets of genes up-regulated during meiotic prophase are enriched for reproductive

annotations and phenotypes.

(p: p-value from hypergeometric test. n: number of genes considered in each category. For (A), this is

genes in the GO; for (B), genes associated with at least one phenotype in MGI; for (C), genes associated

with a reproductive phenotype.)

(A) Percentage of genes in each category with the GO annotation "reproduction."

(B) Percentage of genes in each category associated with an infertility phenotype (in either sex) or with

another reproductive phenotype in MGL. Bottom p-value is enrichment of infertility phenotypes; top p-

value is enrichment of infertility plus other reproductive phenotypes.

(C) Of the genes with a reproductive phenotype, the percentage where the phenotype is female-specific,

male-specific, or present in both male and female (Table S4.2).
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The shared-upregulated gene set represents a sex-shared gene expression program of meiotic

prophase

Having validated our approach, we turned to analysis of the shared-upregulated gene expression program.

Since male and female germ cells go through similar meiotic chromosomal programs but different

programs of gamete cellular differentiation, we reasoned that the shared-upregulated program should be

enriched for genes involved in the process of meiosis itself. To test this, we searched the literature for

genes associated with a known reproductive phenotype (Table S4.2), classifying each gene as contributing

to a meiotic defect or to a gamete cellular differentiation defect. As expected, the shared gene set

disproportionately contained meiotic defects (Fig. 4.6A). GO annotations show a similar result (Fig 4.6B):

the shared set is enriched for "meiotic cell cycle" and specifically contains genes associated with the three

core chromosomal processes of meiosis: homologous recombination, synaptonemal complex, and meiotic

cohesin complex (Table 4.1). Conversely, the sex-specific sets are enriched for male and female "gamete

generation." To our knowledge, this is the first time that the gene expression program of meiotic prophase

has been computationally separated from the gene expression program of gamete cellular differentiation.

We next set out to understand the expression patterns of this shared-upregulated set in more

detail. We considered two basic properties: the time at which the genes are up-regulated (early, mid, or

late meiotic prophase); and their germ cell specificity, compared to the gonadal soma. To address this

second property, we included in our analysis RNA-seq from germ cell-depleted (Kitw/Kitw) gonads

(Handel and Eppig 1979). We constructed gene expression profiles for each of the 260 genes in the sex-

shared set. An example profile, for the homologous recombination factor Dme, is shown in Fig. 4.7A:

Dmc] is highly up-regulated over the course of meiotic prophase in both sexes, and is germ cell-specific.

Using k-medoids clustering of all 260 profiles (Fig. 4.7B and Table S4.3), we identified two classes of

gene expression. The majority of genes (clusters #1-3) have very low expression in germ cell-depleted

gonads; we thus infer that they are germ cell specific. These germ cell-specific genes cluster into distinct

early, middle, and late waves of expression. Overall, we find that 175/260 (67%) of the shared-

upregulated set are germ cell-specific in both male and female (Fig. 4.8A and Table S4.4.). We also found
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a smaller class of genes (85/260, found mainly in clusters #4-6) that are expressed in gonadal soma as

well as in germ cells.

Figure 4.6: The shared-upregulated gene set is enriched for meiotic phenotypes and annotations

(A) Details of genes associated with reproductive phenotypes in MGI. These phenotypes were manually

classified as affecting meiosis or affecting male or female gamete cellular differentiation (Table S4.2). If

there was not enough information to classify the phenotype, the gene was omitted. If a genes was

associated with phenotypes in more than one of these categories, its count was split between the

categories. Genes that affected some other aspect of reproduction (for example, somatic gonad

development) were designated as "other reproductive."

(B) Details of genes with a "reproduction" GO annotation. These genes were classified using GO as

involved in "meiotic cell cycle" (GO:0051321) or "gamete generation" (GO: 0007292 female gamete

generation; GO: 0048232 male gamete generation; GO:0007276 gamete generation). Genes that were

annotated as involved in both meiosis and gamete generation were classified as meiotic. Genes that were

annotated as involved in both male and female gamete generation, or that were annotated as involved in

only (sex-neutral) gamete generation, were classified as shared gamete generation. All genes that were not

otherwise classified were designated as "other reproductive."
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Table 4.1 Genes associated with the core chromosomal processes of meiosis are disproportionally

part of the shared-upregulated gene set, and are all germ cell-specific

Recip~rocal mneiotic recomibiniation (GO:0007131)
Male/Female/Shared Germ-cell specific? Cluster # (from Fig.

(by comparison to the 4.7/Table S4.3, shared
gonadal soma, Table only)
S4.4)

Cenbli 1 Male Yes
Cep63 Male Yes
Cntdl Shared Yes ______3_____

Dmcl Shared Yes___________
GM96O Shared Yes___________
H l Shared Yes#2
Me ob Shared Yes _#2

Msh4 Shared Yes #3
Prdm9 Shared Yes #1
S~x4 Male Yes
Spoil Shared Yes #2
StrA8 Shared Yes #1
Tex]] Female Yes
Xrcc2 eYes

_________________Male/Female/Shared Germ-cell specific? Cluster #
CcdclSS Shared Yes #2
Hormadl Shared Yes #2
Hormad2 -Shared Yes #2
Hspa2 Male Yes
Lig3 Male Yes
Mh3 Male Yes
Sycel Female Yes
Syce2 Male Yes
Syce3 Shared Yes #2
SY cpI Shared Yes #2
Sycp2 Shared Yes #2
Sycp3 Shared Yes #2
SynI Female Yes
Tex12 #2

Male/Female/Shared Germ-cell specific? -Cluster #
Rad211 Shared Yes #1
Rec8 Male Yes
Smclb Female Yes
Stag3 Female Yes

Note: genes with more than one of these three annotations were manually assigned whichever annotation
had the strongest evidence.
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Figure 4.7 Clustering of the shared-upregulated program

(A) Sample gene expression profile, for one of the shared-upregulated genes, Dmc. (Raw FPKMs).

(B) Heatmap showing relative expression of 260 shared-upregulated genes in E12.5, E14.5, and E16.5

wild-type ovaries; 2S-Bgonia, 2S-prelep, 2S-lep, and 2S-pachy wild-type synchronized testes; E12.5,

E14.5, and E16.5 germ cell-depleted (Kitw/Kitwv) ovaries; and p6 and adult germ cell-depleted testes

(unsynchronized). Gene expression is represented as log-transformed and row-normalized FPKMs. Genes

(rows) are organized by k-medoids clustering (k=6), and further organized within each cluster by

hierarchical clustering. Horizontal black bars represent divisions between the 6 clusters.
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Figure 4.8 Testing which genes are expressed and up-regulated in germ cells

(A, D, and G) Violin plots of log2(fold-change of wild-type vs. germ cell-depleted sample). For female,

this is the maximum of (E12.5 wild-type vs. germ cell-depleted), (E14.5 wild-type vs. germ cell-

depleted), and (E16.5 wild-type vs. germ cell-depleted). For male, this is the maximum of (2S-Bgonia,

2S-prelep, 2S-lep, and 2S-pachy) vs. the maximum of (p6 germ cell-depleted and adult germ cell-

depleted). Dashed line represents threshold of log2(fold-change)>1.

(B, E, and H) Violin plots of FPKMs in sorted germ cells. Data from (Lesch 2013). Dashed line represents

threshold of FPKM>5.

(C, F, and 1) Violin plots of log 2(relative up-regulation in wild-type vs. in germ cell-depleted). For female,

the up-regulation in wild-type is the maximum of (E14.5 and E16.5 wild-type) vs. E12.5 wild-type, and

the up-regulation in germ cell-depleted is the maximum of (E 14.5 and E 16.5 germ cell-depleted) vs.

E12.5 germ cell-depleted. For male, the up-regulation in wild-type is the maximum of (2S-prelep, 2S-lep,

and 2S-pachy) vs. 2S-Bgonia, and the up-regulation in germ cell-depleted is adult germ cell-depleted vs.

p6 germ cell-depleted. For both sexes, log2(relative up-regulation) is equal to log2(up-regulation in wild-

type) minus log2(up-regulation in germ cell-depleted). Dashed line represents threshold of log 2(relative

up-regulation)>1. wt: wild-type; gc depleted: germ cell-depleted

(A) shows all 260 genes from the shared up-regulated gene set, and (B and C) show a subset of these: the

85 genes (33%) that are germ cell-nonspecific in at least one sex.

(D) shows all 2090 genes from the male-specific up-regulated gene set, and (E and F) show a subset of

these: the 716 (34%) genes that are germ cell-nonspecific in the male. Downward arrows in (D) and (F)

indicate two outlier values in the male data, -8.10 in (D) and -10.05 in (F), which were included in all

analyses but are omitted from the plots for display purposes.

(G) shows all 653 genes from the female-specific up-regulated gene set, and (H and 1) show a subset of

these: the 444 genes (68%) that are germ cell-nonspecific in the female.

(Figure appears onfollowing page)
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We first examined the 175 germ cell-specific genes. These genes not only are specific to germ

cells (vs. gonadal soma) in both sexes, but also are highly testis-specific (vs. somatic tissues) in the male

mouse (Merkin 2012) (Fig. 4.9A). This result suggests that these genes are expressed in germ cells and

nowhere else in the body. Supporting this, deficiencies in these genes tend to specifically affect the

reproductive system (Fig. 4.9B). The vast majority of known meiotic factors are found in this gene set. In

particular, when we examined genes involved in three core chromosomal processes of meiosis

(homologous recombination/meiotic cohesin complex/synaptonemal complex), 100% were germ cell-

specific (Table 4.1). Clearly, the shared-upregulated, germ cell-specific gene class is highly enriched for

known meiotic genes. We hypothesize that this class might also contain genes with previously

unannotated meiotic functions. As a first look at this, we identified 52 of the 175 germ cell-specific genes

that had no previous GO (biological process) annotations, and examine their conservation and expression

across metazoans (Fig. 4.10). We found that 90% had conserved gonad-specific expression; we also

identified one gene, Larp1b, whose homologs in fly (D. melanogaster) and worm (C. elegans) have

known reproductive function (Blagden 2009; Zanin 2010). We thus believe that this shared-upregulated,

germ cell-specific gene set is a powerful tool for identifying genes with novel meiotic functions.

We then examined the 85 shared-upregulated genes that were also expressed in the testicular or

ovarian soma. Because these genes were expressed in germ cell-depleted as well as wild-type gonads, we

first needed to verify that they were expressed and up-regulated in germ cells, not just in the gonadal

soma. To verify expression, we used RNA-seq data from sorted male and female meiotic germ cells: germ

cells sorted from an E14.5 ovary (mostly in leptotene), and pachytene spermatocytes sorted from an

(unsynchronized) adult testis (Lesch 2013). Indeed, most of these 85 genes were expressed in sorted germ

cells (Fig 4.8B). To verify that they were up-regulated in germ cells, we calculated their relative up-

regulation in wild-type vs. germ cell-depleted gonads; indeed, most of these genes were more up-

regulated in wild-type gonads (Fig 4.8C).
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Figure 4.9 Expression patterns and phenotypes of germ cell-specific and non-germ cell-specific gene

sets outside of the gonad

(A) Violin plots of testis specificity z-scores. A higher z-score means a gene is testis-specific. Expression

data is from (Merkin 2012); included tissues are brain, colon, heart, kidney, liver, lung, muscle, spleen,

and testis (all from mouse). We show all 260 shared-upregulated genes, and the subsets that are gern cell-

specific (175 genes) and expressed in the gonadal soma (85 genes).

(B) For genes associated with a reproductive phenotype in MGI, we calculate the percentages that are also

associated with phenotypes in other organ systems. Genes that are expressed in both germ cells and the

gonadal soma (gray bars) tend to produce highly pleiotropic phenotypes (i.e., tend to be associated with

phenotypes in many organ systems). In contrast, germ cell-specific genes (black bars) tend to affect only

the reproductive system and, in some cases, the endocrine/exocrine glands. (The endocrine/exocrine

phenotypes may be secondary to reproductive phenotypes.)
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Figure 4.10 Previously unannotated genes have conserved gonad-specific expression across

metazoans

For each of the 52 previously unannotated genes in the shared-upregulated, germ cell-specific set, we

identified homologs with Ensembl, and used publically available expression data to calculate the ratio of

gonadal expression to maximum expression in other tissues (Table S4.5). These ratios are plotted on the

vertical axes. If gonadal expression was >0 and maximum expression in other tissues was 0, the ratio was

plotted as "10+". Dashed red line indicates a ratio of 1. Genes with conserved gonad-specific expression

(median ratio> 1) have names in bolded black; genes without conserved gonad-specific expression have

names in gray. When available, values from rat, opossum, zebrafish, and fly were used. For a given gene,

if it did not have a homolog in one of these target species, if expression data for its homolog was absent,

or if its homolog was not expressed in any tissue, we used human, bull, chicken, and worm as alternate

species. Absent bar means that the gene did not have a homolog in either the target or the alternate

species, or that expression data was absent for the homologs in both the target and the alternate species.

Three genes (1700018B24Rik, 4933433G15Rik, and Zfp389) did not have identified homologs in any of

the examined species, and so are omitted from the plot. Genes are split (alphabetically) between upper

and lower plots. (Also see Table S4.5).

(Figure appears on following page)
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This set of 85 genes was broadly expressed throughout the body, and mutants in these genes have

highly pleiotropic phenotypes (Fig. 4.9B). We believe that these genes represent general cell processes

that also operate during meiotic prophase, and/or genes that have dual functions during meiosis and

during somatic cell growth. Examining these genes (Table S4.6), we can pick out a few intriguing genes

and categories. We note two likely protein chaperones, Hspb6 and Dnaja4, whose expression peaks in

pachytene. Chaperones have been proposed to be especially important during mid/late meiotic prophase

for dis-assembly of synaptonemal complex (Grad 2010). We also note a number of known cell cycle

factors: Cdkn2c, Cul9, Mapre3, Rad9b, Sgsm3, Sirt7, Thbsl, and Zfyvel9, which may have roles in

meiosis in addition to their previously described roles in mitosis. Indeed, Rad9b, which is an essential

gene thought to be part of the mitotic DNA damage checkpoint (Leloup 2010), is hypothesized to have a

role in a meiosis-specific checkpoint as well (Lyndaker 2013). We thus suspect that many of these 85

genes have previously unappreciated meiotic functions.

A large set of male-specific genes up-regulated in germ cells, and a very small female-specific set

We next turned our attention to the female specific- and male specific-upregulated gene sets, which

consisted of 653 and 2090 genes respectively. Before embarking on a deep analysis, we decided to check

(as we did for the shared gene set) whether these genes were actually up-regulated in germ cells during

meiotic prophase. For the male-specific gene set, as for the shared gene set, most of the genes were

indeed up-regulated in germ cells. Specifically, 66% of these 2090 genes were germ cell-specific (Fig.

4.8D). Of the non-germ cell-specific genes, most were expressed in sorted male germ cells (Fig. 4.8E)

and showed more dramatic up-regulation in wild-type than in germ cell-depleted gonads (Fig. 4.8F). We

conclude that there exists a large program of male-specific gene up-regulation during meiotic prophase.
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However, for the female-specific gene set, most of the genes were not up-regulated in germ cells.

Few (only 32%) of the 653 genes were germ cell-specific (Fig. 4.8G). When we more closely examined

the non-germ cell-specific genes, we found that most were not even expressed in germ cells (Fig. 4.8H).

Their apparent up-regulation during meiotic prophase actually reflects expression changes in the ovarian

soma (Fig. 4.81). To confirm these observations, we performed a clustering analysis (Fig. 4.11 and Table

S4.7). We clustered the expression profiles of all 653 female-specific up-regulated genes, and again

observed that the majority of gene expression changes during female meiotic prophase reflect changes in

the ovarian soma (clusters #4-#8). These clusters were highly enriched for extracellular matrix genes,

suggesting that ovarian somatic cells may be preparing for folliculogenesis (Woodruff and Shea 2007).

We did identify a few genes from the female specific-upregulated set that were actually expressed

and up-regulated in female germ cells (clusters #1-#4). We next looked more closely at the expression

patterns of these genes. To help determine whether they were involved in meiotic prophase or in female

gamete differentiation, we included expression values from wild-type and germ cell-depleted p2 ovaries.

At p2, female germ cells are arrested in diplotene of meiosis, and have begun visible growth and

differentiation into gametes. Thus, most gametogenesis factors should have higher expression in p2

ovaries than in fetal ovaries; genes with earlier expression peaks are likely to be bonafide meiosis factors.

We found that genes in cluster #3 and #4 were germ cell-specific, peaked at -E 14.5 (cluster #3) and

-E 16.5 (cluster #4), and were enriched for the GO terms "synaptonemal complex" and "meiotic cell

cycle." However, these clusters were not truly female-specific: genes in these clusters were robustly

expressed in male as well as in female germ cells. They were classified as "female specific-upregulated"

because they were expressed pre-meiotically in the male and not in the female. However, there is no

reason to believe they have female-specific function; indeed, 12 genes in these clusters are associated

with male-specific reproductive phenotypes (see Fig. 4.5C and Table S4.2). In contrast, clusters #1 (63

genes) and #2 (38 genes) were truly female- and germ cell-specific, having very low expression in both

male gonads and female germ cell-depleted gonads. Cluster #1 genes had maximum expression at E16.5,

suggesting that they might be female-specific meiotic factors, and cluster #2 genes had maximum
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expression at p2, suggesting that they might be involved in female gamete differentiation. Indeed, cluster

#1 includes the known female-specific meiotic factor Cdc25b, which is required for maintenance of

meiotic arrest (Zhang 2008). And cluster #2 includes the known gamete differentiation factor Figla and its

target Gm11985 (Joshi 2007); Figla is required for ovarian follicle generation (Soyal 2000).

Figure 4.11 Clustering of the female specific-upregulated program

Heatmap showing relative expression of 653 female specific-upregulated genes in E12.5, E14.5, E16.5,

and p2 wild-type ovaries; 2S-Bgonia, 2S-prelep, 2S-lep, and 2S-pachy synchronized testes; E 12.5, E 14.5,

E16.5, and p2 germ cell-depleted (Kitw/Kitw) ovaries; and germ cell-depleted testes (average of p6 and

adult, unsynchronized). Gene expression is represented as log-transformed and row-normalized FPKMs.

Genes (rows) are organized by k-medoids clustering (k=8), and further organized within each cluster by

hierarchical clustering. Horizontal black bars represent divisions between the 8 clusters. The clusters were

manually grouped into 3 categories. The most enriched GO term for each category is shown on the right,

with its FDR-corrected p-value (q). Additional GO categories are shown indented underneath the most

enriched.
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Male-specific program consists mostly of genes involved in gamete cellular differentiation

In contrast to the female case, we identified thousands of male specific-genes that were up-regulated

during meiotic prophase. We set out to investigate the components of this male program, by again

performing a k-medoids clustering analysis (Fig. 4.12). To help untangle meiosis from gamete

differentiation, we again included a sample in which germ cells are undergoing visible gamete

differentiation. Specifically, we included an adult testis sample (unsynchronized), which contains all

stages of germ cell development but which is dominated by haploid spermatids. From our clustering, we

identified four basic patterns of gene expression: genes that peaked in early male meiotic prophase

(highest in 2S-prelep/2S-lep), in late meiotic prophase (highest in 2S-pachy), at the transition between

meiosis and haploid differentiation (equally high in 2S-pachy and adult), or during haploid differentiation

(highest in adult). We used GO enrichment analysis to investigate the types of genes associated with each

of these patterns (Fig. 4.12).

We were most surprised by the large cluster of genes (cluster #1, 530 genes) that were up-

regulated during male meiotic prophase (2S-pachy) and then were further up-regulated in the adult testis.

Based on their expression pattern, these genes are likely to be involved in haploid male gamete

differentiation. Indeed, this cluster includes key gamete differentiation factors such as Acr (acrosin), a

digestive enzyme that makes up much of the acrosome, and Zpbp2 (zona pellucida binding protein 2),

which is important for penetration of the zona pellucida and subsequent fertilization (Honda 2002; Lin

2007). And, this cluster is highly enriched for the GO category "male gamete generation," as well as for

three key cellular components of haploid spermatozoa, the cytoskeleton (which is massively remodeled as

the spermatid elongates), the flagellum, and the acrosomal vesicle. It thus seems that a large part of the

pachytene spermatocyte gene expression program consists of a "warm-up" for haploid gamete

differentiation.
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Figure 4.12 Clustering of the male specific-upregulated program

Heatmap showing relative expression of 2090 male specific-upregulated genes in E12.5, E14.5, and E16.5

wild-type ovaries; 2S-Bgonia, 2S-prelep, 2S-lep, and 2S-pachy wild-type synchronized testes; adult wild-

type unsynchronized testes; germ cell-depleted ovaries (average of E 12.5, E 14.5, and E16.5); and germ

cell-depleted testes (p6 and adult, unsynchronized). Gene expression is represented as log-transformed

and row-normalized FPKMs. Genes (rows) are organized by k-medoids clustering (k=12), and further

organized within each cluster by hierarchical clustering. Horizontal black bars represent divisions

between the 12 clusters. The clusters were manually grouped into 4 categories. The most enriched GO

term for each category is shown on the right, with its FDR-corrected p-value (q). Additional GO

categories are shown indented underneath the most enriched.
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The clusters that peaked in late meiotic prophase (#5-#8) and at the meiosis/haploid

differentiation border (#2-#4) were enriched for ribonucleoprotein complexes and mitochondria

respectively. Reassuringly, we also saw an enrichment of cell cycle genes at the meiosis/haploid

differentiation border, when germ cells are undergoing meiotic divisions. The changes in

ribonucleoprotein complexes and in mitochondria are consistent with previous findings. In particular,

during pachytene, male germ cells are known to assemble a large RNA- and ribonucleoprotein-rich

cytoplasmic granule called the chromatoid body; females have no equivalent structure (Voronina 2011).

Mitochondrial changes during male meiosis and haploid gamete differentiation have also been described

(Meinhardt 1999). Since RNA granules remain prominent in haploid spermatids (Russell 1990), and

mitochondria are essential for sperm function (Ramalho-Santos 2009), expression of genes in these

categories may represent additional warm-up for gamete cellular differentiation.

Finally, we considered where known male-specific meiotic factors fall in these clusters (Table

4.2). We considered one definitively male-specific meiotic structure: the XY body, GO:0001741, which

sequesters the partially asynapsed sex chromosomes in a distinct nuclear partition during male pachytene.

We also considered one likely male-biased meiotic process: cell-cycle checkpoints, GO:0000075. We

verified that the XY body category was enriched in males with p<l 0-; the cell-cycle checkpoint category

also trended toward male enrichment but did not reach significance (p=0.07). Genes in both of these

categories indeed tended to peak during meiotic prophase rather than in the adult. However, these genes

did not fall nicely into a single cluster (Table S4.2). Thus, there is no straightforward way to separate

known (and potentially novel) male-specific meiotic factors from the massive concurrent gene expression

program of gamete differentiation.
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Table 4.2. Peak expression and clustering results for known and suspected male-specific meiotic

factors.

Cell cycle checkpoint XY body
(GO:0000075) (GO:0001741)
Cluster # Male sample Cluster # Male sample
(from Fig. w/ peak (from Fig. w/ peak
4.12/Table expression 4.12/Table expression
S4.8) S4.8)

2610301G19Rik 2 2Spachy Air 6 2S-lep
Ankrd32 6 2Spachy Daxx 4 Adult
Atr 6 2S lep Esco2 9 2S lep
Aurka 2 Adult H2afx 8 2Spachy
Bre 8 Adult Mael 6 Adult
Brskl 1 Adult Pbx4 3 Adult
Bub] 9 2Slep Radi8 6 2Spachy
Bub3 8 2Spachy Smarebi 8 2Spachy
CdkJ 8 2Spachy Sumo1 5 2Spachy
Ddx39b 8 2Spachy Ube2a 11 2S-lep
DtI 6 2Spachy
Nabpl 10 2Slep
Nabp2 8 2Spachy
Nael 6 2Spachy
PIk2 11 2Slep
Psmg2 7 2Spachy
Radi 7 2Spachy
Rhnol 2 Adult
Rps271 7 2Spachy
Ticrr - 9 2Slep
Zwilch 6 2Spachy
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DISCUSSION

We have performed a comprehensive characterization of gene expression over the course of male meiotic

prophase, and compared to expression data from female meiotic prophase. Previously, it had been difficult

to compare gene expression patterns in male and female meiotic prophase, because progression through

male prophase is asynchronous while progression through female prophase to diplotene is fairly

synchronous. Using developmental synchronization and staging (2S), we were able to profile one stage of

male meiosis at a time. By carefully timed collection, we obtained male samples that could be directly

compared to female. By comparing the male and female data, we identified a set of 260 shared-

upregulated genes that represent a sex-shared meiotic prophase program of gene expression. In addition,

we found 2090 male-upregulated genes that represent a warm-up for sperm cellular differentiation, mixed

with male-specific genes involved in meiosis itself.

The male-specific program

The enormous male-specific program was our biggest surprise. It dwarfed both the shared and female-

specific programs, and much of it is clearly involved in gamete cellular differentiation. The dominance of

gamete differentiation genes was surprising to us, given how far our 2S-pachy samples are from the

haploid phase of spermatogenesis. Our 2S-pachy samples, collected 12 days after RA restoration, are in

early pachytene, corresponding to stages 11-111 out of 10 stages in which pachytene spermatocytes are

present (Russell 1990). They have another 7 days of development before they complete the meiotic

divisions, after when they will begin visible haploid differentiation. Notably, a few genes with known

roles in gamete cellular differentiation are up-regulated even earlier, in the 2S-lep samples (corresponding

to early meiotic prophase): for example Iqcg, which is required for proper flagellum development (Harris

2014).

These results, though surprising, are supported by existing literature. The expression patterns of

one key gamete differentiation factor, Acr (a major component of the acrosome) have been studied in
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detail. Kashiwabara et al. (1990) found that Acr mRNA was present in pachytene spermatocytes, and

Ventela et al. (2000) found that GFP under the control of the Acr promoter was present as early as stage

IV pachytene. More recently, da Cruz et al. (2016) performed RNA-seq on sorted pachytene populations

comprising all stages of pachytene (including late pachytene spermatocytes that are less than 24 hours

from completing the meiotic divisions). They found up-regulation of a large suite of genes involved in

gamete cellular differentiation. Our results thus both confirm these previous observations, and

demonstrate that the pachytene warm-up for haploid gamete differentiation is a large program that occurs

much earlier than previously thought.

Why is this massive warm-up for gamete differentiation necessary in the male? Following the

meiotic divisions, male germ cells replace their histones with transition proteins and then with

protamines. DNA winds tightly around protamine in donut-shaped loops, causing chromatin compaction

that blocks transcription (Braun 2001; Kierszenbaum and Tres 1975). It may be important to stockpile

mRNA before transcription ceases. At the same time, haploid spermatids undergo massive morphological

changes; they assemble two highly specialized structures (the flagellum and acrosome), re-shape their

nucleus into a sickle, and eliminate nearly all of their cytoplasm (Russell 1990). This remodeling requires

large quantities of protein, which may necessitate starting transcription early. It remains to be seen if the

cells are stockpiling protein, or if the mRNA is translationally repressed during pachytene. Suggestively,

we observed up-regulation of ribonucleoproteins and mRNA processing machinery during pachytene,

which could be involved in such translational repression.

In addition to this male-specific preparation for gamete cellular differentiation, we found hints of

a male-specific meiotic program. We found large numbers of genes that peak in male pachytene, as well

as a smaller number that peak in earlier meiotic prophase (preleptotene and leptotene) genes. Known

meiotic factors followed these patterns, peaking during meiotic prophase. However, most of the genes that

peaked during meiotic prophase did not appear to be meiosis-specific; they were instead in large part

mitochondrial and RNA-processing factors. Separating male-specific meiosis factors from this basic

cellular machinery is extremely challenging at present.
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Absence of a female-specific program

Having seen such a large male-specific program, we expected to see a similar program in the female.

Instead, we identified a much smaller set of female-specific up-regulated genes. Moreover, further

analysis showed that most of the genes in this program were expressed in the ovarian soma and not in

germ cells. We thus conclude, consistent with previous studies, that the gene expression program of

oogenesis and follicle formation is largely executed by the soma. We were surprised that these somatic

gene expression changes occurred even in germ cell-depleted gonads. Previous studies of germ cell-

depleted postnatal ovaries showed that follicles do not form and the organization of the ovarian soma is

severely disrupted, suggesting that postnatal folliculogenesis is largely orchestrated by the germ cells

(Guigon and Magre 2006). Nevertheless, our results demonstrate that the gene expression program of

folliculogenesis begins in the fetal ovarian soma even in the absence in germ cells.

In the end, we were able to identify only a small number of genes (101) that were specifically up-

regulated in female germ cells during meiotic prophase. There are technical reasons why meiotic factors

may be more difficult to identify in the female than in the male. In particular, the fetal ovary has a lower

ratio of germ cells to somatic cells and less synchronous progression through meiotic prophase than the

synchronized postnatal testis. However, given the magnitude of the observed differences between male

and female, we believe that the male-specific meiotic program truly is much larger than the female-

specific program. This matches what is previously known about male and female meiosis. Male meiotic

prophase is known to include two extra sex-specific components: more stringent checkpoints (Hunt and

Hassold 2002) and mechanisms for X-Y synapsis and recombination (Kauppi 2011; Turner 2007). There

are no such known extra programs in the female. However, there may still be more female-specific

meiotic factors to find.

Shared program

Our study of the male- and female-specific programs underscored how closely gamete cellular

differentiation and meiosis are intertwined, and how challenging they are to untangle in a single sex.
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However, because male and female gamete differentiation programs are so different, looking at the

overlap between male and female gene-sets easily separates sex-shared meiotic genes from gametogenesis

factors. Indeed, we found a list of 260 genes with a striking enrichment for known meiotic factors.

Preliminary investigation suggests that this gene list may also encompass a number of genes with

previously undiscovered meiotic functions. We note that these 260 genes were identified in a genome-

wide unbiased fashion, without reference to conservation or to previous annotations. Our filtering

approach is thus complementary to homology-based approaches for identifying mouse meiotic factors.

In this work, we have taken the first steps toward systematically dissecting the sex-shared and

sex-specific meiotic prophase programs of gene expression in the mouse. Previous studies of sex-

differences in meiotic prophase have been largely anecdotal. Further genome-wide studies of male and

female meiosis will be key to understanding the molecular underpinnings of known sex differences, and

will allow us to comprehensively catalog of how meiosis is adapted to each sex.

MATERIALS AND METHODS

Synchronization and staging of spermatogenesis (2S): We followed the protocol described in chapter 3,

which is modified from the protocol of Hogarth et al. (2013). Briefly, we began with p2 male mice. These

mice had a C57BL/6 background, and were heterozygous for a loxP-STOP-loxP-tdTomato allele (B6.Cg-

Gt(ROSA)26Sor t ml4(CAG-tdTomato)Hze ) in the Rosa26 locus (Madisen 2010). These mice were injected with

WIN 18,446 solution once daily for seven days (p2-p8). On p9, the mice were injected once with RA. At

the desired time intervals (as described in Fig. 4. 1A), mice were euthanized and testes were collected.

Half of one testis was fixed in Bouin's fixative, embedded in paraffin, stained with hematoxylin, and

evaluated by light microscopy to verify that the desired cell types were present, using the staging criteria

of Ahmed and de Rooij (2009). The remainder of the testes was used for RNA-seq.
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RNA-Seq Sample Preparation: The tunica albuginea was removed and the testes were placed in TRIzol

(Life Technologies) and stored at -80' C. Total RNA was extracted according to the manufacturer's

protocol. Samples were DNAse-treated using the TURBO DNA-free kit (Ambion). Poly(A) selected

libraries were prepared using the TruSeq Stranded mRNA Library Prep Kit (Illumina). Libraries were

validated with an Agilent Bioanalyzer. Single-end 40-mers were sequenced from the libraries using the

Illumina HiSeq 2500 platform. Samples were multiplexed three to a lane.

RNA-Seq data analysis: Data were aligned to the mouse genome (mm 10) with TopHat (Trapnell 2009).

For differential expression analysis, the reads in each gene were counted with htseq-count (Anders 2015),

and fold-changes and q-values were calculated with edgeR (Robinson 2010). Cuffdiff was used for FPKM

calculations (Trapnell 2013). Violin plots were created in R with the vioplot library. For clustering

analysis, FPKM values were normalized to the 7 5th percentile for each condition (Bullard 2010) and log-

transformed. K-medoids clustering was performed in R, using the pam method from the cluster library.

(1-Pearson correlation) was used as a distance metric. Silhouette plots and silhouette width were used to

help select the number of clusters (Rousseeuw 1987). For visualization purposes, data were row-

normalized, and complete linkage hierarchical clustering was performed within each cluster, using the

hclust method from the stats library. The top-level clusters were manually ordered and annotated.

Gene ontology and phenotype analysis: Gene ontology enrichment analysis was performed with

DAVID (Huang 2009a; Huang 2009b). To map genes to individual GO terms, and to identify genes

without GO annotations, the Generic GO Term Mapper was used (http://go.princeton.edu/cgi-

bin/GOTermMapper), and hypergeometric enrichments were calculated using R. For phenotype analysis,

phenotype files were downloaded from MGI (Mouse Genome Informatics) and parsed using custom

Python scripts to identify genes with a reproductive phenotype. These genes were then manually

annotated based on the literature as to the type of phenotype (meiosis, gamete generation, or other). For
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pleiotropy analysis, the "phenotype overview" from MGI was used to identify affected systems. Systems

were binned into the following categories:

Category (from Fig. 4.9B) Encompassed systems from the MGI
phenotype overview

Behavior, nervous system "behavior/neurological," "nervous system"
Cardiovascular system "cardiovascular system"
Craniofacial/limbs/skeletal structure "craniofacial," "limbs/digits/tail," "skeleton"
Digestive system "digestive/alimentary system"
Embryogenesis, growth, aging "embryo," "growth/size/body,"

"mortality/aging"
Endocrine/exocrine glands "endocrine/exocrine glands"
Fat, integument, muscle, pigmentation "adipose tissue," "integument," "muscle,"

"pigmentation"
Hearing, olfaction, vision "hearing/vestibular/ear," "taste/olfaction,"

"vision/eye"

Hematopoietic/immune system "hematopoietic system," "immune system"
Homeostasis, metabolism "homeostasis/metabolism"
Liver, renal system "liver/biliary system," "renal/urinary system"
Reproductive system "reproductive system"
Respiratory system "respiratory system"
(Omitted) "cellular," "neoplasm"

Analysis of conservation and gonad-specific expression across metazoans: Homologs were identified

using the Ensembl database. Gene-expression values (FPKM) for fly (D. melanogaster) and worm (C.

elegans) were taken from modEncode (Gerstein 2014); gene-expression values for rat (R. norvegicus),

bull (B. taurus), and chicken (G. gallus) were taken from (Merkin 2012); gene-expression values for

zebrafish (D. rerio) were taken from Phylofish (unpublished, SRA accession PRJNA255848); gene-

expression values for opossum (M domestica) were taken from (Brawand 2011); gene expression values

from human were taken from GTEX (Lonsdale 2013). The tissues used for each species are described in

table S4.5. If a mouse gene had multiple homologs in a single species, we reported results from the

homolog with the highest ratio of gonadal to somatic expression (Fig. 4.10).

195



REFERENCES

Ahmed, E. A. and D. G. de Rooij (2009). Staging of mouse seminiferous tubule cross-sections. Methods
Mol Biol 558: 263-277.

Alphey, L., J. Jimenez, et al. (1992). Twine, a Cdc25 homolog that functions in the male and female
germline of Drosophila. Cell 69(6): 977-988.

Anders, S., P. T. Pyl, et al. (2015). HTSeq--a Python framework to work with high-throughput sequencing
data. Bioinformatics 31(2): 166-169.

Anderson, E. L., A. E. Baltus, et al. (2008). Stra8 and its inducer, retinoic acid, regulate meiotic initiation
in both spermatogenesis and oogenesis in mice. Proc NatlAcadSci USA 105(39): 14976-14980.

Blagden, S. P., M. K. Gatt, et al. (2009). Drosophila Larp associates with poly(A)-binding protein and is
required for male fertility and syncytial embryo development. Dev Biol 334(1): 186-197.

Borum, K. (1961). Oogenesis in the mouse. A study of the meiotic prophase. Exp Cell Res 24: 495-507.

Braun, R. E. (2001). Packaging paternal chromosomes with protamine. Nat Genet 28(1): 10-12.

Brawand, D., M. Soumillon, et al. (2011). The evolution of gene expression levels in mammalian organs.
Nature 478(7369): 343-+.

Bullard, J. H., E. Purdom, et al. (2010). Evaluation of statistical methods for normalization and
differential expression in mRNA-Seq experiments. BMC Bioinformatics 11: Article 94.

da Cruz, I., R. Rodriguez-Casuriaga, et al. (2016). Transcriptome analysis of highly purified mouse
spermatogenic cell populations: gene expression signatures switch from meiotic-to postmeiotic-
related processes at pachytene stage. BMC Genomics 17(1): 294.

Dokshin, G. A., A. E. Baltus, et al. (2013). Oocyte differentiation is genetically dissociable from meiosis
in mice. Nat Genet 45(8): 877-883.

Edson, M. A., A. K. Nagaraja, et al. (2009). The mammalian ovary from genesis to revelation. Endocr
Rev 30(6): 624-712.

Eijpe, M., H. Offenberg, et al. (2003). Meiotic cohesin REC8 marks the axial elements of rat
synaptonemal complexes before cohesins SMClbeta and SMC3. JCell Biol 160(5): 657-670.

Evans, E., C. Hogarth, et al. (2014). Riding the spermatogenic wave: profiling gene expression within
neonatal germ and sertoli cells during a synchronized initial wave of spermatogenesis in mice.
Biol Reprod 90(5): 108.

Fuller, M. T. (1998). Genetic control of cell proliferation and differentiation in Drosophila
spermatogenesis. Semin Cell Dev Biol 9(4): 433-444.

Gerstein, M. B., J. Rozowsky, et al. (2014). Comparative analysis of the transcriptome across distant
species. Nature 512(7515): 445-+.

Grad, I., C. R. Cederroth, et al. (2010). The molecular chaperone Hsp90alpha is required for meiotic
progression of spermatocytes beyond pachytene in the mouse. PLoS One 5(12): e15770.

196



Guigon, C. J. and S. Magre (2006). Contribution of germ cells to the differentiation and maturation of the
ovary: insights from models of germ cell depletion. Biol Reprod 74(3): 450-458.

Handel, M. A. and J. J. Eppig (1979). Sertoli cell differentiation in the testes of mice genetically deficient
in germ cells. Biol Reprod 20(5): 1031-1038.

Harris, T. P., K. J. Schimenti, et al. (2014). IQ motif-containing G (Iqcg) is required for mouse
spermiogenesis. G3 (Bethesda) 4(2): 367-372.

Hogarth, C. A., R. Evanoff, et al. (2013). Turning a spermatogenic wave into a tsunami: synchronizing
murine spermatogenesis using WIN 18,446. Biol Reprod 88(2): Article 40.

Honda, A., J. Siruntawineti, et al. (2002). Role of acrosomal matrix proteases in sperm-zona pellucida
interactions. Hum Reprod Update 8(5): 405-412.

Huang, D. W., B. T. Sherman, et al. (2009a). Bioinformatics enrichment tools: paths toward the
comprehensive functional analysis of large gene lists. Nucleic Acids Res 3 7(1): 1-13.

Huang, D. W., B. T. Sherman, et al. (2009b). Systematic and integrative analysis of large gene lists using
DAVID bioinformatics resources. Nat Protoc 4(1): 44-57.

Hunt, P. A. and T. J. Hassold (2002). Sex matters in meiosis. Science 296(5576): 2181-2183.

Joshi, S., H. Davies, et al. (2007). Ovarian gene expression in the absence of FIGLA, an oocyte-specific
transcription factor. BMC Dev Biol 7: 67.

Kashiwabara, S., Y. Arai, et al. (1990). Acrosin biosynthesis in meiotic and postmeiotic spermatogenic
cells. Biochem Biophys Res Commun 173(1): 240-245.

Kauppi, L., M. Barchi, et al. (2011). Distinct properties of the XY pseudoautosomal region crucial for
male meiosis. Science 331(6019): 916-920.

Kierszenbaum, A. L. and L. L. Tres (1975). Structural and transcriptional features of the mouse spermatid
genome. J Cell Biol 65(2): 25 8-270.

Kim, J., A. K. Singh, et al. (2015). LSD1 is essential for oocyte meiotic progression by regulating
CDC25B expression in mice. Nature Communications 6.

Klar, A. J. S. (1980). Mating-type functions for meiosis and sporulation in yeast act through cytoplasm.
Genetics 94(3): 597-605.

Leloup, C., K. M. Hopkins, et al. (2010). Mouse Rad9b is essential for embryonic development and
promotes resistance to DNA damage. Dev Dyn 239(11): 2837-2850.

Lesch, B. J., G. A. Dokshin, et al. (2013). A set of genes critical to development is epigenetically poised
in mouse germ cells from fetal stages through completion of meiosis. Proc Natl Acad Sci USA
110(40): 16061-16066.

Lin, Y. N., A. Roy, et al. (2007). Loss of zona pellucida binding proteins in the acrosomal matrix disrupts
acrosome biogenesis and sperm morphogenesis. Mol Cell Biol 27(19): 6794-6805.

197



Lonsdale, J., J. Thomas, et al. (2013). The Genotype-Tissue Expression (GTEx) project. Nature Genetics
45(6): 580-585.

Lyndaker, A. M., A. Vasileva, et al. (2013). Clamping down on mammalian meiosis. Cell Cycle 12(19):
3135-3145.

Madisen, L., T. A. Zwingman, et al. (2010). A robust and high-throughput Cre reporting and
characterization system for the whole mouse brain. Nat Neurosci 13(1): 133-140.

Margolin, G., P. P. Khil, et al. (2014). Integrated transcriptome analysis of mouse spermatogenesis. BMC
Genomics 15: 39.

Matson, C. K., M. W. Murphy, et al. (2010). The mammalian doublesex homolog DMRT1 is a
transcriptional gatekeeper that controls the mitosis versus meiosis decision in male germ cells.
Dev Cell 19(4): 612-624.

McLaren, A. (1984). Meiosis and differentiation of mouse germ cells. Symp Soc Exp Biol 38: 7-23.

Meinhardt, A., B. Wilhelm, et al. (1999). Expression of mitochondrial marker proteins during
spermatogenesis. Hum Reprod Update 5(2): 108-119.

Menke, D. B., J. Koubova, et al. (2003). Sexual differentiation of germ cells in XX mouse gonads occurs
in an anterior-to-posterior wave. Dev Biol 262(2): 303-312.

Merkin, J., C. Russell, et al. (2012). Evolutionary dynamics of gene and isoform regulation in
Mammalian tissues. Science 338(6114): 1593-1599.

Morgan, C. T., D. Noble, et al. (2013). Mitosis-meiosis and sperm-oocyte fate decisions are separable
regulatory events. Proceedings of the National Academy of Sciences of the United States of
America 110(9): 3411-3416.

Namekawa, S. H., P. J. Park, et al. (2006). Postmeiotic sex chromatin in the male germline of mice. Curr
Biol 16(7): 660-667.

Nebel, B. R., E. M. Hackett, et al. (1961). Calendar of gametogenic development in prepuberal male
mouse. Science 134(348): 832-&.

Ramalho-Santos, J., S. Varum, et al. (2009). Mitochondrial functionality in reproduction: from gonads and
gametes to embryos and embryonic stem cells. Hum Reprod Update 15(5): 553-572.

Ravi, M., M. P. A. Marimuthu, et al. (2008). Gamete formation without meiosis in Arabidopsis. Nature
451(7182): 1121-U1110.

Robinson, M. D., D. J. McCarthy, et at. (2010). edgeR: a Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics 26(1): 139-140.

Rousseeuw, P. J. (1987). Silhouettes - a graphical aid to the interpretation and validation of cluster-
analysis. Journal of Computational and Applied Mathematics 20: 5 3-65.

Russell, L. D., R. A. Ettlin, et al. (1990). Histological and Histopathological Evaluation of the Testis. St.
Louis, MO, Cache River Press.

198



Snyder, E. M., J. C. Davis, et al. (2011). Exposure to retinoic acid in the neonatal but not adult mouse
results in synchronous spermatogenesis. Biol Reprod 84(5): 886-893.

Soh, Y. Q., J. P. Junker, et al. (2015). A gene regulatory program for meiotic prophase in the fetal ovary.
PLoS Genet 11(9): e1005531.

Soyal, S. M., A. Amleh, et al. (2000). FIGalpha, a germ cell-specific transcription factor required for
ovarian follicle formation. Development 127(21): 4645-4654.

Speed, R. M. (1982). Meiosis in the foetal mouse ovary. I. An analysis at the light microscope level using
surface-spreading. Chromosoma 85(3): 427-437.

Steger, K. (1999). Transcriptional and translational regulation of gene expression in haploid spermatids.
Anatomy and Embryology 199(6): 471-487.

Trapnell, C., D. G. Hendrickson, et al. (2013). Differential analysis of gene regulation at transcript
resolution with RNA-seq. Nat Biotechnol 31(1): 46-53.

Trapnell, C., L. Pachter, et al. (2009). TopHat: discovering splice junctions with RNA-Seq. Bioinformatics
25(9): 1105-1111.

Turner, J. M. (2007). Meiotic sex chromosome inactivation. Development 134(10): 1823-1831.

Ventela, S., M. Mulari, et al. (2000). Regulation of acrosome formation in mice expressing green
fluorescent protein as a marker. Tissue Cell 32(6): 501-507.

Voronina, E., G. Seydoux, et al. (2011). RNA granules in germ cells. Cold Spring Harb Perspect Biol
3(12).

Woodruff, T. K. and L. D. Shea (2007). The role of the extracellular matrix in ovarian follicle
development. Reprod Sci 14(8 Suppl): 6-10.

Yoshinaga, K., S. Nishikawa, et al. (1991). Role of c-kit in mouse spermatogenesis: identification of
spermatogonia as a specific site of c-kit expression and function. Development 113(2): 689-699.

Zanin, E., A. Pacquelet, et al. (2010). LARP-I promotes oogenesis by repressing fem-3 in the C. elegans
germline. JCell Sci 123(Pt 16): 2717-2724.

Zhang, Y., Z. Zhang, et al. (2008). Protein kinase A modulates Cdc25B activity during meiotic resumption
of mouse oocytes. Dev Dyn 23 7(12): 3777-3 786.

199



SUPPLEMENTARY INFORMATION
Table S4.1 Expression, and differential expression, of 913 genes that are up-regulated during female
meiotic prophase, and of 2350 genes that are up-regulated during male meiotic prophase.

Table S4.2 Known reproductive phenotypes associated with the shared-upregulated, female
specific-upregulated, and male specific-upregulated genes.
For each gene associated with a reproductive phenotype in MGI, we briefly summarize the phenotype,
and give the associated MGI reference ID(s). We then classify the phenotype for each gene in two ways.
First, we classify the phenotype as "male-specific," "female-specific," or "male and female" If a gene is
associated with infertility in one sex and not the other, it was automatically classified as sex-specific; if a
gene is associated with infertility in both sexes, it was automatically classified as "male and female";
other cases were classified manually. Second, we classify the phenotype as affecting "meiosis," "gamete
generation," "both," or "other." These classifications were performed manually.

Table S4.3 k-medoids clustering analysis of the shared-upregulated program
Assignments of the 260 shared-upregulated genes to 6 clusters (visualized in Fig. 4.7B)

Table S4.4 Germ cell specificity of the shared-upregulated and male- and female-upregulated
programs
For each gene, we report FPKM and fold-change values versys germ cell-depleted (Kitw/Kitwv) gonads,
and classification as germ cell-specific or -nonspecific (visualized in Fig. 4.8 A, D, and G).

Table S4.5 Conservation and expression patterns of previously unannotated genes across metazoans
We identified homologs of the 175 shared-upregulated germ cell-specific genes from Table S4.4. For each
species (rat, human, opossum, bull, zebrafish, chicken, fly, and worm), we provide a list of homologs of
these genes, and corresponding expression values for each tissue analyzed. For each homolog, we also
calculate the maximum gonadal expression (maximum of expression values from testis and ovary where
available; otherwise expression value from testis); the maximum somatic expression (maximum of
expression values across all non-somatic tissues), and the ratio of (maximum gonadal)/(maximum
somatic). We then compile these ratios into a summary sheet (sheet named compiledvalues allspecies
within Table S4.5), which was used as source data for Fig. 4.10. In this summary sheet, if a gene had
multiple homologs in the same species, we report the value from the homolog with the maximum
gonadal-to-somatic ratio.

Table S4.6 Functions of the 85 shared-upregulated genes that are expressed in gonadal soma as well
as in germ cells
For each of these shared-upregulated germ cell-nonspecific genes (identified in Fig. 4.8A and Table S4.4),
we briefly describe its function, and phenotypes associated with this gene in the mouse. These annotations
were performed manually; we provide the Pubmed IDs as references.

Table S4.7 k-medoids clustering analysis of the female specific-upregulated program
Assignments of the 653 female specific-upregulated genes to 8 clusters (visualized in Fig. 4.11)

Table S4.8 k-medoids clustering analysis of the male specific-upregulated program
Assignments of the 2090 male specific-upregulated genes to 12 clusters (visualized in Fig. 4.12)

Tables S4.1-S4.8 available upon request.
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RA-STRA8 SIGNALING REGULATES SPERMATOGONIAL DIFFERENTIATION AND MEIOTIC INITIATION

Our work reveals that STRA8 has two distinct roles in the testis: it promotes spermatogonial

differentiation in addition to being required for meiotic initiation. We propose that this co-regulation of

two key transitions helps to establish the stereotypical cell associations of the testis.

Stra8 promotes spermatogonial differentiation

Based on the phenotype of the Stra8-deficient mouse, we conclude that STRA8 has a role in

spermatogonial differentiation (exit from the stem cell pool). In the absence of Stra8, undifferentiated

spermatogonia accumulate, producing grossly enlarged testes in aged mice; differentiating spermatogonia

are correspondingly depleted.

STRA8 thus takes its place in the increasingly complex regulatory network that governs

spermatogonial differentiation. Retinoic acid is the extrinsic inducing signal for spermatogonial

differentiation, as it is in meiotic initiation in both male and female (Bowles 2006; Griswold 2012;

Koubova 2006; Raverdeau 2012). So far no other extrinsic signals are known. RA targets at least three

downstream factors: STRA8, KIT/mTOR, and SALL4A (Busada 2015a; Gely-Pernot 2015). Expression

of STRA8 does not depend on KIT and vice versa, suggesting that RA acts through at least two

independent pathways (Busada 2015a; Busada 2015b). These multiple targets are reminiscent of the

branching pathways governing meiotic initiation in the female (Soh 2015).

There remain a number of questions about how STRA8 regulates spermatogonial differentiation.

First, how is STRA8 up-regulated by RA? Based on in vitro studies of primary spermatogonial cultures,

we know that RA can act directly on germ cells to activate Stra8 transcription; however, in vivo RA may

act indirectly through Sertoli cells as well (Gely-Pernot 2015; Zhou 2008). It's also not known through

what pathway RA acts (genomic or non-genomic) to activate STRA8; both of these pathways are known

to be active in spermatogonia. Second, what are the targets of STRA8 at spermatogonial differentiation?

STRA8 contains a putative basic helix-loop-helix domain, and is therefore thought to act as a
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transcription factor. ChIP-seq (chromatin immunoprecipitation and sequencing) on sorted germ cells or

whole testes synchronized at spermatogonial differentiation could help to determine its targets.

Understanding STRA8's targets would help us to understand more about its precise function at

spermatogonial differentiation; in particular, it would help us to explain why most spermatogonia are able

to differentiate in the absence of Stra8. Perhaps STRA8's targets are redundantly activated by other

transcription factors. Alternatively, perhaps in Stra8-deficient mice certain genes are not activated during

spermatogonial differentiation, thus producing subtly abnormal differentiating spermatogonia.

Stra8 has a dual role at spermatogonial differentiation and meiotic initiation

We observe two distinct phenotypes in the Stra8-deficient mouse: one at spermatogonial differentiation,

and one at meiotic initiation. Both defects become apparent in very young (10-day-old) mice, suggesting

that both of these defects are primary consequences of Stra8 deficiency. In support of this, STRA8 protein

is expressed in two distinct waves: in spermatogonia (from just before spermatogonial differentiation, in

late undifferentiated spermatogonia, until 4.6 days after, in differentiating A4 spermatogonia); and in

spermatocytes (from just before meiotic initiation, in preleptotene spermatocytes, until just after, in

leptotene spermatocytes).

This dual role raises the question of how a single regulator controls two such different transitions.

One possibility is that STRA8 has different direct targets at the two transitions; this difference in

specificity could be obtained through a change in Stra8 splicing or in binding partners. Another

possibility is that STRA8 has at least some of the same targets at these two transitions. Once again, ChIP-

seq for STRA8 on isolated germ cells at these two transitions could address this question.
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Co-regulation of spermatogonial differentiation and meiotic initiation helps to establish the

stereotypical cell associations of the testis

Certain developmental transitions in the testis are always associated, occurring at the same time and

place. In particular, spermatogonial differentiation and meiotic initiation always occur together in stages

VII/VIII within the same tubule cross-section. We find that these two transitions are co-regulated by a

single RA-STRA8 signal; we suggest that this co-regulation enforces the co-occurence of spermatogonial

differentiation with meiotic initiation. Perhaps there are many such pairs of co-regulated transitions

during spermatogenesis; such a network of co-regulated transitions could establish and maintain the

complex and precise germ cell associations (stages I-XII) of the testis.

We were also surprised to learn that these associations could be perturbed by chemical

manipulation of RA levels in vivo, while still allowing germ cells to successfully develop into mature

spermatozoa. The associations are therefore less rigid than previously believed. Why, therefore, do they

exist? First, associations likely improve overall efficiency of spermatogenesis without being strictly

required. Sertoli cells are known to signal to germ cells in a stage-dependent fashion (Griswold 1995),

and the number of germ cells a Sertoli cell can support may be optimized by the associations. Second,

associations may be something of an evolutionary happenstance-a natural side-effect of the fact that RA

regulates two different transitions. In partial support of this, most mammals have associations less precise

than those of the mouse, and many closely related animals, including chicken and zebrafish, have

spermatogenesis without associations (Russell 1990).
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THE 3S (SYNCHRONIZE, STAGE, AND SORT) METHOD OF GERM CELL ISOLATION

We present a novel method for sorting precise subpopulations of mitotic and meiotic germ cells, based on

synchronization of germ cell development in vivo; histological staging to verify synchronization; and

FACS to separate germ cells from soma. 3S enables very fine-grained separation of germ cell

subpopulations: synchronization has a variance of ~24 hours, and 3S works well through mid-pachytene,

so 3S can theoretically sort into ~17 separate populations. This is much finer than previous methods of

sorting (unit gravity sedimentation and DNA staining/FACS), which generally separate germ cells into

between six (Gaysinskaya 2014) and eight (Bellve 1993) categories. A second advantage of 3S, especially

compared to unit gravity sedimentation, is that is does not require specialized equipment. It requires only

a FACS instrument, which is much more widely available than the STAPUT device required for unit

gravity sedimentation. Even without access to a FACS instrument, we can get fairly good germ cell

enrichments using 2S (synchronization and staging, without sorting). Thus, 2S/3S makes isolation of

germ cell subpopulations more accessible.

Potential methodological refinements to 3S

The most obvious current problem with 3S is the somewhat unpredictable and body weight-dependent

timing of germ cell development after synchronization. Because we stage each sample, this unpredictable

synchronization does not substantially reduce the purity of sorted germ cells. However, it is inconvenient

and makes experimental planning more different. One way to make synchronization more predictable

would be to ensure more consistent weight gain in WIN 1 8,446/RA treated pups. The series of injections

slows the growth of some litters; perhaps changing the injection schedule or doses, or using a foster

mother, would ameliorate this. Alternatively, timing of germ cell-development seems to be more

predictable in older animals (de Rooij and Russell 2000; Kluin 1982), so perhaps doing RA restoration

later would lead to more predictable timing.
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Another area for improvement is in sorting. The Mvh-cre/tdTomato germ cell lineage tracing

system works well for cells through mid-pachytene, but after that expression of the fluorescent lineage

tracer diminishes and it is no longer practical. Additional sorting methods should be investigated.

Combining synchronization with DNA staining/FACS is one promising option (Bastos 2005; Gaysinskaya

2014).

Potential applications of 3S

There are many potential research questions where fine-grained, high-purity populations would be useful,

but I highlight three. First, 3S could enable a better understanding the mitotic phase of spermatogenesis,

which encompasses the aftermath of spermatogonial differentiation and the run-up to meiosis. After

spermatogonial differentiation, germ cells go through a series of transit-amplifying divisions, becoming

A1/A2/A 3/A4/Intermediate/B spermatogonia, and then preleptotene spermatocytes. During this period,

germ cells gradually lose expression of pluripotency markers (Chakraborty 2014), and, we have found,

acquire competence to initiate meiosis. These mitotic germ cell types were previously difficult or

impossible to separate from one another. A1/A 2/A 3/A4 spermatogonia are morphologically identical and

have no known distinguishing cell surface markers. Intermediate spermatogonia are theoretically possible

to separate from other spermatogonial subtypes, but this has not been attempted with either DNA-

staining/FACS or unit gravity sedimentation. Type B spermatogonia can be isolated to some extent with

unit gravity sedimentation, but not with DNA-staining/FACS. Preleptotene spermatocytes can be isolated

with both methods at reasonably high purity, but without separation of STRA8-positive and -negative

fractions. Separating these populations with 3S would enable several lines of investigation into the

pluripotency and meiotic competence of spermatogonia. For example, transcriptional profiling of

spermatogonial subtypes could reveal transcriptional signatures of competence for meiotic initiation. Cell

culture studies, such as in vitro exposure of different spermatogonial subtypes to RA, could help us to

understand how competence for meiotic initiation is established. And, transplantation of sorted sub-
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populations into germ cell-depleted gonads would definitively show whether spermatogonia retain any

functional hallmarks of pluripotency after spermatogonial differentiation.

Second, 3S could enable better understanding of meiotic prophase, specifically of the pachytene

stage. Pachytene is very long stage (7 days), encompassing many biological processes. Sex chromosome

synapsis and recombination primarily occur during pachytene, as does meiotic sex chromosome

inactivation (Kauppi 2011; Turner 2007). In addition, during pachytene, piRNA machinery are very

active, the RNA processing chromatoid body forms, and germ cells begin transcriptional preparation for

haploid sperm differentiation (da Cruz 2016; Voronina 2011; Watanabe 2006). Most sorting methods treat

pachytene as a single stage, but 3S enables separation of pachytene spermatocytes into multiple sub-

stages. In its current form, 3S could be used to isolate three sub-stages, encompassing early pachytene

(Table 3.2) These sub-stages could be precisely assessed by histological staging, by taking advantage of

the cell associations of the testis (Russell 1990). After mid-pachytene, fluorescence intensity of the Mvh-

Cre/tdTomato linage tracing system decreases, so alternative sorting methods would be necessary. With

such an alternative methods we should be able to isolate seven sub-stages, encompassing mid, early, and

late pachytene. Genome-wide analysis of pachytene sub-stages will help us to understand the dynamics of

previously known pachytene processes, and to discover new ones.

3S has a number of other interesting potential applications, including investigation of early

meiotic prophase, and, with additional methodological improvements, investigation of the early stages of

haploid sperm development.

THE SEX-SPECIFIC AND SEX-SHARED GENE EXPRESSION PROGRAMS OF MEIOTIC PROPHASE

We profiled gene expression changes in synchronized and staged testes, before, during, and after meiotic

initiation. We used these, combined with previously collected data from the fetal ovary, to define and

analyze male and female programs of gene expression during meiotic prophase.
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Shared program of meiotic prophase encompasses known and novel genes

We identified 260 genes that were common to the male and female gene expression programs of meiotic

prophase. This "shared-upregulated" gene set, which was found without reference to previous

annotations, was strikingly enriched for known meiotic factors, including genes involved in the core

chromosomal processes of meiosis: cohesion, synapsis, and homologous recombination. We therefore

believe that the previously unannotated members of this gene set may represent novel meiotic factors. In

support of this, we found that these previously unannotated genes had conserved, gonad-specific

expression in a wide range of species (Fig. 4.10). As a next step, we could examine the phenotype of mice

with deficiencies for each of these genes, to determine whether any of these genes in fact have meiotic

functions. Alternatively, we could functionally characterize homologs of these genes in fly or worm.

We note that our filtering approach, which uses only genome-wide expression data, is

complementary to other approaches for identifying novel meiotic factors in the mouse. Perhaps the most

common such approach is to identify mouse homologs of genes with known meiotic functions in yeast.

This approach has been used to identify core mouse meiotic factors such as Rec8, Hormad1/2, and

Msh4/5. Our filtering approach, which does not use homology data, therefore can identify less-conserved

meiotic factors, which may have been previously missed.

A large male-specific program of meiosis and gamete cellular differentiation

In addition to this sex-shared program, we identified 2090 genes that were up-regulated specifically in the

male, with no corresponding female-specific program. The majority of these genes were significantly up-

regulated late in meiotic prophase, in pachytene, rather than earlier, in preleptotene or leptotene. This

male-specific program included some known male-specific meiotic factors, but seemed to be dominated

by genes involved in gamete cellular differentiation.
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Traditionally, pachytene spermatocytes have been selected as the representative cell type for male

meiotic prophase (Lesch 2013; Namekawa 2006; Soumillon 2013), because they are numerous and simple

to isolate (Table 1.1). However, our work demonstrates that pachytene spermatocytes are, at the molecular

level, actively beginning gamete differentiation. Thus, to understand the expression and epigenetic

changes involved in meiosis itself, it is worth the effort to sort earlier germ cell types. In additional, given

the striking differences observed between leptotene and early pachytene (a -5 day developmental period),

our work suggests that pachytene itself (a -7 day developmental span) is unlikely to be transcriptionally

uniform. Thus, as described above, it would be worth isolating and transcriptionally profiling sub-stages

of pachytene.

It would be interesting to understand the pachytene gamete differentiation program in more detail.

We observe up-regulation of some known gamete differentiation factors, including those involved in

flagellum and acrosome formation. However, the role of most of the pachytene-upregulated genes in

gamete cellular differentiation is poorly understood. For instance, there are massive changes in expression

of mitochondria-associated genes. Mitochondrial changes have been previous reported during

spermatogenesis (Meinhardt 1999), but it is not well understood exactly how mitochondria need to be

remodeled. It would also be interesting to better understand post-transcriptional regulation of the gamete

differentiation program. We observe coordinated upregulation of many RNA-binding proteins during

pachytene. This suggests that many of the gamete differentiation genes that are transcriptionally up-

regulated during pachytene may not be translated until much later in germ cell development. Indeed, da

Cruz et al. (2016) found preliminary evidence for such post-transcriptional repression. To better

understand post-transcriptional regulation of pachytene-upregulated genes, we could perform ribosome

footprinting on whole synchronized testes or sorted germ cells.
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Close association of the gene expression programs of germ cells and soma

For all of our analyses, we focused on genes that were up-regulated in whole gonads at the time-points

when germ cells were entering meiosis. With this approach, we initially were aiming wanted to identify

germ cell-expressed genes associated with the chromosomal program of meiosis. Soh et al. (2015) had

previously used a similar approach to identify germ cell-enriched meiotic prophase genes in the fetal

ovary. With our filtering approach, we indeed managed to identify many bonafide meiotic factors, most

of which were germ cell-expressed and -enriched (Table 4.1).

However, in both the male and the female, we were surprised to find many genes that were

expressed predominantly or exclusively in the gonadal soma but whose up-regulation coincided with

meiotic initiation and meiotic prophase of the germ cells. In the female, this program of meiosis-

associated up-regulation in the ovarian soma was much larger than the program of up-regulation in the

germ cells (Fig. 4.8 G, H, and I and Fig 4.11). In the male, this somatic program was smaller, but was still

present (Fig. 4.8 D, E, and F and Fig. 4.12, clusters #10 and #12).

Since the chromosomal program of meiosis is obviously specific to germ cells, why should there

be so many gene expression changes in the gonadal soma coincident with meiosis? One hypothesis is that

gene expression changes in the gonadal soma regulate meiotic progression in the germ cells. There is

some evidence that this might be the case in the fetal ovary. Estrogenic compounds such as BPA

(bisphenol A), which are thought to act solely on the gonadal soma, nevertheless can disrupt progression

of oocytes through meiosis (Zhang 2012). However, in the postnatal testis, meiosis seems to proceed

normally even when typical germ cell associations are disrupted (chapter 2), providing weak evidence

that progression of germ cells through meiosis does not need to be coordinated with expression changes

of the gonadal soma. This question of whether the gonadal soma regulates meiotic progression of germ

cells deserves further study. For instance, one could attempt to genetically separate these procession. To

do this, one would search for mutations that disrupt folliculogenesis in the fetal and early postnatal,
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ovarian soma, and determine whether normal meiotic progression of oocytes through meiotic prophase

can still occur.

Future directions in identifying the gene expression programs of meiosis and gamete cellular

differentiation

Identifying sex-specific and -shared meiotic prophase factors from whole gonad data presents two main

challenges: separating germ cell from somatic expression (as described above) and separating the gene

expression programs of meiosis and gamete cellular differentiation. We were able to address these

problems to some extent computationally. In the future we would like to collect additional datasets that

will more cleanly address these challenges.

First, we must distinguish gene expression changes in germ cells from changes in somatic cells.

To some extent, we were able to separate expression changes in germ cells from those in the gonadal

soma by comparison to germ cell-depleted gonads. However, this method works best for genes expressed

specifically in germ cells, as somatic gene expression can interfere with our ability to detect up-regulation

in germ cells during meiotic prophase. Somatic gene expression presents a particular analysis challenge in

the fetal ovary, which has a lower ratio of germ cells to somatic cells than the postnatal testis. A natural

solution is to sort germ cells from soma. We are currently pursuing this in the male, using the

"synchronize, stage, and sort" method-3 S-described in chapter 3. We are also investigating methods of

sorting in the female.

Second, and much harder, we must disentangle the gene expression programs of meiosis and of

gamete cellular differentiation. Comparing male and female is an elegant solution for separating the sex-

shared meiotic program from sex-specific gamete differentiation; however, comparing male and female

does not help us identify sex-specific meiotic factors. Indeed, in the male we were unable to pull out

meiotic factors from the larger warm-up for gamete differentiation. A more detailed time-course of

meiotic prophase might help-perhaps meiotic factors and gamete differentiation factors have subtly
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different temporal patterns of gene expression. A theoretically elegant solution would be to use a mutant

that genetically dissociates meiosis and gamete differentiation. Such a mutant has not been identified in

the male; however, it might be interesting to transcriptionally profile Stra8-deficient female ovaries, in

which germ cells fail to initiate meiotic prophase but nevertheless undergo cellular differentiation into

oocyte-like cells (Dokshin 2013).

OVERALL CONCLUSIONS

We have presented three separate studies of the mitotic and early meiotic stages of spermatogonia. I point

to a few common themes and lessons.

The power, and limitations, of comparing the adult testis and the embryonic ovary

The adult testis and embryonic ovary are two strikingly different tissues, both of which contain germ cells

in meiotic prophase. Can we assume that any given gene will have the same function in male and female

meiotic prophase? Or, since the adult testis and embryonic ovary are such different tissues, should we

completely avoid extrapolation from one to the other? Our studies in chapters 2 and 4 demonstrate that

the truth lies between these two extremes.

The initial analysis of STRA8 jumped freely between the postnatal testis and embryonic ovary

(Anderson 2008; Baltus 2006; Menke 2003; Oulad-Abdelghani 1996), and indeed STRA8 was found to

have a common function in meiotic initiation in male and female. However, in chapter 2, we find that

STRA8 has a male-specific role in spermatogonial differentiation, in addition to its sex-shared role in

meiotic initiation, demonstrating the necessity of considering each sex carefully on its own.

Similarly, in chapter 4, we verify that most previously characterized meiotic factors have similar

patterns of up-regulation in both male and female, and we find that looking at genes upregulated in both

male and female meiosis is a potentially powerful approach for identifying novel meiotic factors. Here,

looking at overlap between male and female was essential for separating these meiotic genes from the
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confounding gamete cellular differentiation programs. At the same time, our comprehensive genome-wide

study demonstrates key differences between male and female meiosis, with the male meiotic program

being much larger than that of the female, and more closely intertwined with the gamete cellular

differentiation program.

Two powerful experimental tools

We present two experimental tools: in vivo perturbation of RA levels (chapters 2 and 3), and its

application to allow fine-grained separation of germ cell populations (chapter 3). Chapter 2 demonstrates

the power of in vivo chemical perturbations of RA. Genetic perturbations are generally present throughout

an animal's lifetime; over this long period, signaling pathways can compensate for the perturbation and

re-establish homeostasis. The RA signaling pathway, because its components are highly redundant, is

notorious for such compensation. Chemical perturbation enables a sudden, targeted manipulation of the

adult tissue, without time for adjustment. This may explain why RA and WIN18,446 had highly penetrant

effects on the testis in chapter 2, while mutants in the RA synthesis pathway and in RA receptors show

relatively minor defects (Gely-Pernot 2015).

We use this in vivo perturbation to synchronize spermatogenesis in chapter 3, enabling another

experimental technique; the fine-grained separation of different germ cell types based on developmental

time ("2S" and "3S"). Chapter 4 demonstrates an application of 2S. Whereas many previous profiles of

male meiotic prophase used fairly coarse bins, we managed to synchronize precisely at meiotic initiation

(STRA8-positive preleptotene spermatocytes), early meiotic prophase (leptotene) and mid meiotic

prophase (early pachytene). These enable us to identify a warm-up for post-meiotic differentiation, to

clearly show the major transcriptional differences between leptotene and pachytene spermatocytes, and to

perform a rigorous comparison with the naturally synchronous female meiotic prophase.
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The need to consider mitotic stages of spermatogenesis

Studies of spermatogenesis has disproportionately focused on the stem cell pool (Oatley and Brinster

2008) and of course on meiotic prophase and meiotic divisions. My work suggests that the mitotic

phase-specifically the transit-amplifying divisions of differentiating spermatogonia-merits more study

and consideration. The transit-amplifying divisions enable consistent and prodigious output of mature

spermatozoa. In chapter 2, we demonstrate that STRA8 regulates both spermatogonial differentiation,

which begins these transit-amplifying divisions, and meiotic initiation, which ends them. Thus, STRA8

ensures that spermatogonia undergo exactly six divisions over the course of exactly 8.6 days; this careful

regulation of the transit-amplifying divisions underscores their importance. Chapter 2 also shows a novel

functional change that occurs during these transit-amplifying divisions: acquisition of competence for

meiosis. Chapter 4, while focused on meiotic prophase, contains additional clues that the mitotic phase of

spermatogenesis is worth consideration. In particular, we identified a large group of genes that are

expressed pre-meiotically in the male but not in the female (Fig. 4.11), suggesting that some preparation

for meiosis occurs during these transit-amplifying divisions in the male. One reason why the mitotic

phase of spermatogenesis has not been extensively studied is that transit-amplifying spermatogonia are

difficult to isolate with existing sorting methods. 2S and 3S (chapter 3) provide a new way to separate

these cell types. These new tools point to a natural future research direction: careful profiling of the

mitotic phase of spermatogenesis.
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