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Abstract

Meiosis is a specialized cell division, generating haploid gametes during
gametogenesis for successful reproduction. Meiotic failure leads to infertility in
mammals. In humans, infertility has become a major social health issue with many
unknown genetic causes. Thus, in this work, we aimed to identify novel meiotic genes
required for mammalian gametogenesis for better clinically relevant diagnosis and
therapeutics. This work builds on the finding of several unannotated transcripts detected
in 14 dpp mouse testis that we predicted to be novel genes. To test this hypothesis, we
performed a sequential screen and eventually identified two novel meiotic prophase-
specific genes Bend2 and Usp44. Then, we went through characterizing their localization
in meiocytes using our in-house polyclonal antibodies and analyzing mutant mice
focusing on fertility and meiotic major events (synapsis and recombination). On one
hand, BEND2 is a BEN domain-containing protein likely involved in chromatin and
transcriptional regulation. BEND2 is highly expressed in nuclei from spermatogonia
until early pachytene during spermatogenesis, independently of either DSB formation or
completion of recombination. The deletion of BEND2 leads to a significant loss of
primordial follicles in adult females with reduced fertility but has minor effects on
spermatogenesis, despite increased apoptosis. BEND2 deficient meiocytes exhibited
normal synapsis and considerably increased yH2AX during late prophase. A subtle
change of RPA and RADs51 foci numbers and altered meiotic progression in Bend2 mutant
spermatocytes and a reduced CO number in Bend2 mutant oocytes were also found.
These results indicate BEND2 is required for female fertility but not male’s and the
BEND2 mutation leads to insufficient DSB repair during prophase. On the other hand,
USP44 is a deubiquitinating enzyme that localizes at synapsed chromosome axes during
meiotic prophase, in a SPO11- and DMCi-dependent manner. In the absence of USP44,
meiosis was arrested in most seminiferous tubules. Spermatocytes exhibited extensive
defects in homolog pairing and synapsis, substantial yH2AX signals persisted in
zygotene-like cells with accumulations of RPA and RADs5;1 foci, and only a minority of
spermatocytes progressed to the diplotene stage. These results suggest that USP44 is
essential for homolog pairing, synapsis, and DSB repair as well as male fertility. In
conclusion, our results confirm our approach is valid for identifying novel genes involved
in mammalian gametogenesis. Using this strategy, we successfully identified two novel
meiotic genes essential for mammalian fertility, thus providing new insights into
understanding, diagnosing, and treating human infertility.
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1.1. Gametogenesis

The perpetuation of most living beings and their genetic information across
generations relies on a critical biological process-gametogenesis. In mammals, this
process includes oogenesis and spermatogenesis, through both of which unipotent
diploid precursor cells develop into mature haploid gametes, egg in females, or sperm in
males. After fertilization, the united egg and sperm form the embryo that develops into
a new diploid organism carrying maternal and paternal genomic material.

Primordial germ cells (PGCs) are singled out as a cluster of germ cells at the
epiblast in early mouse embryonic development at ~E7.25 (Chiquoine 1954; Ginsburg,
Snow, and McLaren 1990). They are recruited from pluripotent embryonic cells and
specified by inductive signals arising from the surrounding tissue (Extavour and Akam
2003). From the epiblast, PGCs undergo migration along the elongating hindgut
endoderm and eventually colonize the developing gonads, the genital ridge, at Eio.5,
forming syncytia in which multiple cells share one cytoplasm. These arise due to PGCs
dividing by mitosis with incomplete cytokinesis (Molyneaux et al. 2001; R. Anderson et
al. 2000; Tam and Snow 1981; Western 2009).

During the migration period, PGCs proliferate rapidly and are transcriptionally
quiescent. Soon after the colonization of the developing gonads, PGCs enter a
transitional period. They switch from multipotential to bipotential and obtain the
competence to initiate sexual differentiation and meiosis (Lesch and Page 2012). At
around E12.5, the genital ridge develops into testes in males determined by the Y-
chromosome-encoded gene, Sry, while ovaries are formed in females due to the absence
of Sry (Y.-T. Lin and Capel 2015). Consequently, PGCs commit to divergent development
based on the cues from the somatic environment that female and male PGCs differentiate
to their specialized gamete precursors: oogonia and spermatogonia, to form eggs through
oogenesis or sperm through spermatogenesis (Edson, Nagaraja, and Matzuk 2009;

Griswold 2016) (Figure 1-1).
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Figure 1-1. Gametogenesis overview.

The schematic illustrates sexually dimorphic progressive events of gametogenesis in
mammalian males (left) and females (right). Red fonts indicate meiosis events. DNA content:
C value and number of sets of chromosomes: N value, ploidy. Sexually undifferentiated
primordial germ cells (PGCs) migrate and colonize at the fetal gonads. Soon, PGCs switch from
multipotential to bipotential, subsequently, sex-specific differentiation programs initiate. In
males (left panel), PGCs undergo a short mitotic proliferation after sex determination and then
arrest at the Go/G1 phase, forming quiescent gonocytes. After birth, gonocytes differentiate
into spermatogonial stem cells (SSCs)-As spermatogonia. SSCs either self-renew to maintain
the stem cell pool or differentiate into B spermatogonia, through Apr (progenitor
spermatogonia), Aal, Ai, A2, A3, A4, and In spermatogonia. B spermatogonia form
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preleptotene spermatocytes, thus initiating meiosis (depending on STRA8 expression).
Diploid spermatocytes proceed through prophase I and complete two rounds of cell division
without interruption, eventually generating haploid spermatids. Spermatids undergo
spermiogenic differentiation (spermiogenesis) to form spermatozoa. In females (right panel),
oogonia undergo mitotic proliferation, forming germ cell cysts. Oogonia in the cysts enter
meiotic prophase I during fetal development (depending on STRA8 expression). The diploid
oocytes complete meiotic recombination, forming primary oocyte arrested at the dictyate stage
around birth. Shortly after birth, as cysts breakdown, somatic pre-granulosa cells enclose
primary oocytes to form primordial follicles. Around puberty, primordial follicles are recruited
and activated to initiate follicular development with the growth of oocytes and the
proliferation of granulosa cells. which remains arrested at dictyate. Prior to ovulation, the
arrested oocytes resume meiosis and then arrest at metaphase 1. Upon ovulation, the first
meiotic division is completed and the first polar body (PB) is extruded into the space under the
zona pellucida. The ovulated oocytes arrest again, at metaphase II. Until fertilization, meiosis
resumes second meiotic division and extrusion of the second PB (the first PB rarely undergoes
its second division). Image adapted from Bolcun-Filas et al. 2018.

11.1. Meiotic entry

In mammals, meiotic initiation is sexually dimorphic and requires a switch-off
from the mitotic program (Handel and Schimenti 2010). In mice, meiosis initiates during
embryonic development in females (Ei2.5) but during the postnatal period in males.
Despite the difference in the entry timing, retinoic acid (RA) signaling is considered the
extrinsic key driver for initiating meiosis (Y. Lin et al. 2008; Raverdeau et al. 2012).
Intrinsic factors, such as the Stimulated by Retinoic Acid gene 8 genes (Stra8), are also
needed. Stra8 is a mammalian germ cell-specific gene required to induce the meiotic
program. It is expressed in embryonic ovaries (Menke, Koubova, and Page 2003) and the
postnatal testis before meiotic entry (Oulad-Abdelghani et al. 1996). Stra8 plays a crucial
role in regulating the meiotic initiation by responding to RA (E. L. Anderson et al. 2008;
Dokshin et al. 2013; Mark et al. 2008; Baltus et al. 2006).

During mouse embryonic development, germ cells obtain the competence to
respond to RA, which depends on the RNA-binding protein deleted in azoospermia-like
(DAZL) (Lesch and Page 2012; Soh et al. 2015). RA synthesizes in the mesonephric ducts
(Bowles et al. 2006), responsible for initiating female meiosis by inducing Stra8
expression (Baltus et al. 2006; Koubova et al. 2006a). In males, RA is degraded by
CYP26B1 (gene cytochrome P450, family 26, subfamily b, polypeptide 1) from male Sertoli
cells. Consequently, CYP26B1 prevents the induction of Stra8 and blocks the meiotic
entry (Bowles et al. 2006). Postnatally, the expression of CYP26B1 is repressed in male

gonads, which enables male spermatogenic precursors to respond to RA, expressing
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Stra8, and ultimately enter meiosis (Lesch and Page 2012; Koubova et al. 2006b; Bowles
etal. 2006; E. L. Anderson et al. 2008).

The exact RA-Stra8 meiotic initiation pathway remains elusive. A recent study
suggests that STRA8 may initiate meiosis in mice as a common factor in a broad
transcriptional network by binding and upregulating meiotic prophase I genes, G1-S cell-
cycle genes, and factors that specifically inhibit the mitotic program and germline-
specific genes (Kojima, De Rooij, and Page 2019). MEIOSIN, a recent-discovered factor,
seems to trigger meiosis initiation in mice. MEIOSIN works together with STRAS in the
same transcriptional complex. Both activate genes responsible for suppressing the
mitotic program and establishing a meiosis-specific chromosome structure under the
presence of RA (Oatley and Griswold 2020). Interestingly, it is also suggested that RA and
STRAS are not sufficient to induce meiosis in vitro in mouse primordial germ cell-like
cells (mPGCLCs) (Miyauchi et al. 2017). The BMP-ZGLP1 pathway, which activates critical
oogenic programs, is required to initiate meiosis synergistically with RA, contributing to
oogenic maturation and PGC program repression by employing the common
downstream effector STRA8 on mPGCLCs (Nagaoka et al. 2020). Besides, a STRA8
independent pathway is suggested for RA-mediated meiosis initiation, in which RA
directly promotes Rec8 expression (a component of cohesin complex) (Soh et al. 2015;
Koubova et al. 2014a). Apart from RA, some other regulators such as epigenetic restriction
(Yamaguchi et al. 2012; Yokobayashi et al. 2013; Endoh et al. 2017), DMRT1 (Matson et al.
2010), and MAX (Suzuki et al. 2016) are also thought to contribute to the meiotic entry

through negative controls.

1.1.2. Spermatogenesis

Mammalian male fertility requires millions of sperm produced daily by
continuous spermatogenesis throughout reproductive life. The continual
spermatogenesis is founded on a stem cell pool supplied by spermatogonial stem cells
(SSCs) (de Rooij and Russell 2000; Oatley and Brinster 2008). Spermatogenesis continues
with the mitotic expansion of spermatogonia, the meiotic divisions of spermatocytes,
and the morphological transformations of spermatids (Griswold 2016) (Figure 1-1).

SSCs are testis-specific stem cells derived from PGCs. In mice, male PGCs

undergo a short proliferation after sex determination and arrest at the Go/G1 phase at
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around E13.5, referred to as gonocytes (prospermatogonia). Around 3 dpp, gonocytes
migrate from the center of the seminiferous cords to the basement membrane, where
they differentiate into SSCs (McLean et al. 2003; Bellve et al. 1977). One subpopulation of
cells develops into morphologically distinct SSCs, which express Neurogenin 3 (NGN3)
and supply SSC for spermatogenesis during adulthood. The other subpopulation does
not pass through the NGN3-expressing stage and directly forms differentiating
spermatogonia, which initiates the first round of spermatogenesis (S. Yoshida et al. 2006).

SSCs are defined by their self-renewal capability to maintain the stem cell pool
and differentiation to support spermatogenesis. In mice, SSCs (As (A-single)
spermatogonia) undergo symmetric division to produce SSCs for self-renewal or
progenitor spermatogonia (Apr (A-paired) spermatogonia) for differentiation, which
marks the beginning of spermatogenesis. SSCs self-renewal predominate during the
neonatal period to establish a stem cell pool (Shinohara et al. 2001), but only occurs
periodically under steady-state conditions during adulthood to maintain the SCC pool
(Oatley and Brinster 2012). Progenitor spermatogonia divide into Aal spermatogonia,
together with the As and Apr spermatogonia forming the undifferentiated heterogenous
spermatogonia population. Aal spermatogonia give rise to differentiating A1
spermatogonia, which subsequently undergoes five rounds of mitotic cell divisions to
form differentiating A2, A3, A4, In (Intermediate), and B spermatogonia. B
spermatogonia result in preleptotene spermatocytes via a final round of mitosis and
initiate meiosis (Rato et al. 2012; Russell et al. 1993; de Rooij and Russell 2000).

Diploid spermatocytes proceed through meiosis, which starts with DNA
replication, followed by two rounds of cell division, resulting in haploid round
spermatids. Subsequently, these round spermatids undergo structural and functional
changes, including nuclear remodeling by chromatin condensation, removing the excess
cytoplasm, and forming an acrosome and a sperm tail (spermiogenesis) (Hermo et al.
2010; Lehti and Sironen 2016). As a result, spermatids become motile spermatozoa and
are released to the central seminiferous lumen (spermiation). Spermatozoa will complete
the final maturation to become fertilizable sperm in the epididymis.

Spermatogenesis is strictly controlled by hormone regulators such as RA,
follicle-stimulating hormone (FSH), luteinizing hormone (LH), and testosterone
globally (O’Donnell, Stanton, and de Kretser 2000; Kretser et al. 1998). Locally,

biochemical interactions between germ cells and somatic cells (de Rooij and Russell 2000)
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and sequential and coordinated gene expression programs also contribute to the
regulation of spermatogenesis (Bettegowda and Wilkinson 2010).

Spermatogenesis occurs within the seminiferous tubules of the testis, in which
germ cells in different stages of development are organized into a series of cell
associations, known as stages. For each stage, a particular spermatogonial cell type is
always associated with a specific stage of meiosis and spermatid development (O’'Donnell,
Stanton, and de Kretser 2000). In mouse testis, 12 stages have been identified and are
successively arranged along the length of the tubules showing a spatial continuity based
on the differentiation steps (Hasegawa and Saga 2012). A complete series of these stages
is termed the epithelial cycle, resulting in the release of mature spermatozoa. RA pulses
progressively stagger along the tubule and stimulate the spermatogonia to enter the
rigidly timed pathway committed to meiosis. This defines the seminiferous epithelial
cycle initiation and eventually enables the continuous release of spermatozoa (de Rooij
and Russell 2000).

The developing germ cells and Sertoli cells comprise the seminiferous
epithelium within the seminiferous tubules (Figure 1-2). Sertoli cells form tight junctions
at their base to separate the seminiferous epithelium into basal (where the
spermatogonial population resides) and the adluminal compartments (where the
meiotic and haploid germ cells reside). These tight junctions constitute the so-called
“blood-testis barrier” (BTB). The BTB restricts the entry of elements from the interstitial
space, such as immune cells and specific molecules, into the adluminal compartment.
Thus, the BTB is required to maintain homeostasis to develop meiotic and haploid germ
cells in the adluminal compartment (Oatley and Brinster 2008; O’Donnell, Stanton, and
de Kretser 2000). The BTB remodels periodically to ensure preleptone spermatocytes
enter the adluminal compartment to initiate meiosis. The effects of RA on Sertoli cells
are suggested to contribute to this remodeling through dynamic gene expressions
(Hasegawa and Saga 2012).

The interstitial tissue between the seminiferous tubules contains Leydig cells,
vascular network, and immune cells (Figure 1-2). The steroidogenic interstitial Leydig
cells secrete testosterone under the influence of LH. Testerone acts on various testicular
cells, including Sertoli cells, to stimulate and maintain germ cell development
throughout life and is required for spermatogenesis. Under the influence of FSH and

testosterone, Sertoli cells secrete paracrine factors (e.g. GDNF) and express cell-surface
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receptors needed to offer direct nourishment and support for spermatogenesis.
(Griswold 1998; Oatley and Brinster 2012; Hasegawa and Saga 2012). Besides, dynamic
gene expression through each stage strictly controls the extraordinarily complex
spermatogenesis process (Bettegowda and Wilkinson 2010). For instance, many germ
cell-specific transcripts resulting from the highly prevalent alternative splicing of mRNA
in the testis are required for the ordered germ cell development. Non-coding RNAs play
multiple roles in meiosis and spermiogenesis transcriptional regulation (O’Donnell,

Stanton, and de Kretser 2000).
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Figure 1-2. Schematic of testis cross section.

Major testis somatic and germ cell types are shown (left), along with select paracrine and
endocrine signaling molecules. FSH, follicle-stimulating hormone; LH, luteinizing hormone;
RA, Retinoic acid; T, testosterone; GDNF, Glial derived neutrophic factor. Zoom-in of
progression of spermatogenesis (right). BTB, blood-testis barrier. Image adapted from Larose
etal. 2019.

1.1.3. Oogenesis

Mammalian oogenesis begins during embryonic development and generates
primary oocytes assembled in primordial follicles perinatally. The establishment of the
pool of primordial follicles determines mammalian female fertility. Post-pubertally,
primordial follicles are recruited irreversibly and develop into mature follicles during the
estrous/menstrual cycle, eventually releasing mature and fertilizable oocytes. As a result,

the ovarian reserve is gradually reduced, defining a finite female reproductive life span
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(Kerr, Myers, and Anderson 2013; Hunter 2017; Wear, McPike, and Watanabe 2016; R. Li
and Albertini 2013; Ruth et al. 2021) (Figure 1-1).

In mice, after differentiation of PGCs, oogonia undergo mitotic divisions with
incomplete cytokinesis, forming germ cell cysts in which daughter cells are connected by
intercellular bridges (McLaren and Monk 1981; M E Pepling and Spradling 1998). On E13.5,
oogonia in the cysts initiate meiosis and eventually differentiate into primary oocytes,
arrested at dictyotene of meiotic prophase I perinatally (Borum 1961). After cyst
breakdown, primary oocytes are further enclosed in a layer of pre-granulosa cells,
forming primordial follicles by 4 dpp (Melissa E. Pepling and Spradling 2001).

The formation of primordial follicles is a complex process. It requires the
presence of germ cells (McLaren 1984) and involves communication between oocytes and
pre-granulosa cells (Melissa E. Pepling 2012). Multiple aspects have been suggested to
regulate the process, including transcription factors (Figa and FoxI2), signaling pathways
(Notch, TGFf, and Kit), steroid hormones estrogen, bisphenol-A (BPA), testosterone,
and progesterone (reviewed in Pepling, 2012).

In mammals, massive oocyte culling accompanies the oogenesis process for
primordial follicle pool setup. In humans, around six to seven million primary oocytes
enter meiosis during fetal development, with only one million oocytes remaining by birth
and approximately 250,000 at the onset of puberty (T. G. Baker 1963; Hunter 2017). In
mice, oocyte numbers begin to decline since Ei4.5, remain about half at birth, and
continue reducing postnatally. At 4 dpp, eventually, only 20% of fetal oocytes remain in
the ovaries (Martinez-Marchal et al. 2020; Malki et al. 2014; Hunter 2017).

The occurrence of this massive oocyte death has been indicated to be a
consequence of oocyte quality control (Hunter 2017). Oocytes with potential defects due
to the activation of LINE1 transposon are eliminated during embryonic development
(E15.5-18.5), leaving only oocytes with limited LINE1 activity (Malki et al. 2014).
Postnatally, oocyte culling occurs in response to errors in meiotic prophase I to remove
oocytes that might have chromosomal defects (Di Giacomo et al. 2005). Additionally, the
loss of oocytes is also suggested to be the self-sacrifice of nursing cells, which donate their
cytoplasm through intercellular transfer within the cysts before undergoing apoptosis.
Consequently, the surviving oocytes obtain most of the dying oocytes' cytoplasmic
content and organelles and become primary oocytes (Lei and Spradling 2016). Through

all these possible oocyte quality control processes, the most suitable oocytes are selected
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for the next generation.

Newly formed primordial follicles remain quiescent until puberty, except for
that a cohort of primordial follicles located at the anterior-dorsal region of mouse ovary
are activated to grow during the first week of postnatal development (so-called the first
wave of folliculogenesis) (Cordeiro et al. 2015). After puberty, quiescent primordial
follicles are recruited continually through primordial follicle activation to initiate
follicular development, forming primary follicles featured with a single-layer of cuboidal
granulosa cells (Lintern-Moore and Moore 1979).

The exact mechanisms regulating the recruitment of primordial follicles are not
well understood. Experimental evidence shows that the activation of primordial follicles
is likely under both stimulatory and inhibitory regulations, involving both intrinsic and
extrinsic factors (Larose et al. 2019; Durlinger et al. 2002). Potential inhibitory factors
have been suggested, including oocyte-extrinsic anti-Mullerian hormone (AMH)
(Durlinger et al. 2002), FOXL2 (Schmidt et al. 2004) and oocyte-intrinsic PTEN (Reddy
et al. 2008), and various transcription factors SOHLH1, SOHLH2, LHXS8, etc. (Pangas et
al. 2006; Y. Choi, Yuan, and Rajkovic 2008; Y. Choi et al. 2008). At the same time, stem
cell factor SCF, and growth factors GDFg, bFGF, and NGF are indicated to induce the
development of primordial follicles (Vitt et al. 2000; Nilsson, Parrott, and Skinner 2001;
Dissen et al. 2001; Durlinger et al. 2002).

Primary follicles continue developing through two phases: pre-antral and antral
phases. Primary follicles become secondary/pre-antral follicles with two or more layers
of granulosa cells through the pre-antral phase. The pre-antral phase development is
independent of gonadotropins and mainly regulated by autocrine and paracrine
signaling. Specifically, TGF-f3 family members play a crucial role in facilitating follicle
development at this phase, such as oocyte-secreted GDF-9 and BMP-15, activins, and
inhibins (Giinesdogan and Surani 2016; Namwanje and Brown 2016; C. Yan et al. 2001).

Through the antral phase, antral follicles are formed. These are characterized
by containing a granulosa cell-secreted fluid-filled cavity, called the antrum. Also, at this
stage, the granulosa cells consist of two populations — the cumulus cells and the mural
cells. The follicle development during this phase depends on gonadotropins FSH and LH
(Williams and Erickson 2000). FSH stimulates granulosa cells to proliferate and to secret
estrogen. LH stimulates the theca cells to produce progesterone and testosterone. More

importantly, the rise of the FSH level during the menstrual cycle allows the selection of
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dominant follicles, enabling only a few antral follicles to develop into ovulatory follicles
(Zeleznik 2004).

Since the initiation of follicular development, oocytes start to grow in size and
are transcriptionally and translationally active (Lintern-Moore and Moore 1979).
However, they remain arrested at the end of the meiotic prophase, marked by a large
nucleus-the germinal vesicle with a prominent nucleolus. When the follicles reach the
preovulatory stage, oocytes will resume meiosis and complete maturation in response to
LH surge, as seen by the germinal vesicle breakdown (R. Li and Albertini 2013).
Subsequently, oocytes arrest at metaphase Il upon ovulation and resume meiosis again
after fertilization, eventually generating a mature oocyte and two or three polar bodies
that will undergo apoptosis.

In developing follicles, the oocyte arrest is maintained by the combined effects
of the cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate
(cGMP). LH acts on mural granulosa cells, triggering a series of signaling cascades. This
results in a decrease of cGMP and cAMP in oocytes and thus reduced effects on oocyte
arrest, eventually initiating meiosis resumption (Jaffe and Egbert 2017; R. Li and Albertini
2013). Besides the nuclear maturation, which involves the haploidization of the genome,
the oocyte cytoplasm must also mature through major translational, post-translational,
and organellar modifications, which are essential for the completion of meiosis,

fertilization, and early embryonic development (reviewed in Li and Albertini, 2013).

11.4. Genetic cause of infertility

Successful reproduction requires precise regulations of complex processes
essential for the development of reproductive organs, gametogenesis, neuroendocrine
competency, and the ability to carry a pregnancy (S. A. Yatsenko and Rajkovic 2019).
Infertility, a common, multifactorial pathological condition defined as the inability to
establish a clinical pregnancy after at least one year of regular unprotected sexual
intercourse, affects approximately 50 million couples worldwide (Mascarenhas et al.
2012). Among the infertility cases with identified causes, one third is due to a female
factor, another third is due to a male factor, and the remaining third is due to combined
female and male factors (Mallepaly et al. 2017). Furthermore, genetic defects are

estimated to contribute to nearly 50% of these infertility cases. More unknown genetic
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causes are suggested in infertility and need to be uncovered (Zorrilla and Yatsenko 2013).

Male infertility derives etiologically from quantitative spermatogenic defects,
ductal obstruction or dysfunction, hypothalamic-pituitary axis dysfunction, and
qualitative spermatogenic defects (from most to least common) (Tournaye, Krausz, and
Oates 2017). Known genetic factors account for at least 15% of male infertility and involve
in all these etiological categories (Csilla Krausz and Riera-Escamilla 2018). Diagnosing
male infertility mainly relies on semen (and hormone) analysis, which results in two
major phenotypes of oligozoospermia (reduced sperm count) and azoospermia (no
spermatozoa in the ejaculate) (Tittelmann, Ruckert, and Ropke 2018). Qualitative
spermatogenic defects or ductal obstruction usually manifest as azoospermia, and
multiple genetic factors are validated as the causes. They include numerical and
structural chromosomal anomalies (e.g., Klinefelter’s syndrome, 46, XX male syndrome),
Y-chromosome micro-deletions (e.g., azoospermia factor (AZF) deletions), gene
mutations (e.g., TEXu deletions), and cystic fibrosis transmembrane conductance
regulator (CFTR) mutations (Csilla Krausz and Riera-Escamilla 2018). AZF deletions are
the most frequent genetic cause of azoospermia (C. Krausz et al. 2014). Most numerical
and structural chromosomal anomalies and TEXu deletions are thought to cause
spermatogenic defects due to errors during meiosis (Sun et al. 2007; A. N. Yatsenko et al.
2015; Yang et al. 2015). Currently, some of these genetic infertility causes can be clinically
diagnosed by widely applied analyses, such as karyotyping, AZF deletion screening, and
CFTR mutation analysis (Tournaye, Krausz, and Oates 2017).

Female infertility can result from a wide range of factors affecting ovarian
development, oocyte maturation, fertilization competence, and the potential of a
fertilized egg for implantation and development (S. A. Yatsenko and Rajkovic 2019).
Ovulation disorders are the leading cause of female infertility, which often occur as a
result of conditions classified into three categories: hypothalamic failure, dysfunction of
hypothalamic-pituitary-ovarian axis-mostly polycystic ovary syndrome (PCOS), and
primary ovarian insufficiency (POI) (National Institute for Health and Care Excellence
[NICE] 2013). Genetic factors are suggested to play a role in all these disorders. For
example, mutations of the GNRHR gene encoding the gonadotropin-releasing hormone
(GnRH) receptor and genes causing Kallmann syndrome have been identified in women
affected by hypothalamic amenorrhea. Alternations in multiple genes such as CYPi7y,

CYP19, LHCGR, DENNDIA are linked to PCOS, suggesting its polygenicity (reviewed in

28



Beke, 2019 ).

POI has become a significant cause of female infertility, which occurs due to
premature exhaustion of the primordial follicular pool in most cases (Rossetti et al. 2017).
The most common contributors to POI are the X chromosome-linked defects, in which
Turner syndrome (TS) is the primary cause for syndromic POI. In contrast, premutation
of the FMR1 (fragile X mental retardation 1) gene is the most common gene mutation
associated with non-syndromic POI. The absence of one X chromosome in TS causes
oocyte loss during early meiotic prophase and ovarian development, leading to ovarian
dysgenesis and primary amenorrhea since infancy (Fechner et al. 2006). How FMR1
premutation leads to POI is not clear yet. It’s possibly due to the insufficiency of
necessary proteins for oocyte development or follicle development and survival resulting
from FMR1 premutation (Rossetti et al. 2017). Identification of the causative genetic
alterations in POI patients is beneficial for her female relatives, who can undertake
precautionary measures (e.g., egg freezing, embryo cryopreservation, anticipated
pregnancy planning, etc.) in case of being positive in the genetic screening (Rossetti et
al. 2017). This perspective is becoming increasingly important due to the modern
tendency to delay childbirth in societies.

Despite the revealed genetic factors contributing to female and male infertility,
the genetic causes remain unexplained for the majority of infertility cases, including
idiopathic infertility cases, which are identified in 25-30% infertility couples and likely
have a genetic etiology (Mallepaly et al. 2017; S. Smith, Pfeifer, and Collins 2003).
Furthermore, with the increasing use of assisted reproductive technology (ART), which
removes the natural barrier to egg fertilization, the concerns about its safety and possible
adverse outcomes are rising (M. J. Davies et al. 2012). Diagnosing the genetic causes of
infertility becomes more clinically significant for infertility treatment and the health of
patients and their children. Thus, identifying unknown genes involved in mammalian
gametogenesis, which could contribute to human infertility, is demanding and essential

for clinical infertility diagnosis in the near future.
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1.2. Meiosis

1.2.1. Meiosis overview

Meiosis is a specialized cell division critical for gametogenesis in all sexually
reproducing organisms. Through meiosis, a diploid parental cell gives rise to haploid
daughter cells, and this is achieved by a single round of DNA replication followed by two
rounds of cell divisions (Kleckner 1996). In mammals, homologous chromosomes
separate during the first division (meiosis I), and sister chromatids separate during the
second division (meiosis II) analogously to mitosis, resulting in the generation of haploid
cells.

Consistent with the sexually dimorphic features of gametogenesis, meiosis
exhibits substantial sexual dimorphism in mammals, including the different timing of
meiosis (Handel and Eppig 1997; Morelli and Cohen 2005). In females, meiosis is
initiated roughly at the same time in all germ cells during fetal development.
Subsequently, arrest at the end of meiotic prophase I (dictyotene stage) around the time
of birth and resume to produce eggs periodically after puberty over a defined
reproductive lifetime. In contrast, male meiosis is initiated in separate cohorts of germ
cells after the onset of puberty and provides continuous sperm production throughout
most of adult life (Feng, Bowles and Koopman, 2014). The two meiotic cell divisions in
males are consecutive and result in four identical haploid sperm from each
spermatogonium that initiates meiosis. On the contrary, female meiosis I do not
complete until ovulation, and meiosis II only occurs under the trigger of fertilization,
eventually generating one haploid oocyte from one oogonium (Bolcun-Filas and Handel
2018).

Meiosis is characterized by extended prophase I. The meiotic recombination
(MR), comprised of the formation and repair of programmed DNA double-strand breaks
(DSBs), occurs during this stage. MR results in crossovers (COs) forming with reciprocal
exchange of chromosome arms flanking the DSB site. COs establish the connections
between homologous chromosomes to ensure their accurate segregation at meiosis [ and
reshuffle parental alleles to increase genetic diversity in offspring. (Hunter 2015; Lam and
Keeney 2015).

MR initiates in early prophase I with the formation of numerous DNA DSBs
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catalyzed by the conserved SPOu protein (Scott Keeney 2001). DSB ends undergo
resection and generate 3’ ssDNA ends, subsequently bound by the RecA family of strand
exchange proteins (DMCi1, RADs51) (San Filippo, Sung, and Klein 2008). This protein
nucleofilament searches and invades homologous repair templates, initiating the repair
pathways to form COs or non-crossovers (NCOs, with no exchange of flanking parental
sequences) (S. Keeney and Neale 2006; Hunter 2015). Most COs arise from the resolution
of double Holliday junction (dHJ) intermediates and are evenly distributed subject to a
known process called CO interference (Berchowitz and Copenhaver 2010). In contrast,
most NCOs are formed by synthesis-dependent strand annealing (SDSA) (Hunter 2015).
NCOs promote homolog pairing while COs provide physical linkages between homologs.
COs coupled with cohesion between sister chromatids ensure the correct homolog
orientation on the meiotic spindle and proper segregation in meiosis I (Bolcun-Filas and
Handel 2018; Van Heemst and Heyting 2000).

Meiotic recombination is tightly integrated with a highly-organized and
dynamic chromosome structure during meiotic prophase I (D Zickler and Kleckner1999).
According to the chromosome morphology, the meiotic prophase is divided into five
substages (leptonema, zygonema, pachynema, diplonema, and diakinesis) (Figure 1-3).
During leptonema, the chromatin condenses at the developing chromosomal axes, and
recombination initiates. The axes provide a rod-like center for the loops of every pair of
chromatids to anchor. This well-defined loop-axis structure is essential for DSB
formation and repair template choice (Subramanian and Hochwagen 2014). During
zygonema, homologs begin to pair, and synapsis initiates, forming a tripartite
proteinaceous scaffold, the synaptonemal complex (SC), between the paired homologous
chromosomes to create their intimate association. Pachynema starts when an SC is
formed along the entire length of all homologous chromosomes. During pachynema,
recombination completes the final steps in the context of SC. At diplonema, the SCs
dissemble between homologs. At diakinesis, bivalents are highly condensed and only
remain connected by chiasmata, the cytological manifestation of COs. Subsequently,
homologous chromosomes segregate, and the first meiotic division completes with
maternal and paternal chromosomes separated into daughter cells. The second meiotic
division is similar to mitosis, during which sister chromatids separate and haploid
gametes generate.

Meiosis must be carefully monitored to preserve the order of meiotic events and
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avoid producing aberrant chromosomes and defective gametes (Subramanian and
Hochwagen 2014). In mice, surveillance mechanisms monitor recombination and
synapsis at the pachytene stage (meiotic checkpoint) (Roeder 2000) and control bipolar
attachment to the spindle at metaphase I (the spindle assembly checkpoint, SAC) (Touati

and Wassmann 2016).

1.2.2. Meiotic chromosomes and the synaptonemal complex (SC)

1.2.2.1. Meiotic chromosome axis

After DNA replication in the pre-meiotic S-phase, each pair of sister chromatids
are tightly held together by cohesin complexes, comprising meiotic homologous
chromosomes, which are also known as homologs. The chromatin of sister chromatids is
organized in a linear array of loops emanating from a chromosome axis, forming the
meiotic axis-loop organization, which allows the possible close juxtaposition of homolog
axes during meiotic prophase (Zickler and Kleckner, 2015). In mammals, there are several
components of the chromosome axis, including meiosis-specific cohesin complexes (J.
Lee et al. 2003; J. Lee and Hirano 2011; Ekaterina Revenkova et al. 2004; Prieto et al. 2001),
the axial element proteins (AEs)(Lammers et al. 1994; Offenberg et al. 1998), and the
HORMA domain containing proteins (HORMADs) (Wojtasz et al., 2009) (Figure 1-3).

Axial proteins-The cohesin complex

The cohesin complex is an evolutionary conserved multi-protein complex that
binds to DNA and mediates the cohesion between sister chromatids (Nasmyth and
Haering 2009). Although the cohesin complex is essential for faithful chromosome
segregation in mitosis and meiosis, it differs in meiosis from mitosis in respect of their
components and functions (K. ichiro Ishiguro 2019) (Figure 1-4).

In mammalian somatic cells, the cohesin complex comprises four conserved
core subunits: the structural maintenance of chromosomes (SMC) protein, SMCi and
SM(3, the kleisin family protein RAD21, and either one of the two accessory protein SA1
or SA2 (reviewed in (Nasmyth and Haering 2009) (Figure 1-4).. Cohesins are loaded onto
the chromatin before DNA replication and establish cohesion during DNA replication

with the help of several cohesion-associated proteins (reviewed in
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Figure 1-3. Meiotic chromosomal axis.

This schematic representation illustrates chromosome dynamics during meiotic prophase I
(upper) and the organization of the chromosomal axis and synaptonemal complex (SC)
(lower). Each meiotic homolog chromosome consists of two sister chromatids (darker and
lighter blue or red) connected by cohesins. Cohesins load onto chromatin, forming cohesion
core axis, where chromatin of sister chromatids are progressively organized as loops. During
leptonema, axial elements (AEs) develop along this cohesion core axis. During zygonema,
synapsis is initiated between subtelomeric regions; this synapsis gradually extends along with
the entire AE as two layers of transverse filaments (TFs) and the central element (CE) of the
SC are installed between the AEs. AEs are then designated as lateral elements (LEs) of SC.
Throughout zygonema, HORMAD proteins disappear from axial regions where the deposition
of the CE occurs. By pachynema, homologous chromosomes are fully synapsed, except for the
heteromorphic X and Y chromosomes in the male. Sex chromosomes synapse only in a short
pseudoautosomal region and form a transcriptionally silent chromatin compartment known
as the sex body (yellow in upper panel). By the end of pachynema, all DSBs are repaired. Finally,
during diplonema, the CE is disassembled and homologous chromosomes are held together
by chiasmata. At this time, HORMAD proteins reload onto the desynapsed axes. From
diplonema, spermatocytes progress to metaphase I, completing meiotic divisions without
interruption, while in contrast, oocytes arrest at the dictyate stage until meiotic resumption
around puberty. Image adapted from Bolcun-Filas et al. 2018.

Ishiguro, 2019). Subsequently, as cohesins are removed from chromosomes through
mitosis, cohesion between sister chromatids is lost. The removal of cohesins occurs first
during prophase, leading the bulk of cohesins disassociated from chromosome arms

through the so-called prophase pathway mediated by Polo-like kinase 1 (Plki/Plx1) and
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Wapl (Gandhi, Gillespie, and Hirano 2006; Kueng et al. 2006). The small amounts of
cohesin at centromeres are protected and will not be cleaved until anaphase I by separase
(Sakuno and Watanabe 2009). In mitosis, apart from facilitating chromosome
segregation through significant effects on chromosome alignment and bipolar
attachment, the cohesin complex also contributes to transcriptional regulation by
collaborating with insulator-binding factor, CTCF, and transcriptional coactivator,
Mediator (Wendt et al. 2008; Kagey et al. 2010).

In mammalian germ cells, in addition to the four somatic core subunits (SMCiq,
SMC(C3, RADz21, and SA1/ SA2), the cohesin complex contains other five meiosis-specific
subunits: REC8 (J. Lee et al. 2003) and RAD2i1L (J. Lee and Hirano 2011), SMCif3 (E.
Revenkova et al. 2001) and SA3/STAG3 (Prieto et al. 2001). SMC1f and SA3 replace most
SMCiax and SA1/SAz2 in cohesin complexes during meiosis (E. Revenkova et al. 2001; Prieto
et al. 2001). SMCiat and/or SAz2 are only found in a small portion of the cohesin complex
in spermatocytes with unclear functions (Ekaterina Revenkova et al. 2004). These
meiosis-specific and canonical somatic subunits combine into three types of cohesin
complexes in germ cells: REC8-, RAD21L- and RAD2i-type. Each class contains a
different kleisin subunit (REC8, RAD21L, or RAD21) and three common subunits SA3,
SMC1f, and SMC3 (K. I. Ishiguro et al. 2011; J. Lee and Hirano 20m1) (Figure 1-4). The
REC8-type cohesin complex is loaded along chromosomes before or during DNA
replication (preleptotene) and persists throughout prophase I. Later, REC8-containing
cohesion complexes are removed from chromosome arms by separase at anaphase I. But
they persist at centromeres until metaphase II (Kudo et al. 2009). Differently, the
RAD21L-type cohesin complex mostly appears on chromosomes after DNA replication,
reaches a peak around leptotene/zygotene, and dissociates from chromosomes after late
pachytene. The removal of RAD21L-type cohesin is mediated by WAPL (Briefio-Enriquez
et al. 2016), a process that is conserved in multiple organisms (K. ichiro Ishiguro 2019)
and has similar mechanisms to the prophase pathway in mitosis (Gandhi, Gillespie, and
Hirano 2006; Kueng et al. 2006). In sharp contrast to REC8 and RAD21L, RAD21 does not
appear on chromosomes until late pachytene, concomitantly with the dissociation of
RAD21L. RAD21 dissociates from chromosomes at the diplotene stage in spermatocytes,
remaining only at the centromeres until metaphase I (K. I. Ishiguro et al. 2011; J. Lee and
Hirano 20m; Parra et al. 2004). Like mitotic cohesins, meiotic cohesins facilitate

chromosome segregation through effects on chromosome alignment and bipolar
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attachment. Moreover, the role of meiotic cohesion in regulating gene transcription has
also been inferred recently. Meiotic cohesins are suggested to collaborate with CTCF to
establish transcriptional hubs for early embryonic development in meiotic prophase I

and fine-tuning subsequent spermatogenesis progression (Vara et al. 2019).

Mitotic cohesin Meiotic cohesin
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Figure 1-4. The cohesin complex in mitosis and meiosis

Mitotic cohesin contains four core subunits, SMCia, SMC3, the kleisin family protein RAD21,
and SA1 or SAz. Differently, the meiotic cohesin complex has two meiosis-specific kleisin
subunits, REC8 and RAD2ilL, and two meiosis-specific cohesin subunits, SMC1f3 and SA3,
which substitute SMCioc and SA1/SAz2 respectively.

Axial proteins - The HORMADs

HORMAD1 and HORMAD2 are mammalian members of the meiotic
HORMAD family (Wojtasz et al. 2009), characterized by the conserved N-terminal
HORMA (Hopi, Revy, Mad2) domain that interacts with short sequence motifs termed
‘closure motifs’ (Rosenberg and Corbett 2015). They play crucial roles in DSB and CO
formation and meiotic chromosomal behaviors in various organisms (West et al. 2019).

In mice, HORMADs load onto the chromosome axes during leptotene (Figure
1-3). As cells progress to pachytene, HORMADs disappear from synapsed regions and
precisely localize on unsynapsed regions of homologous axes. In males, HORMADs
accumulate on unsynapsed regions of XY chromosomes in pachytene and diplotene cells.
Interestingly, HORMAD:1 reloads onto desynapsed autosomal axes in diplotene
spermatocytes. In females, because the two X chromosomes fully synapse during

pachytene, HORMADs are barely detected on chromosomes. However, during diplotene,

35



not only HORMAD;:, but also HORMAD:2 substantially appear on desynapsed axes in
oocytes (Wojtasz et al. 2009; Fukuda et al. 2010; Kogo, Tsutsumi, Inagaki, et al. 2012).

The assembly of HORMADs on the meiotic chromosome axis is mediated
through binding their N-terminal HORMA domains to closure motifs from both their C-
termini and other meiotic chromosome axis proteins (Kim et al. 2014). The depletion of
HORMADs from synapsed chromosome axes depends on the meiosis-specific AAA+
ATPase-TRIP13. This is revealed by the fact that HORMAD1 and-2 substantially remain
on nearly entirely synapsed chromosome axes in TRIP13 defective cells (Wojtasz et al.
2009; Roig et al. 2010; Kogo, Tsutsumi, Inagaki, et al. 2012). The unfolding of the N-
termini of HORMADs might contribute to this removal of HORMADs by TRIP13 (Ye et
al. 2017).

AE is a proteinaceous structure whose main components, SYCP2 and SYCP3,
load along the sister chromatid axis, forming a continuous linear structure at leptotene
(Figure 1-3). As homologous chromosomes physically pair and recombine, other proteins
associate with AEs creating the tripartite SC, and AEs are integrated as SC’s lateral
elements (LEs). During meiotic prophase I, the cohesin complexes play specialized roles
in forming AEs and the SC assembly in addition to its role in chromosome segregation as
in mitosis (Cahoon and Hawley 2016). The HORMADs are also responsible for SC
development, and required for DSB formation and homolog-directed DSB repair (Shin
et al. 2010; Daniel et al. 2011; Kogo, Tsutsumi, Ohye, et al. 2012; Kogo, Tsutsumi, Inagaki,
et al. 2012; Roig et al. 2010; Wojtasz et al. 2012). Additionally, HORMADs are part of the
surveillance mechanisms that control homologous chromosome synapsis (Paigen and
Petkov 2018a; Ichijima et al. 2011; Wojtasz et al. 2012; Kogo, Tsutsumi, Inagaki, et al. 2012).

The details of these roles will be explained in the following sections.

1.2.2.2. Homologous chromosomes dynamics

During meiotic prophase I, paternal and maternal homologs progressively
coalign with each other (pairing), concomitantly with the condensation of individual
chromosomes. Subsequently, homologs form an intimate association (synapsis) as the
SC installs between closely-aligned homologous axes along their lengths. After
homologous recombination is completed in the SC context, SC disassembly is followed

by the segregation of bivalent homologs ensured by their inter-homologous connections
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(Denise Zickler and Kleckner 2015) (Figure 1-3).

In some organisms (e.g., Neurospora, Coprinus, and higher plants), all homolog
pairs complete close alignments before SC formation. Differently, in budding yeast and
mammals, synapsis initiates concomitantly with the pairing of homologs in zygotene.
Namely, the central region (CR) proteins assemble along segmentally aligned homolog
axes (Zickler 2006). Synapsis often initiates at the telomeres and several interstitial sites
of DSB-mediated inter-homolog associations along chromosomes (Fung et al. 2004).
Once initiates, synapsis quickly spreads into both directions in a zipper-like manner and
is completed at pachytene as the SC is fully assembled between paired homologs (Fraune
et al. 2012). In mice and several organisms with metacentric chromosomes, including
humans, centromeres are the last regions to synapse (Roig et al. 2010; Qiao et al. 2012;
Bisig et al. 2012).

The last recombination steps occur in the SC context, which further helps keep
the homologs in association, generating COs at the end of pachytene. Subsequently, the
SC disassembles throughout late prophase (diplotene and diakinesis) accompanied by
changes in chromosome compaction and the configuration of additional proteins
regulating the release of cohesin between sister chromatids at meiosis I (Gao and
Colaidcovo 2018), resulting in the characteristic cruciform bivalents by late diakinesis.
The separated homologs remain connected by chiasmata. Chiasmata persist until the
chromosome arm cohesion is cleaved at the anaphase I. Chiasmata ensure correct
segregation under tension at meiosis I by allowing homolog pairs to stably bi-orient at
the metaphase I spindle (Handel and Schimenti 2010). Differently, the segregation of
meiosis II is ensured by the centromeric cohesion of the sister chromatids (K. ichiro

Ishiguro 2019).

Homolog pairing

The loop-axis chromosome organization, with the chromatin emanating from
the same side of the axis, makes possible close alignment of homolog axes (Denise Zickler
and Kleckner 2015). But how these DNA molecules can achieve base-pair resolution of
pairing in the complex architecture is still limitedly understood. Several regulation layers
have been suggested to promote homolog pairing, including meiotic recombination and
dynamic chromosome movement (Bolcun-Filas and Handel 2018).

In most organisms, including mammals, recombination initiated by SPOu-
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induced DSBs plays a central role in the meiotic program, according to which DSBs are
essential for efficient homolog pairing and synapsis(Baudat, Imai, and De Massy 2013;
Gerton and Hawley 2005; Denise Zickler and Kleckner 2015). In yeast and mice, DSB
numbers are correlated with the extent of homolog pairing and SC formation (Kauppi et
al. 2013; Henderson and Keeney 2004). DSB repair mediates homology search within the
nucleus to recognize the homolog in early prophase I and initiates interhomolog
interactions, promoting close juxtaposition of homolog axes. The close juxtaposition of
homolog axes can be cytologically seen as bridges between the homolog axes (D Zickler
and Kleckner 1999). Recombinational interactions occur at these bridging sites and
further facilitate the overall chromosome pairing by associating the recombination
machinery with the chromosome axis. (Denise Zickler and Kleckner 2015). Reduction in
DSB numbers impairs homology search and homolog alignment, eventually leading to
delayed and even nonhomologous synapsis (Kauppi et al. 2013). Thus, although DSBs are
not essentially required for SC assembly, they are needed for proper SC formation
between paired homologous chromosomes (Baudat et al. 2000; Romanienko and
Camerini-Otero 2000).

Other DSB-independent mechanisms support homolog pairing by bringing
chromosomes together and enhancing local homolog interactions (Bolcun-Filas and
Handel 2018). During the pre-meiotic interphase, a global DSB-independent homolog
pairing is established before DSB formation, and the pairing at telomere persists in the
early meiotic prophase. This global pre-DSB pairing depends on meiotic cohesin REC8
(K. L. Ishiguro et al. 2014) and SPOu protein but is independent of its role in DSB
formation (Boateng et al. 2013). The global pre-DBS pairing reduces the complexity of
homology scanning and the likelihood of entanglement, promoting DSB-mediated
homolog pairing (Denise Zickler and Kleckner 2015).

Later during the leptotene/zygotene stage, telomeric regions cluster at a
particular zone of the nuclear envelope, forming the “bouquet” (Scherthan 2001), and
undergo rapid movements, facilitating alignment and pairing of homologous
chromosomes. These quick telomere-led movements are mediated by SUN and KASH
domain proteins, which transmit forces generated by the cytoskeleton across NE to
telomeres (Burke 2018; C. Y. Lee et al. 2015). Meiotic cohesin proteins SA3 and RAD2iL
have also been suggested to be involved in ‘bouquet’ organization and its movement. SA3

transmits the driving force for the chromosome movement by connecting the
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chromosome axis with the telomere-binding protein TERB1 (Shibuya et al., 2014). On the
other hand, RAD2iL plays a dominant role in bouquet exit. Rad21l’- spermatocytes
exhibit prolonged telomere clustering along their nuclear membrane and defects in
homologous pairing (K. I. Ishiguro et al. 2014). The telomere-led fast movements likely
facilitate homolog pairing by bringing homologous DNA sequences to close proximity as
pre-DSB pairing and promoting the resolution of entanglements (Denise Zickler and

Kleckner 2015).

1.2.2.3. The synaptonemal complex and its role

Synaptonemal complex components

In eukaryotes, the SC is a highly conserved meiosis-specific feature in function
and structure. The SC serves as the scaffold for the close juxtaposition of homologous
chromosomes and is intimately associated with chromosome pairing, synapsis, and
recombination (Gao and Colaidcovo 2018; Cahoon and Hawley 2016; Fraune et al. 2012;
Geisinger and Benavente 2017).

Fully formed SC is revealed as a tripartite structure by electron microscopy,
consisting of two LEs that run along the electron-dense chromatin and flank a CR (Moses
1969), composed of a central element (CE) and numerous transverse filaments (TFs). LEs
assemble onto meiotic chromosome axes (referred to as AEs before SC assembly). TFs
span the central region and bridge the parallel homologous axes. CEs line along the
center of the SC and are thought to help stabilize the structure. (Figure 1-3) In mammals,
eight meiotic-specific SC proteins have been identified and characterized so far
(Schiicker, Sauer, and Benavente 2018): SYCP2 and SYCP3 as the LE proteins (Lammers
et al. 1994; Offenberg et al. 1998); SYCP1 as the TF protein (Meuwissen et al. 1992), and
SYCE4, SYCEz2, SYCE3, TEX12, and SIX60S1 as the CE proteins (Costa et al. 2005; Hamer
et al. 2006; Schramm et al. 2011; Gdmez-H et al. 2016).

Although the general structure is highly conserved across yeasts and mammals,
SC proteins share little similarity at the amino acid sequence level (Grishaeva and
Bogdanov 2014; Fraune et al. 2016). The structural and functional conservation observed
for the SC might be attributed to some conserved protein features and similarities in the
SC organization, e.g., the coiled-coil domains (Gao and Colaidcovo 2018). The coiled-coil

domains possess the capability of homotypic and heterotypic protein interactions
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(Newman, Wolf, and Kim 2000). They are found in CR and LE components across many
species (Cahoon and Hawley 2016; Baier, Alsheimer, and Benavente 2007). Moreover,
some of these coiled-coil domain-containing proteins, such as mammalian SYCP1 and
SYCP3, can self-organize to higher-order structures in the absence of other SC
components, thereby probably providing a platform for SC assembly (Fraune et al. 2016;
Gao and Colaidcovo 2018).

SYCP2 binds to SYCP3 through its C-terminal coiled-coil domain (Yang et al.
2006) and oligomerizes into filaments in vitro (West et al. 2019). SYCP2 is speculated to
associate with cohesin complex to mediate the anchoring of chromatin loops to the axis
through the N-terminal domain (Feng et al. 2017; Xu et al. 2019). It possesses 'closure
motifs' responsible for HORMADs recruitment (West et al. 2019).

SYCP1 and SYCP3 can self-assembly, forming higher-order structures in the
absence of the other SC components, thereby considered the two bona fide structural
proteins (Ollinger, Alsheimer, and Benavente 2005; Fraune et al. 2012; Yuan et al. 19098).
SYCP3 is the main component of the LEs, which can form thin fibrils in vitro (Yuan et al.
1998). Its coiled-coil domain and the short flanking sequences at the C-terminal region
are essential for polymerization (Baier, Alsheimer, and Benavente 2007). Interestingly,
SYCP3 codes for two isoforms rather than one in mice and rats, as in most other species.
The shorter isoform is conserved among metazoans. The longer isoform, containing an
extra N-terminal domain, appeared after the mouse and rat separated from the hamster
lineage 15 million years ago with unclear properties (Alsheimer et al. 2010).

SYCP1 contains a large coiled-coil domain and constitutes the major part of TFs
in dimers or tetramers (Meuwissen et al. 1992). Its C-termini is positioned in the LEs
(Schiicker et al. 2015) and interacts with SYCP2 (Winkel et al. 2009). In contrast, the N-
termini is located in the CEs (J. G. Liu et al. 1996), thereby mediating homologs synapsis.
SYCP1 is proposed to act as a structural framework for the CR assembly of the SC (Ollinger,
Alsheimer, and Benavente 2005). It spans the distance between the homologs, probably
with the help of other CR proteins (J. G. Liu et al. 1996). The width of the SC is
approximately go-150 nm in all species, and SYCP1 appears to be its primary determinant
(Ollinger, Alsheimer, and Benavente 2005).

Among the five CE proteins, SYCE1 and SYCE3 are essential for synapsis
initiation, likely through contacting the TFs of homologs (Schramm et al. 2011; Costa et

al. 2005; Bolcun-Filas et al. 2009). SYCE2 and TEXi2 are required to propagate synapsis
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by spreading along the entire length of the axes from the initiation sites (Bolcun-Filas et
al. 2007; Hamer et al. 2008; O. R. Davies, Maman, and Pellegrini 2012). These CE proteins
contain a predicted coiled-coil domain, and they interact interdependently to promote
the assembly and stabilization of the SC (Geisinger and Benavente 2017; Cahoon and
Hawley 2016). All these CR proteins are required for fertility in female and male mice,
unlike LE proteins. Knockout SYCP2 or SYCP3 leads to sterile males but subfertility in
females, whereas mutant mice lack any CR proteins (SYCP1, SYCE1, SYCE2, SYCE3, and

SIX60S1) are infertile (Yang et al. 2006; Bolcun-Filas et al. 2007; Gomez-H et al. 2016).

Synaptonemal complex assembly and disassembly

The SC undergoes a dynamic cycle through its assembly, a highly dynamic
steady-state, and disassembly (Gao and Colaidcovo 2018). The SC is assembled by
integrating its CR proteins to connect two LEs, a poorly understood process that might
occur in different ways in different organisms because of the divergent component
protein sequences in various organisms (Cahoon and Hawley 2016). At pachytene, the SC
is fully assembled between all the paired homologs. Interestingly, studies in yeast and
worms indicated that the SC is not static but highly dynamic during early pachytene
(Voelkel-Meiman et al. 2012; Pattabiraman et al. 2017). The SC shifts to a more stable state
in late pachytene as recombination progresses. After CO formation, the SC starts to
disassemble asymmetrically throughout the late prophase. Certain SC proteins are
retained at specific chromosome subdomains until late prophase I, facilitating proper
homolog segregation at meiosis (Obeso, Pezza, and Dawson 2014).

A picture of how SC proteins are assembled in order has been inferred from
studies in knockout mice, although SC assembly mechanisms' details are not well
elucidated (Geisinger and Benavente 2017; Fraune et al. 2012). During meiotic prophase
I, each pair of sister chromatids are held together by the inter cohesin complex and
organized into a chromosome axis (D Zickler and Kleckner 1999). The cohesin proteins
appear during the pre-meiotic S phase or early leptonema and act as a framework for the
AE assembly (Pelttari et al. 2001; K. ichiro Ishiguro 2019). The AE/LE proteins: SYCP2 and
SYCP3 first appear to load along with the cohesion complex during leptotene together
with chromosomal proteins HORMADs (Wojtasz et al. 2009)a and create the
chromosome axis by establishing the loop-axis meiotic chromatin structure (Yang et al.

2006; Yuan et al. 2000; D Zickler and Kleckner 1999). Then, the CR proteins: SYCP1,
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SYCE3, SYCE1, which are essential for synapsis initiation, are assembled between the AEs
in sequence: the TF protein SYCP1 first associates with the AEs, likely through interacting
with SYCP2 (Schiicker et al. 2015; Winkel et al. 2009); and then SYCE3 is required
downstream through direct interaction with SYCP1 (Schramm et al. 2011; Hernandez-
Herndndez et al. 2016). Subsequently, SYCEx1 is loaded likely through interacting with
SYCE3 (J. Lu et al. 2014). Additionally, SYCE1 interacts and stabilizes SYCP1 (Costa et al.
2005). Recently, a novel CE protein SIX60S1 has been shown to bind SYCE1 through its
N-terminal half and suggested to be required downstream of SYCP1, at a similar hierarchy
level to SYCE3 (Gomez -H et al., 2016b). Finally, synapsis spread along the entire length
of homolog axes with the required loading of SYCE2 and TEXi2 (Hamer et al. 2006),
which are thought to be recruited as hetero-octameric complexes (O. R. Davies, Maman,
and Pellegrini 2012) and interact with the SC through SYCE2 binding to SYCP1, SYCE3
and SYCE1 (Costa et al. 2005; Bolcun-Filas et al. 2007; Schramm et al. 2011).

The SC is completely assembled at the interface of nearly all lengthwise-aligned
homologous chromosome pairs in pachytene cells. And this SC structure is thought to be
dynamic in yeast and C.elegans (Voelkel-Meiman et al. 2012; Pattabiraman et al. 2017).
After CO formation, SCs start to disassemble as SYCP1 is lost from chromosome arms in
diplotene. But SC fragments remain at CO sites, presumably to coordinate local
chromosome organization and separate the homologous axes, and centromeres, until
diakinesis (Qiao et al. 2012; Bisig et al. 2012). After removing SYCP1 from the centromeres,
SYCP3 accumulates and persists in these regions until late diplotene, before the nuclear-
envelope breakdown. It has been speculated that SYCP3 may promote proper centromere
bi-orientation leading to appropriate homolog segregation (Bisig et al. 2012; Qiao et al.

2012).

Synaptonemal complex regulation

Multiple layers of regulation are imposed on the SC formation and disassembly
dynamics to coordinate these mechanisms with the homologous recombination in
various organisms (Gao and Colaidcovo 2018; Denise Zickler and Kleckner 2015). These
include the regulation from structural axial protein (cohesin and HORMAD), the
transcriptional regulation of the SC genes, translational control of SC mRNAs, the
association of nonstructural regulators with SC components, protein modifications, etc.

(Gao and Colaidcovo 2018; Denise Zickler and Kleckner 2015).
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As mentioned above, the axial proteins (cohesin complexes and HORMAD
proteins) are required for SC and LE/AE formation. Cohesin loads before AE formation
and forms a core axis to organize AE’s loading. They are essential for AE formation as the
deletion of the common subunit of the meiotic cohesin complex, SA3, leads to the failure
of AE assembly with only short stretches of axes (Fukuda et al. 2014). Although AE
formation depends on meiotic cohesin, the cohesin subunits contribute differently to AE
formation. The deletion of REC8 or RAD21L causes partial impairment of AE formation,
a shorter AE in REC8 KOs (Bannister et al. 2004), but a discontinuous and fragmented
AE in RAD21L KOs (K. I. Ishiguro et al. 2014). Significantly, in the absence of both REC8
and RAD21L, AE formation is completely disrupted, suggesting REC8-type and RAD21L-
type cohesin complexes are required for normal chromosome axis formation (K. I.
Ishiguro et al. 2014). In addition to the essential roles of cohesins in forming AE, cohesins
are also inferred to regulate the loop-axis organization by interacting with AE
components. In SYCP3-deficient meiocytes, chromosomes display shortened chromatin
loops. Also, their axes marked by cohesins are twice as long as the wild-type chromosome
axes, suggesting AE components contribute to the cohesin core axis compaction (Yuan et
al. 2000). The loss of SMCi} gives rise to a heterogeneous size of loops at shortened
cohesin axes, indicating the cohesin bound to the chromosome axis acts as chromatin
loop attachment sites (Novak et al. 2008). Furthermore, both the chromatin loop size
and the cohesin core axis length are restored to wild-type levels in meiocytes lacking both
SM(C1f and SYCP3 (Novak et al. 2008), indicating the AE components contribute to the
longitudinal axial compaction of the cohesin core axis.

HORMAD: is essential for homolog pairing and synapsis (Shin et al. 2010;
Paigen and Petkov 2018a; Kogo, Tsutsumi, Ohye, et al. 2012). HORMAD1 promotes
efficient DSB formation. The depletion of HORMAD: leads to an extensive defect in
homologous pairing and synapsis in mice due to failed homology search (Shin et al. 2010;
Paigen and Petkov 2018a; Kogo, Tsutsumi, Ohye, et al. 2012). Moreover, HORMAD:1 can
also promote SC formation independently from its role in homolog-directed DSB repair
(Paigen and Petkov 2018a). In DSB-deficient Spo1r~/~ mice where SC forms between non-
homologous partners, the removal of HORMAD: exacerbates the SC defect, indicating
HORMAD: has a direct role in SC formation (Paigen and Petkov 2018a). Additionally,
both HORMAD1 and HORMAD:2 are required to surveillance homolog synapsis. (Paigen

and Petkov 2018a; Kogo, Tsutsumi, Inagaki, et al. 2012; Wojtasz et al. 2009). Their absence
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rescues the loss of asynaptic oocytes in the SPOu-deficient background (details in
section 1.2.4.2).

Synapsis initiates at CO-designated inter-homologous engagement sites in
yeast, controlled by a protein complex named synapsis initiation complex, composed of
at least eight members from a group of proteins, ZMM' (an acronym for Zip1—4, MSH4-
5, Mer3, Spoi16) (Gao and Colaidcovo 2018). Studies have revealed that several SC
component proteins, including the AE protein Redi, can be SUMOylated, and this
SUMOylation is required for SC assembly in yeast (Humphryes et al. 2013; Leung et al.
2015). In mice, SC initiation depends on the total number of interhomolog engagements.
Reduced DSBs lead to fewer interhomolog engagements, causing delayed synapsis
(Kauppi et al. 2013). Although more DSBs can be generated through a DSB feedback loop
in unsynapsed axes, homologs may fail to pair, and eventually, SC assembly occurs
between nonhomologous chromosomes (Kauppi et al. 2013). Whether SUMOylation is
involved in SC assembly in mice is unclear, although similar to yeast Red1, mouse SYCP3
can also be SUMOylated (Xiao et al. 2016).

A positive feedback system in yeast controls SC polymerization. The initial
assembly of the transverse filament recruits central-element proteins, which in turn
recruit more transverse filaments. The mechanism controlling SC polymerization in
mice remains unknown (Cahoon and Hawley 2016).

The control of the timing between the formation of a CO and SC disassembly is
vital for proper chromosome segregation. In mice, this relies on cell-cycle kinases (PLKa,
Aurora B, CDKi-Cyclin B1), which in turn are regulated through transcriptional and
translational mechanisms (Gao and Colaidcovo 2018). PLKu is directly involved in the
disassembly of the central element SYCP1 and TEXi2, likely through phosphorylation
(Jordan, Karppinen, and Handel 2012). Aurora B mediates the disassembly of lateral
elements SYCP2 and SYCP3 from chromosome arms (Parra et al. 2003). CDKi-Cyclin B1
is also required for SC disassembly. CDKi1 has to interact with HSPA2 for its activation in
late prophase and provably to be recruited to the SC. Then, CDK1 mediates the SC
disassembly by phosphorylating SYCP1 (Allen et al. 1996; Cahoon and Hawley 2016).

Synaptonemal complex roles
The SC plays a universal role in all species, which is to provide order within the

nucleus during late prophase, as well as it may have diverse roles in many organisms
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(Denise Zickler and Kleckner 2015). The SC is required for stabilizing chromosome
structure during late prophase I and segregation at meiosis I (Denise Zickler and
Kleckner 2015). After NCO-fated DSBs are repaired, the SC is responsible for holding
homologs and thus ensuring the interhomolog interactions before COs are formed (D
Zickler and Kleckner 1999; Qiao et al. 2012). The retention of SC proteins at centromeres
until metaphase I is proposed to promote biorientation of the homologs, ensuring proper
segregation (Qiao et al. 2012).

The SC is required to repair SPOu-induced DSBs and CO formation (Denise
Zickler and Kleckner 2015). In mice, recombination can not be completed without the CR
proteins (Fraune et al. 2012; Bolcun-Filas et al. 2007; Gdmez-H et al. 2016; Schramm et al.
20m). The AE proteins are closely associated with the development of recombination
protein complexes. At the same time, the CR plays a more significant structural role for
the assembly, maintenance, and turnover of the complexes and thus enables the
maturation of the DSBs into COs subject to interference (Handel and Schimenti 2010;
Fraune et al. 2012). SC formation also shuts off the SPOu activity (Kauppi et al. 2013).
Moreover, analysis of mutant mice indicates that the HORMAD1/2 regulates
recombination-dependent DBS formation (Wojtasz et al. 2009; Paigen and Petkov 2018a).
Furthermore, the SC might be centrally important in the surveillance of meiotic

recombination and HORMAD-regulated monitoring of synapsis.

1.2.3. Recombination

Meiotic recombination consists of the formation and repair of DSBs and is
essential for fertility and allelic shuffling. In many organisms, recombination promotes
the close juxtaposition of each pair of homologous chromosomes and thus facilitates
chromosome synapsis. Interhomolog interactions generate CO products in the context
of synapsed chromosomes, resulting in the exchange of alleles between homologs. In
addition to creating genetic diversity, COs facilitate the proper orientation of
homologous pairs at metaphase and thus ensure they segregate accurately at the first
meiotic division, eventually supporting functional gametes formation (Hunter 2015; Lam

and Keeney 2015; Marsolier-Kergoat et al. 2018) (Figure 1-5).
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Figure 1-5. The meiotic recombination pathway.

The schematic diagram shows the major events and key transitions (fonts in orange), selected
factors involved in each event (fonts in blue), and major DNA intermediates (fonts in dark
blue) during meiotic recombination. A segment of one sister chromatid from each homolog
(black, gray) is shown. SPOu (ovals) catalyzes DSB formation, in association with its accessory
proteins. Endonucleolytic cleavage on either side of the DSB (black arrowheads) by MRN
complex (MREu- RAD50-NBS1) and CtIP releases SPOu covalently attached to a short
oligonucleotide (SPOu oligo) and generates a nick. Then, the DNA ends undergo 5'—3'
resection by exonuclease activity from MREn, EXO1, and DNA2. Recombinases DMC1 and
RADs1 subsequently assemble at resected 3’ ssDNA tails, promoted by recombination proteins
such as RPA, MEILB2, BRCA2, and BRMEi1. RAD51 and DMC1 coated ssDNA are stabilized by
HOP2-MND1 and engage in homology search and strand exchange, resulting in D-loop
formation. The repair can proceed by either a double Holliday junction (dHJ) pathway or
synthesis-dependent strand annealing (SDSA). This is controlled by ZMM proteins and other
factors through processing and stabilizing the recombination intermediates. In the dH]J
pathway, D-loops are further stabilized by MutSy (MSH4 and MSH5) and the second end of
the DSB is captured to form a dHJ, requiring PCNA and RPA-MEIOB-SPTATA22 complex.
ZMM proteins such as HEI1o and RNF212 facilitate the recruitment of mismatch repair factors
MutLf (MLHi1, MLH3). MutLp and together with EXO1 mediate the resolution of dH]J,
primarily giving rise to crossover (CO) products. In SDSA, the invading strand is displaced after
DNA synthesis and reanneals to the other end of the DSB, followed by further DNA synthesis
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(PCNA) and nick ligation, ultimately giving rise to noncrossover (non-CO) products. Image
adapted from Lam and Keeney 2015.

1.2.3.1. Recombination initiation

Recombination begins with programmed DSBs catalyzed by the conserved
SPOu protein and accessory DSB proteins in meiosis. Most DSBs are repaired by MR, a
particular kind of homologous recombination (HR) where the homologous
chromosomes are used as the template, generating NCO and CO products. (Lam and

Keeney 2015; Scott Keeney 2008).

DSBs formation

SPOu is the orthologue of the catalytic subunit (TopoVIA) of the archaeal Topo
VI subfamily, a type II DNA topoisomerase family (Scott Keeney, Giroux, and Kleckner
1997; Bergerat et al. 1997). It catalyzes meiotic DSBs formation by a transesterification
reaction. As a result, SPOu covalently binds to the 5' end of the DSB through an essential
and conserved tyrosine residue likely acting as the catalytic center of topoisomerase
function (J. Liu, Wu, and Lichten 1995) (Figure 1-5).

In addition to SPO1, accessory DSB proteins are required for SPO11 mediated
DSB formation in many organisms (Lam and Keeney 2015). Notably, a TopoVIB-like
subunit (TOPOVIBL), structurally similar to the TopoVIB subunit of Topo VI
topoisomerase, has been demonstrated to be essential for meiotic DSB formation.
TOPOVIBL directly interacts and forms a complex with SPOm in plants and mice. Most
likely, this requirement is conserved among most eukaryotic species (Vrielynck et al. 2016;
Thomas Robert et al. 2016; T. Robert et al. 2016). This is inferred by identifying meiotic
recombination proteins Reci02 and Rec6, in budding and fission yeast, and MEI-P22, in
flies, as homologs to the transducer domain TopoVIB.

In budding yeast, eight other accessory proteins are required for DSB formation.
These form different subcomplexes: Ski8 directly interacts with Spon (Arora et al. 2004),
Reci02-Recio4 form another complex, Recii4 interacts with Mei4 and Mer2. Finally, the
MRX complex, formed by Mren-Rads0-Xrs2, is also required for DSB formation (Lam
and Keeney 2015). Recii4-Meig-Merz2, which is regulated through phosphorylation, is
likely to be bridged with Spo1-Ski8 by Recioz-Recio4. On the other hand, the MRX

complex plays a role in DNA resection and repair (Lam and Keeney 2015).
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In mice, three evolutionarily conserved proteins are also identified to be
required for SPOu-mediated DSB formation, including IHO1, MEI4, and REC14, the
mouse orthologs of yeast Merz2, Mei4, and Reci14. These three proteins co-localize on the
axes of the meiotic chromosome independently of SPOu activity. (Kumar et al. 2018;
Stanzione et al. 2016; Kumar, Bourbon, and De Massy 2010). IHO1 probably acts as a
platform to recruit REC114 and MEI4 to the axes (Kumar et al. 2018).

[HOn is a direct interactor of the axial component protein HORMAD:1 in mice
(Stanzione et al. 2016). It is required for the axis-localization of REC114 and MEI4 in vivo
and interacts directly with REC114 in vitro (Kumar et al. 2018; Stanzione et al. 2016).
However, [HO1 axial localization is independent of MEI4 or REC114, suggesting that [HO1
recruits REC114 and MEI to the axis. IHO1 might recruit REC114 and MEI4 as a complex
as these two mutually interacting proteins are reciprocally required for their localization
in vivo and form a stable complex in vitro (Kumar et al. 2018).

In mice, REC114 may control the SPO11/TOPOVIBL catalytic activity via ataxia
telangiectasia mutated (ATM)-dependent inhibition of DBSs (Subramanian and
Hochwagen 2014; Boekhout et al. 2019). The loss of ATM/ ATM and Rads-related (ATR)
leads to an increased level of DBSs in many organisms, suggesting the activation of
ATM/ATR kinases downregulate DSBs formation (Joyce et al. 2011; Kurzbauer et al. 2012;
Lange et al. 2011). REC1u14 is inferred to be the target of ATM in this context in mice as
studies in S. cerevisiae show that Teli/Mec1 (ATM/ATR)-dependent phosphorylation of
Reciy is related to the downregulation of DSBs (Carballo et al. 2013). Alternatively,
RECi114 could be involved in this inhibition through its novel interactor-ANKRD31, which
is proposed to be a direct ATM target as it has an ATM phosphorylation motif (clustered
SQ/TQ sites) (Boekhout et al. 2019).

DSB distribution

DSBs are nonrandomly distributed along the chromosomes. DSBs tend to
accumulate preferentially at regions called recombination hot spots (Székvolgyi, Ohta,
and Nicolas 2015). This exceptional spatial distribution is under multiple layers of control
in various organisms. In most mammals, PRDMg determines the locations of
recombination hot spots (Paigen and Petkov 2018b). PRDMg binds to specific DNA
sequences in the genome complementary to its Zinc finger array. Once bound to a specific

DNA sequence, PRDMg methylates histone H3 lysines 4 and 36 (H3K4me3 and
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H3K36me3) of nearby nucleosomes using its PR/SET domain. As a result, PRDMg targets
SPOu to specific genome regions (Grey, Baudat, and de Massy 2018).

PRDMg activating hot spots occurs in the DNA loops while SPO1 catalyzing
DNA cleavage with accessory proteins occurs along the chromosomal axis (Scott Keeney
2008; Kumar et al. 2015; Stanzione et al. 2016; T. Robert et al. 2016). Thus, it is necessary
to associate the activated hot spots with the chromosomal axis where DSBs are formed.
Indeed, several proteins (EWSR1, CDYL, EHMT?2, and CXXC1) have been implicated in
mediating the linking by binding the KRAB domain of PRDMg and interacting with the
proteins located at axes (Parvanov et al. 2017; Imai et al. 2017). Nevertheless, some DSBs
sites are targeted independently of PRDMg in meiosis, e.g., the pseudoautosomal

region (PAR) in male meiosis (Brick et al. 2012).

DSB regulation

DSB formation is tightly controlled to occur in a narrow time window within
prophase I. ATM plays an essential role in regulating further DSB formation via negative
feedback loop both in trans and cis (L. Zhang et al. 2011; Lange et al. 2011; Garcia et al.
2015; Pacheco et al. 2015; Barchi et al. 2008). The depletion of ATM leads to significantly
increased DSBs in multiple organisms (Joyce et al. 2011; Kurzbauer et al. 2012). In mice,
ATM-deficient spermatocytes cannot cope with the amount of DSBs, resulting in the
activation of surveillance mechanisms that arrest the cells at the pachytene stage (Lange
et al. 2011; Pacheco et al. 2015). In this context, a particular function of ATM is preventing
repeated DSB formation at the same chromosomal locus. This is inferred by detecting a
strong increase of SPOu oligos but a mild increase in RADs:1 foci in Atm™~ mice (Barchi
et al. 2008; Lange et al. 2011). The finding that Tel1 prevents clusters of DSBs and
suppresses DSBs within the surrounding chromosomal region in yeast further supports
this function of ATM (Garcia et al. 2015). ATM might also be involved in other feedback
circuits to ensure enough DSBs are formed to support homolog interactions and

recombination (Cooper et al. 2014).

1.2.3.2. DSB resection

After DSB formation, DSB ends are processed through a series of nuclease

activities, called DSB resection, to generate ssDNA tails. ssDNA subsequently will be
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coated with strand-exchange proteins (DMC1 and RADs51), catalyzing the invasion into
the homologous repair template (Lam and Keeney 2015; Baudat, Imai, and De Massy 2013)
(Figure 1-5).

DSB resection process involves several steps. In budding yeast, MRX complex
recognizes Spou and generates nicks nearby with Sae2 via endonuclease activity, leading
to the release of Spon bound to short oligonucleotides (Spo oligos) (Cannavo and Cejka
2014; Neale, Pan, and Keeney 2005). The nicks serve as entry points for short- and long-
range nuclease activity. Short-range 3'—>5' Mreu exonuclease activity degrades dsDNA
back to the DSB end. Long-range 5'—3' Exo1 exonuclease activity to exclusively resect the
same strand away from the DSB end in cooperation with Dnaz nuclease (Zakharyevich
et al. 2010; Garcia et al. 2011; Manfrini et al. 2010). The consequence is the generation of
3' ssDNA tails on both sides of the DSB. The full-length resection requires the DSB-
responsive kinase Teli, which promotes resection initiation, likely through Sae2
phosphorylation (Cartagena-Lirola et al. 2008), and regulates resection length (Mimitou,
Yamada, and Keeney 2017).

Although the homolog of Mren (MREn) is predicted to catalyze the
endonucleolytic cleavage in mus musculus (Neale, Pan, and Keeney 2005), the role of the
mammalian MRX complex and Sae2 homologs, the MRN complex (MRE11- RAD50-NBS1)
and CtIP, respectively, in meiotic DSB repair is poorly understood. The embryonic
lethality of knocked-out mice of any MRN component hinders the study of MRN
function in meiotic DSB repair, and several viable mutant mice of MRN do not show a
severe defect in meiotic DSB repair (B. Zhang et al. 2020; Pacheco et al. 2015).

NBS1 is a critical component of the MRN complex given that it is not only
required for the nuclear localization of the MRN complex (Desai-Mehta, Cerosaletti, and
Concannon 2001; Carney et al. 1998) but it is also responsible for sensing CtIP
phosphorylation and activating MRE1’s endonuclease activity (Anand et al. 2019). Mice
harboring hypomorphic Nbsi mutations are subfertile. Their spermatocytes display
slight asynaptic aberrations and decreased CO markers (Cherry et al. 2007). Moreover, a
recent study demonstrates that conditional disruption of NBS1 in male mice causes a
dramatic reduction of DNA end resection and severe defect in chromosome synapsis,
eventually leading to meiotic arrest and infertility (B. Zhang et al. 2020). Thus, the MRN
complex, like MRX in yeast, seems essential for SPO11-catalyzed DSB repair in mammals

and required for DSB resection. Notably, the nucleotide-excision repair factor, DNA
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polymerase-f, is also implicated in SPO11 removal during DSB processing in addition to
its requirement for normal synapsis and DSB repair (Kidane et al. 2010). Finally, Exor~/~
mice are not defective in homologous interactions, suggesting EXO1 is dispensable for

DSB resection in mammals (Wei et al. 2003).

Homology search and interhomolog bias

Resected 3’ ssDNA tails resulting from nuclease activities are immediately
bound by replication protein A (RPA) as well as RPAi-related MEIOB protein, and its
associated factor, SPATA22, at the DSB sites. These are further replaced by the
recombinases DMCi and RADsi. Then, one of the RADs51/DMCi-coated ssDNA
commences engaging in homology search and interhomolog interactions. Consequently,
unstable nascent D-loop intermediates are likely generated in vivo. These are either
destabilized in the NCO pathway or stabilized to form SEI intermediate targeting the CO
pathway (Hunter 2015; Brown and Bishop 2015) (Figure 1-5).

DMC1 and RADs1 are structural and functional homologs of the bacterial
strand-exchange protein RecA. RADs51 functions in somatic and meiotic cell cycles,
whereas DMC1 is meiosis-specific (Brown and Bishop 2015). Both are detected as discrete
foci on chromosome axes in leptotene soon after DSB formation, marking sites of
ongoing recombination (Moens et al. 2002; Barlow et al. 1997; Brown and Bishop 2015).
In yeast, DM (1 is the essential DNA strand-exchange factor, while RADs1 is dispensable
but performs a critical regulatory role (Cloud et al. 2012). This is might also be the case in
mammals since a recent study has shown that DMC1 binds preferentially at the 3’ end of
the ssDNA filament, responsible for strand exchange, while RAD51 binds away from the
3" end (Hinch et al. 2020).

The assembly of both proteins is ATP-dependent and promoted by several
recombination factors in mammals such as ATR, breast cancer 2 protein (BRCA2), TRIP13,
the Shu complex SWS1-SWSAP1, and PALB2, etc. (Zelensky, Kanaar, and Wyman 2014;
Abreu et al. 2018; Roig et al. 2010; Pacheco et al. 2018; Felipe-Medina et al. 2020; J. Zhang
et al. 2020; 2019; Widger et al. 2018). ATR promotes the loading of both proteins, likely
through its effector CHK3, in response to RPA-coated ssDNA (Pacheco et al. 2019; Widger
et al. 2018). TRIP13 might be specifically required for the assembly of RAD51 (Koubova et
al. 2014b). BRCA2 replaces RPA with RADs1 by direct binding to RAD51 and ssDNA (Zhao

et al. 2015; Jensen, Carreira, and Kowalczykowski 2010). Several recent studies identified
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BRCA2 localizer (MEILB2) and MEILB2’s stabilizer (BRME1). These two meiosis-specific
proteins have been proposed to form a complex with BRCA2 and function as the recruiter
of RAD51 and DMC1 onto ssDNA (Felipe-Medina et al. 2020; J. Zhang et al. 2019; 2020).

The activity of the DMC1-RADs51 complex to promote homology search and
strand exchange is driven by the stability of the formed nucleoprotein filament (Brown
and Bishop 2015). The HOP2-MND1 complex enhances the DMCi1-RADs51 nucleoprotein
(Petukhova, Romanienko, and Camerini-Otero 2003). The Hop27" mice analysis has
shown HOP:2 stabilizes the RAD51/DMC1 complex on ssDNA, reduces the affinity of
RADs1to dsDNA, and modulates the conformation of the nucleoprotein filament in vitro
(Chi et al. 2007; Petukhova et al. 2005; Pezza et al. 2007).

In stark contrast to the exclusive inter-sister (IS) recombination interactions
occurring in the somatic cell cycle, MR interactions are biased between homologous
chromosomes. Thus, promoting pairing, synapsis, and formation of chiasmata between
homologous chromosomes. The precise mechanism of this meiotic inter-homolog (IH)
bias is unclear but is likely achieved both by inhibiting IS bias and promoting [H bias.
The so-far best-understood mechanism was uncovered in yeast. Involves Tel1/Mec1, Hop1
(homolog of HORMADA/2), effector kinase Meki (homolog of CHK2), and RAD54, an
SWI/SNF-family ATPase (Subramanian and Hochwagen 2014). Teli/Mec1 phosphorylates
the axial protein Hopi, leading to the recruitment and activation of the effector kinase
Meki. The binding of Meki, in turn, stabilizes the phosphorylation mark on Hop1 and
the activated Mek1 inhibits RAD54, which stimulates RAD51-recombinase activity for
inter-sister repair. As a result, [H bias is promoted (Niu et al. 2005; 2007; 2009; Carballo

et al. 2008; Chuang, Cheng, and Wang 2012; H. Y. Wu, Ho, and Burgess 2010).

1.2.3.3. DSB repair pathway

In the contemporary meiotic recombination models, single strand invasions
result in less stable nascent joint molecules, presumably D-loops. The differentiation of
D-loops leads to either NCOs via SDSA or COs subject to interfering (class I) via forming
CO-specific intermediates single-end invasions (SEIs) and dHJs (Figure 1-5). D-loops are
stabilized along the CO pathway to form SEIs, which are the earliest detectable CO-
specific joint molecules. Subsequently, SEIs become more stable dH]Js joint molecules

through a process including a second-end capture and DNA synthesis. Eventually, dH]Js
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are resolved exclusively into class I COs. By contrast, unstable D-loops are not stabilized
in the NCO pathway after the invading strand extends. The nascent DNA is annealed to
the other end of the broken DNA molecule by DNA synthesis, resulting in NCOs.
Additionally, a minority of D-loops escape from these two pathways and generate NCOs
and class I COs (Ranjha, Howard, and Cejka 2018; Hunter 2015; Baudat, Imai, and De

Massy 2013).

Crossover/Noncrossover Differentiation

The differentiation of the CO and NCO pathways is controlled by a panel of
factors through processing and stabilizing the recombination intermediates. That D-
loops are fated to give rise to COs or NCOs is determined by the opposite activities of
ZMM proteins and a helicase complex, STR/BTR (yeast Sgsi-Top3-Rmi1, metazoan BLM-
TOPIIloe-RMI1-RMI2) (Hunter 2015).

ZMMs stabilize recombinational joint molecules and promote the formation of
SC, ultimately required for the formation of class I COs. In budding yeast, ZMMs are CO-
specific, given that most ZMM-stabilized D-loops are processed as COs. However, ZMM-
staining foci vastly outnumber the final COs in mouse, and several other species,
suggesting that ZMMs' stabilization of recombinational interactions may be a
prerequisite for CO designation in these organisms. Indeed, D-loops bound by ZMMs
could also form NCOs products (S. S. De Vries et al. 1999; Edelmann et al. 1999; Kneitz et
al. 2000; Higgins et al. 2008; Yokoo et al. 2012; De Muyt et al. 2014; L. Zhang, Liang, et al.
2014).

ZMM is a group of functionally diverse proteins, and several mammalian ZMM
proteins have been studied to have a role in the CONCO decision: MSH4, MSH5, TEX11,
RNF212, HElio, HFM1, and SPO16. All of these proteins partially colocalize with
recombination foci (defined by RAD51 and DMC1) on synapsed axes (S. S. De Vries et al.
1999; Edelmann et al. 1999; Kneitz et al. 2000; Guiraldelli et al. 2013; 2018; Q. Zhang et al.
2019; Adelman and Petrini 2008; Qiao et al. 2014; Prasada Rao et al. 2017).

MSH4 and MSHj3 are related to MutS, the bacterial mismatch repair (MMR)
proteins, and form the MutSy heterodimer (Pochart, Woltering, and Hollingsworth 1997),
which specifically binds to D-loops and Holliday junctions (HJs) in vitro (Snowden et al.
2004). MutSy is essential for chromosome synapsis, CO formation, and thus fertility in

mice (S. S. De Vries et al. 1999; Edelmann et al. 1999; Kneitz et al. 2000). MSH4 has also
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been indicated to protect dHJs from being dissociated by anti-recombinases Sgs1/BLM
in vivo (Jessop et al. 2006; Oh et al. 2007).

HFM1 is the mammalian ortholog of yeast DNA helicase Mer3. Mer3 can
unwind D-loops, Holliday junctions, and substrates with a 3’ overhang and stimulate D-
loop extension in vitro (Nakagawa and Kolodner 2002; Mazina et al. 2004; Hunter 2015).
Mers3 is also likely to stabilize the nascent recombinational intermediates into SEIs in vivo
(Borner, Kleckner, and Hunter 2004). Mutated HFM1 was found in human patients with
azoospermia or POI syndromes, indicating the importance of HFMx for fertility (Baudat,
Imai, and De Massy 2013; Jian Wang et al. 2014; W. Zhang et al. 2017). Removing HFM1
causes a drastic reduction of COs and partially affects synapsis in mice (Guiraldelli et al.
2013). Mer3 is also found to limit the extension of D-loops during DNA synthesis by
recruiting MutLf, a mismatch repair related heterodimer, to recombination hotspots,
consequently limiting the length of gene conversion tracts. Interestingly, HFMx is also
revealed to interact with MutLp in vitro (Duroc et al. 2017).

Yeast Zip2, Zip4, and Spo16 (mammalian SHOC1, TEXu1, and SPO16) are shown
to form a functional complex (ZZS) which is required form CO formation likely through
physical interaction with chromosomal axes and CO machinery (De Muyt et al. 2018). In
mice, the deficiency of SHOC1, TEX1, and SPO16 causes reduced COs with a relatively
minor synapsis defect, suggesting a conserved role of the ZZS complex in recombination
repair (Q. Zhang et al. 2019; Guiraldelli et al. 2018; Adelman and Petrini 2008).

Mouse RNF212, the ortholog of yeast E3 ligase-Zip3, and HElo, a ubiquitin-
ligase, regulate CO by modifying recombination factors (MutSy) at CO-designated sites
in an antagonistic manner. Subsequently, stabilized recombination factors enable the
recruitment of CO-specific factors (MLH1-MLH3, MutLy) for CO maturation (Gray and
Cohen 2016; Qiao et al. 2014; Prasada Rao et al. 2017; Reynolds et al. 2013; Hunter 2015).

Apart from the regulation of ZMMs, Mcm8, MEIOB, and its associated factor,
SPATA22, are also involved in regulating DNA synthesis, the annealing of DSB ends
during NCO formation, and the establishment of dHJs during CO formation. MEIOB
and SPATA22 are associated with RPA, and this complex is required for intermediate
steps of recombination and normal synapsis (La Salle et al. 2012; Ishishita, Matsuda, and
Kitada 2014; Luo et al. 2013; Souquet et al. 2013). MEIOB-SPATA2> is inferred to promote
strand annealing in both SDSA and dH]J pathways, acting analogously to the budding
yeast Rads2 protein (Lao et al. 2008; Luo et al. 2013). Also, MEIOB-SPATA22-RPA is
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proposed to mediate digestion of 3'-flaps to remove the excess DNA synthesis relative to

DSB resection (Luo et al. 2013).

Recombination intermediates resolution

The STR (BTR) is the yeast (metazoan) "dissolvase" complex, comprising RecQ
helicase, Sgs1 (BLM), type-I topoisomerases, Top3 (TOPIIIx), and accessory factors Rmi1
(RMI1-RMI2), respectively. During early recombination steps, STR is required for
channeling early joint molecules into CO and non-CO pathways. Later, STR/BTR
promotes the resolution of the final recombination intermediates into NCOs by its
dissolution activity via SDSA (Hunter 2015). STR/BTR unwinds D-loops and dHJs in vitro
and has anti-CO activity in vivo. In mice, in the absence of BLM, chiasma numbers are
increased, and aberrant chiasma-like structures are detected (Raynard et al. 2008; L. Wu
et al. 2006; Holloway et al. 2010).

Distinguishingly, in the CO pathway, the resolution of joint molecules is
mediated by the endonuclease activity of mismatch repair factors MLH1, MLH3, and
EXO1 to generate class I COs. For Non-interfering class II COs, resolution of joint
molecules is mediated by structure-specific endonucleases, MUS81, GEN1, and SLX1/4
(Holloway et al. 2008; De Muyt et al. 2012; Zakharyevich et al. 2012; Hunter 2015).
Interfering COs are estimated to account for most COs (~90%) in mice (Serrentino and
Borde 2012; Holloway et al. 2008).

It is indicated that the MSH4-MSH5 complex interacts with the MLH1-MLH3
complex and activates its activity to process dHJs into COs (Gray and Cohen 2016;
Santucci-Darmanin et al. 2002). Consistently, the deletion of MLH1, MLH3, or EXO1 in
mice causes significant loss of chiasmata and, consequently, mice sterility (Wei et al. 2003;
S. M. Baker et al. 1996; Edelmann et al. 1996; Lipkin et al. 2002). Both MLH1 and MLH3
localize precisely to future CO sites in many organisms, including mice. Thus, they are

invaluable markers of crossovers in the cytological analysis (Kolas and Cohen 2004).

Crossover control

Finally, another layer of control tightly regulates the outcome of DSB repair. CO
numbers per meiosis show a low variation despite a much more considerable variation in
the numbers of recombinational interactions. This phenomenon is called CO

homeostasis, which is underpinned by the lower and upper limits for the CO numbers
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regulated by CO assurance and interference. (Martini et al. 2006; Rosu, Libuda, and
Villeneuve 2011; Cole et al. 2012; Yokoo et al. 2012; Hunter 2015). CO assurance guarantees
that each homolog pair obtains at least one CO to segregate properly at meiosis I.
Meanwhile, interference is defined by an inhibitory zone around CO-designated sites
where DSBs are prevented from becoming COs. Interference results in COs being widely
and evenly spaced along the genome (Hillers 2004; Berchowitz and Copenhaver 2010; L.
Zhang, Liang, et al. 2014).

The molecular mechanisms responsible for CO assurance and interference have
been long elusive. Until recently, studies in the fission yeast S. pombe elucidate the
molecular basis of CO interference and repression of CO near centromeres more clearly
(G. R. Smith and Nambiar 2020; Nambiar and Smith 2018; Fowler et al. 2018). A clustering
model was suggested for CO interference, based on the finding of three DSB hotspot
determinant proteins cluster at particular nucleus regions (Rec2s, Rec27, and Mug20). In
this model, in each cluster containing several DSB hotspots, only one single DSB is
formed. Consequently, at most, a single CO is made in the chromosomal interval
corresponding to the DSB hotspot-clustered interval (G. R. Smith and Nambiar 2020;
Fowler et al. 2018). In S. cerevisiae and S. pombe, as DSB interference (in which the
occurrence of a DSB suppresses adjacent DSB formation) depends on DNA damage
response protein Tel1, CO interference also depends on Tel1. In the absence of Tel1, both
DSB and CO interference become negative or reduced (Fowler et al. 2018; Garcia et al.
2015; C. M. Anderson et al. 2015). Moreover, studies in male mice show that ATM is
required for forming the obligate CO in the small pseudoautosomal region of homology
between sex chromosomes and controlling the numbers and distributions of COs on
autosomes (Barchi et al. 2008).

In fission yeast, RNAi and heterochromatin are responsible for pericentric DSB
and CO repression (Ellermeier et al. 2010). The heterochromatin protein Swi6 binds to
methylated H3Kg in heterochromatin and plays negative and positive roles in pericentric
DSB and CO formation by regulating cohesins (Nambiar and Smith 2018). Furthermore,
this molecular mechanism elucidated in S. pombe is likely conserved in diverse
organisms, including flies and mice, based on the features of meiotic recombination and
pericentric regions in these species (Hartmann, Umbanhowar, and Sekelsky 2019; Prieto
et al. 2001; Fukuda et al. 2012; Manheim and McKim 2003; Bhattacharyya et al. 2019; G.

R. Smith and Nambiar 2020).
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The SC is required for efficient interhomolog crossing-over in most organisms.
Deleting CR proteins of the SC prevents completion of homologous recombination
(Denise Zickler and Kleckner 2015; Borner, Kleckner, and Hunter 2004; F. A. T. De Vries
et al. 2005; Reynolds et al. 2013; Qiao et al. 2014). Locally, the SC plays a pro-CO role via
stabilizing pro-CO factors and facilitating the exchange of homolog axes (Borner,

Kleckner, and Hunter 2004; Qiao et al. 2012; Voelkel-Meiman et al. 2015).

1.2.4. Meiotic checkpoint

DSBs formation and repair are carefully monitored to choreograph nuclear
dynamics and cell division programs. An intricate meiotic checkpoint network has
emerged to create dependencies between independent processes when homologous
chromosomes pair, synapse, and recombine.

Given the central role of DSB formation and repair during meiotic prophase,
not surprisingly, many of the canonical DNA damage response (DDR) signaling proteins
appear to be the players of the meiotic checkpoint machinery. Like the DDR signaling
pathway, the meiotic checkpoint mechanism is centered on the role of the two
evolutionarily conserved checkpoint sensor kinases, ATM and ATR (MacQueen and
Hochwagen 2011). They detect and respond to DSBs with the help of checkpoint cofactors
in many organisms. Once activated, ATM and ATR phosphorylate a large set of substrates,
preferentially containing serine/threonine-glutamine (S/TQ) cluster domains (Traven
and Heierhorst 2005). Many of these target proteins act directly to implement the
checkpoint response, while others work as transmitters to relay the checkpoint signals to
downstream effectors, such as CHK1 and CHK2 kinases (Subramanian and Hochwagen
2014).

The roles of meiotic checkpoint machinery in preserving the order of
chromosomal events during meiotic prophase have been discussed in previous sections.
This section will discuss how the surveillance mechanisms monitor these meiotic events
(Subramanian and Hochwagen 2014; MacQueen and Hochwagen 2011; Hochwagen and
Amon 2006).

In response to DSB repair or synapsis defects, the meiotic checkpoints trigger a
cell cycle arrest at the pachytene stage to provide sufficient time to fix the errors. This

mechanism can eventually lead to activation of apoptosis to cull meiocytes, if defects
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persist, in various organisms (Roeder 2000; Di Giacomo et al. 2005; W. J. Lu et al. 2010;
Bhalla and Dernburg 2005). In mammals, observations in mutant mice deficient in
meiotic recombination suggest that two genetically distinct surveillance mechanisms
may contribute to the checkpoint arrest at the pachytene stage: the recombination
checkpoint monitoring DSB repair process and the synapsis checkpoint monitoring axis
formation and synapsis (Joshi et al. 2015; Roeder 2000; MacQueen and Hochwagen 2011;
Subramanian and Hochwagen 2014).

In males defective in DSB repair like Trip3m°¥m°d and Dmc”’/- mice, most
spermatocytes arrest before incorporating testis-specific histone 1t (Hit) at pachynema
(Barchi et al. 2005; Widger et al. 2018). In contrast, Spo1r”/~ spermatocytes, which do not
have programmed DNA damage, progress further and incorporate Hit, suggesting that
they reach mid/late pachytene. Nonetheless, these cells arrest before completing meiotic
prophase and ultimately apoptose (Barchi et al. 2005; Pacheco et al. 2015). Additionally,
the removal of DSBs confers a Sponr/~-like phenotype to these DSB repair-deficient
mutants (Dmc1”/- and Tripi3™e4/mod) (Barchi et al. 2005; X. Li and Schimenti 2007).

In females, elimination of oocytes defective for DSB repair (Trip;zm°¥m°d) or
both DSB repair and synapsis (Dmc1/~, Msh5”") occurs earlier (around birth) than those
defective for synapsis alone (Spo1r~, up to 2 months postpartum) (Di Giacomo et al. 2005;
X. Li and Schimenti 2007). Mutations disrupting DSB formation (Spo1 and Mei1) are
epistatic to those affecting DSB repair, further supporting the existence of DNA damage
and synapsis checkpoints (Di Giacomo et al. 2005; Reinholdt and Schimenti 2005; X. Li
and Schimenti 2007; Finsterbusch et al. 2016). These results suggest that spermatocytes
could respond differently to meiotic defects, irrespective of the common apoptosis
consequence. This difference indicates the existence of two distinct checkpoint

mechanisms, sensing recombination and synapsis, which mediate pachytene arrest.

1.2.4.1. Recombination checkpoint

The recombination checkpoint is likely to be activated when recombination
intermediates persist at pachynema in mammals (Di Giacomo et al. 2005; MacQueen and
Hochwagen 2011; Burgoyne, Mahadevaiah, and Turner 2009). So far, the study of the
recombination checkpoint in mammals has been challenged by the fact that most

mutations that compromise recombination also affect synapsis. However, a gene trap-
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disrupted allele of TRIP13, Trip;z™°d/md (X, Li and Schimenti 2007; Roig et al. 2010),
which cannot complete DSB repair but complete synapsis, has proven to be helpful to
study the recombination-dependent arrest and meiocytes elimination. Analyses of mice
doubly or triply deficient for TRIP13 and other DDR genes uncover several signaling
pathways involved in the recombination checkpoint-mediated arrest and/or apoptosis in
both males and females (Pacheco et al. 2015; Marcet-Ortega et al. 2017; Bolcun-Filas et al.
2014; Rinaldi et al. 2017; Rinaldi, Bloom, and Schimenti 2020).

In males, MRN, ATM, CHKz2, and p53 family members, p53 and TAp63, are
required for the recombination-dependent arrest at early pachynema before
incorporating Hit into chromatin (Pacheco et al. 2015; Marcet-Ortega et al. 2017)(Figure
1-6).

Compared to the single mutant Trip;3m°¥mod spermatocytes, there is a
significant increase of Hit positive cells with a high level of unrepaired DSBs in
Trip1zmo¥mod Sponr*-Atm™- mutants, suggesting that the elimination of ATM activity
allows spermatocytes to progress further from an Hit-negative stage to an Hit-positive
state despite a high level of unrepaired DSBs. The MRN complex is responsible for DSBs
sensing and ATM activating in somatic cells (Stracker and Petrini 2011). The MRN
complex is also required for meiotic recombination in many organisms, including
mammals (S. Keeney and Neale 2006; Cherry et al. 2007). CHK2 is an effector kinase of
ATM signaling in response to ionizing radiation (Matsuoka, Huang, and Elledge 1998).
Interestingly, disruption of the MRN complex and CHK2 kinase in Trip13™°%m°d mutants
confer a similar meiotic progression phenotype as in Trip13™°4/m°? Sponr*/-Atm™- mutants
(Pacheco et al. 2015). Thus, ATM may be required for the recombination-dependent
arrest at early pachynema. (Barchi et al. 2005; Pacheco et al. 2015; Burgoyne,
Mahadevaiah, and Turner 2009; Hélne Royo et al. 2010). Additionally, the MRN-ATM-
CHK2 signaling cascade is likely to respond to persistent unrepaired DSBs and mediates
the recombination-dependent arrest at pachynema in male mice (Pacheco et al. 2015).
Similarly, p53 and TAp63 have been inferred to act downstream of the MRN-ATM-CHK2
signaling in the recombination-dependent arrest mechanism as Trip13™°4/™°d p53-/- and
Tripiz™od/mod TAp637/- spermatocytes phenotypically resemble Tripizmed/med — Chka/-
concerning the further meiotic progression, high levels of DSBs and the pachytene arrest
and apoptosis (Marcet-Ortega et al. 2017).

In Tripiz™ed/med mutants with deficiency of ATM or MRN, spermatocytes can
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not correctly repair abundant DSBs caused by the disability of ATM's negative regulation
in DSBs generation (Lange et al. 2011), thus failing to complete synapsis and indirectly
causing sex body failure (Barchi et al., 2008; Burgoyne et al., 2009; Pacheco et al., 2015;
Roig et al., 2010). In Trip1z™°d/med  Chka /-, Tripiz™ed/mod ps3-/-and Tripiz mod/med TAp63-/-
spermatocytes, the existence of subtle defects in the sex body in these mutants explains
why spermatocytes eventually undergo arrest and apoptosis at late pachynema (Pacheco
et al. 2015; Marcet-Ortega et al. 2017), further supporting that an alternative checkpoint
mechanism mediates sex body deficient arrest in male mice (Barchi et al. 2005).

In females, CHK2 is essential for eliminating oocytes bearing unrepaired DSBs,
and an ATR-CHK1/CHK2-p53/TAp63 signaling pathway is proposed to mediate the DNA
damage checkpoint response in meiosis (Bolcun-Filas et al. 2014; Rinaldi, Bloom, and
Schimenti 2020; Rinaldi et al. 2017; Martinez-Marchal et al. 2020) (Figure 1-6).

Deletion of CHK2 rescues developing oocytes in 3-week-postnatal Dmc1/- mice.
Although the absence of primordial follicles eventually results in a nearly complete
oocyte depletion by two months postpartum. This pattern of oocyte loss has high
similarity to that in Spoir”/- or Spoir/~ Dmc1/~ mice, suggesting that the loss of CHK2
allows the deficient oocytes to surpass the DSB repair but not the synapsis checkpoint.
Moreover, the deletion of CHK2 can reach a more successful rescue in Trip1z™°4/mod mice.
Tripizmed/mod Chlkz-/- mice have a significant pool of oocytes at three weeks postpartum,
a high number of all types of follicles after two months postpartum, and sustained
fertility for many months. Abundant yH2AX staining was detected in all dictyate
Tripizmed/mod Chka~/- oocytes indicating the persistence of unrepaired DSBs like in
Tripizmed/med  Thus, CHK2 is required for the DNA-damage checkpoint mediated
elimination of oocytes. (Bolcun-Filas et al. 2014).

Remarkably, the lack of both p53 and TAp63 enables nearly a complete rescue
of Tripi3md/mod oocytes. The triple mutants Tripi3™°9/mdps3/"-TAp637~ mice have
indistinguishable numbers of primordial and growing follicles from wild-type mice
(Rinaldi, Bloom, and Schimenti 2020). As CHK2 deficiency only rescues Tripigmed/med
oocytes to around one-third of wild-type levels (Bolcun-Filas et al. 2014), another
pathway is implied to signal these two effectors p53 and TAp63 in parallel with CHKo2.
Indeed, CHK1 has been suggested to perform this function (Rinaldi, Bloom, and
Schimenti 2020; Martinez-Marchal et al. 2020). CHKu is activated to an increased degree

by persistent DSBs when CHK2 is absent in ovaries, and it can eliminate Chk2"- oocytes
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after birth (Rinaldi, Bloom, and Schimenti 2020) (Figure 1-6).
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Figure 1-6. Recombination checkpoint pathway in males and females.

Model showing the proposed signaling pathway in response to unrepaired SPO1-dependent
DSBs in male (left) and female (right) mice. In males, DSBs are sensed by the MRN complex,
leading to activation of ATM, which in turn activates effector CHK2. CHK2 acts on target
proteins p53 and TAp63, which implement the recombination-dependent arrest that blocks
progression to mid/late pachynema. In females, ATR is activated responding to unrepaired
DSBs, leading to oocyte elimination before birth via CHK2-dependent pathway and after birth
via CHK1-dependent pathway. CHK1 and CHK2 also signal to p53 and TAp3 and pro-apoptotic
BCL-2 pathway components PUMA, NOXA, and BAX act downstream to trigger oocyte
apoptosis. Image adapted from Marcet-Ortega, Maria et al. 2017 and Ellnati et al. 2020.

The loss of ATM triggers oocyte elimination by the DNA damage checkpoint in
female mice, which could be rescued by the deficiency of CHK2 to a degree similar to the
rescue by CHK2 in Dmc™~ ovaries. Thus, unlike males, ATR rather than ATM is proposed
to activate CHK2 in the recombination checkpoint in females. (Bolcun-Filas et al. 2014;
Rinaldi, Bloom, and Schimenti 2020). Recently, it has been demonstrated that the pro-

apoptotic BCL-2-dependent pathway is responsible for eliminating recombination-
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defective oocytes and suggested acting downstream of CHK2/p53/TAp63 to trigger
oocyte apoptosis (Ellnati et al. 2020). The BCL-2-dependent pathway consists of PUMA,
NOXA, and BAX, which are known targets of p53 and TAp63 transcription factors in
somatic cells (Su, Chakravarti, and Flores 2013). PUMA/NOXA or BAX deletion rescue
oocyte numbers in DSB-repair mutants (Dmc1”- and Mshs”") and like CHK2 deletion,
the rescue did not reach wild-type levels, suggesting the existence of other components
in DNA damage checkpoint (Bolcun-Filas et al. 2014; Rinaldi et al. 2017; Ellnati et al. 2020)

(Figure 1-6).

1.2.4.2. Synapsis Checkpoint

Defects in chromosome axis formation or SC assembly can activate a cell
response to asynapsis independently of DSBs formation in many organisms, leading to
cell cycle arrest and even apoptosis (MacQueen and Hochwagen 20m).

In mammals, the synapsis checkpoint response is closely associated with the
meiotic silencing of unsynapsed chromatin (MSUC). The MSUC is a chromatin
remodeling process by which unsynapsed regions are transcriptionally inactivated
during meiotic prophase I (Turner 2015). The MSUC is achieved through the crosstalk
between the axially located sensors signaling asynapsis, such as the axial component
proteins HORMAD1/2 proteins, etc. (Fukuda et al. 2010; Wojtasz et al. 2009), and the
loop-located effectors mediating gene silencing such as the variant histone H2AX
(Fernandez-Capetillo et al. 2003). HORMAD1/2 load onto chromosome axes at
leptonema and are depleted from the axes by TRIP13 once homologs have synapsed
(Fukuda et al. 2010; Wojtasz et al. 2009; Koubova et al. 2014b). By the late zygotene stage,
HORMAD1/2 recruit the breast cancer 1 protein (BRCA1) to the unsynapsed axes (Turner
et al. 2004; Héléne Royo et al. 2013). Then, in HORMAD1/2- and BRCA1-dependent
manner, ATR is recruited to unsynapsed axes (Turner et al. 2004; Paigen and Petkov 2018a;
Wojtasz et al. 2012), which further promotes the enrichment of BRCA1 and ATR-
activating cofactors: TOPBP1, ATRIP (Héléne Royo et al. 2013; Perera et al. 2004; Refolio
et al. 2o11) as well as regulate phosphorylation of HORMAD1/2 (Fukuda et al. 2012). If
asynapsis persists until pachytene, ATR translocates into the chromatin loops and
phosphorylates H2AX (yH2AX) with the help of the y-H2AX-binding factor MDC(i,

resulting in the irreversible silencing of this region (Ichijima et al. 2on).
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In males, spermatocytes loss mediated by DSB-independent response to
asynapsis involves the failure of Meiotic Sex Chromosome Inactivation (MSCI)
(Burgoyne, Mahadevaiah, and Turner 2009). MSCI is a physiological MSUC process that
responds to the unavoidable partial asynapsis of the sex chromosomes without leading
to cell death (Turner et al. 2006). MSCI is reflected by the formation of the sex body, a
specialized subnuclear domain encompassing most portions of the X and Y
chromosomes in pachytene spermatocytes. The sex body is characterized by the lack of
RNA synthesis and sequestration of an array of proteins not found elsewhere in the
spermatocyte's nucleus (Handel 2004).

In mutant mice with extensive asynapsis (e.g., Spoir”/~, Dmc17-), MSCI can not
occur. Most probably, due to the limited association of silencing factors with XY axes (e.g.,
ATR, BRCA1 are sequestered at unrepaired DSBs sites in Dmc1”/- mice) (Mahadevaiah et
al. 2008; Kouznetsova et al. 2009). MSCI failure leads to the expression of lethal sex-
linked genes, thus resulting in spermatocyte progression arrest and apoptosis (Hélne
Royo et al. 2010).

In females, ablation of HORMAD1, HORMAD?2, or H2AX prevents prophase I
oocyte loss in Sponr’- mice (Jeffrey M. Cloutier et al. 2015; Paigen and Petkov 2018a;
Wojtasz et al. 2012), suggesting a potential role of HORMADs in the checkpoint response
to asynapsis in females (Turner 2015). In fact, oocyte elimination due to asynapsis is
proposed to be caused by the transcriptional inactivation of oogenesis essential genes via

MSUC (Jeffrey M. Cloutier et al. 2015; J. M. Cloutier et al. 2016).
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Meiosis is a critical process of gametogenesis in all sexually reproducing
organisms, in which haploid gametes are generated through reductional cell division,
eventually allowing the formation of a diploid embryo after fertilization. The success of
ploidy reduction requires accurate homologous chromosome segregation during the first
meiotic division, which is assured mainly by the two coordinated major events,
homologous synapsis and meiotic recombination occurring during meiotic prophase I.
Errors in these processes can dramatically impact fertility in mammals (Baudat, Imai,
and De Massy 2013). Human infertility is an emerging major health issue, and genetic
factors significantly contribute to its origin (Zorrilla and Yatsenko 2013). More unknown
genes, genetic variants, or mutations affecting mammalian gametogenesis need to be
discovered for better clinically relevant diagnosis and therapeutics. Thus, identifying
new players involved in meiosis is essential for a better understanding of the genetic
regulation of mammalian meiosis but also has profound implications for understanding,
diagnosing, and treating human infertility.

Our previously unpublished RNA sequencing analysis detected many
unannotated transcripts in 14 dpp mouse testis. Using this data, in this work, we aimed
to identify novel genes involved in meiotic prophase and study their functions in
gametogenesis.

To achieve this aim, we set the following objectives:

1. Describe the expression profile of the candidate genes in different mouse

tissues.

2. Study the ability to express proteins of the selected candidate genes in vitro

and in vivo.

3. Characterize the protein localization of putative meiotic prophase genes in

mouse meiocytes using immunostaining.

4. Study the meiotic function of identified genes using knock-out mouse

models:
a. Generate mutant mice using the CRISPR-Casg technique.
b. Analyze the gametogenesis phenotype of mutant mice.

c. Analyze the synapsis and recombination processes in mutant mice.
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3.1. Genescreen

3.1.1. RNA purification

Mouse organs (testis, ovary, fetal ovary, prepubertal testis, brain, fat, kidney,

liver, spleen, and stomach) were harvested right after euthanasia and preserved by flash

freezing with liquid nitrogen. Each organ was collected from 3 different 3-5 months old

wild-type individuals for adult tissues, 16-18 days postcoitum (dpc) for fetal ovary, and 2-

16 days postpartum (dpp) for prepubertal testis. RNA of each tissue was purified using

the RNeasy Plus Mini Kit (Qiagen) and applied for the downstream RT-PCR.

Protocol, following the manufacturer’s instructions:

Remove a piece of frozen tissue (3x3x3 mm°) and place it inside a clean
Eppendorf.

Disrupt the tissue by grinding it thoroughly with a clean pestle.

Add 350 pl Buffer RLT Plus and homogenize the lysate by pipetting.
Centrifuge the lysate for 3 min at 13,200 rpm.

Transfer the supernatant carefully to a gDNA Eliminator spin column
placed in a 2 ml collection tube. Centrifuge for 1 min at 13,200 rpm.
Discard the column and save the flow-through.

Add 350 pl of 70% ethanol to the flow-through and mix well by pipetting.
Transfer all the mix to an RNeasy spin column placed in a 2 ml collection
tube. Close the lid gently, and centrifuge for 1 min at 13,200 rpm. Discard
the flow-through.

Add 700 pl Buffer RW1 to the RNeasy spin column. Close the lid and turn
the tube upside down gently and centrifuge for 1 min at 13,200 rpm.
Discard the flow-through.

Add 500 pl Buffer RPE to the RNeasy spin column. Close the lid, and
centrifuge for 1 min at 13,200 rpm. Discard the flow-through.

Add 500 pl Buffer RPE to the RNeasy spin column. Close the lid gently,
and centrifuge for 2 min at 13,200 rpm, Discard the flow-through.

Place the RNeasy spin column in a new 2 ml collection tube, centrifuge
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at 13,200 rpm for 1 min, discard the flow-through.

— Place the RNeasy spin column in a new 1.5 ml collection tube. Add 30-
50 pl RNase-free water directly to the spin column membrane. Close the
lid gently, and centrifuge for 1 min 13,200 rpm.

— Measure the concentration using Nanodrop™ Spectrophotometers.

Store RNA sample at -80°C for up to 1 year.

3.1.2. Reverse transcription polymerase chain reaction (RT-PCR)

Total RNA or RNA treated with DNase as described below was transcribed into
cDNA using the iScript™ ¢cDNA Synthesis Kit (Bio-Rad). Then, cDNA was amplified with
gene-specific primers designed using Primer-BLAST (NCBI) as well as -actin primers,
as control. A minus Reverse Transcription control (RT-) containing all the reaction
components except the reverse transcriptase was included for testing for contaminating
DNA.

Primer design

All primers were designed using the tool Primer-BLAST and the following
criteria (Table 3-1):

1) The primer pair should be specific to each gene.
2) The melting temperature should be 60 + 1°C.

3) The length should be 16-30 bp.

4) The GC content should be 40-70%.
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Table 3- 1. RT-PCR primers

Materials and Methods

Gene name Forward primer Reverse primer
12P1 AGGGGGATGGTTCGTGTAAG TCAGAGGGAAGTGCGTGTAG
14P1 AGAACCTCACTGCCATAGGGT ACTGTTTCTTGCAAAGGCTCC
17P1* agggATGTTCCCTGACAATTTCG CTATGGGTCAGGCTTTGGAGC
20P1 TTCAGAGTTCAGCAACGCCT AAGCCTTCAAGTGTCCCTTACTT
22P1* tagtATGACAACACCAGCTGTGC TTATGACAGACTATGACCGCTCAG
25P1 GCCAAATCCACAGGATCCGA ATCCTATAGCAATGAAGTTCCTGT
36P1 GATAGGTTCTTGACAACAGGGCAT TTCTGGAAAAGAGGGACAGGC
60P2 GACTCCATCCCTTCTGTAGCC AGATGCTCGGGACAAGTTCGT
62P1 ATGCGTGAGAAGGCTGTTCG TAACCTGATTGAGCCAGGCG
62P2 TGGGCTCGTTTACCTGGATT AGCACTACCCGCAGTAAGTT
80P1 AGCTGTAGGATACAATTGGGAAGA TCAATCCGACTTACAAAGGCT
83P1 TACTTGTCACGGTCACCGAA TTGGCCTCGTGTCTTCATCT
86P1 CTGCATCCCTCTTTCCATGG GGTCCTACCCACATTGAACC
89P1* gaagATGGGTCAAAGTCAGAGTG TCATCCATTAGCACCCCTATCAC
94P1 TCAGGAACACGTCCTGTGTG TCGTTTTTACCCTATGAAACTGCAC
96P2 TGCACTTCTGTTCTACGGCAA TGGATGGGAAATCCTGTGACC
119P4 GATCAGCTATGGCTGTGGGG TCCTTTAGGCTGCACCTTGG
136P1 GACGGATGGCCATGGAAGG TGTCAGCAGAGACGGGTAGT
151P1 AAGGACGCACAGTAGAGAGA CTCACTCGAGCATGAAGAGAGT
160P2 CCTCACTGCTATAGGCATGAAAGA GCACTCGAAGATTGCAATGATGT
172P1 TGGAGGCATCTCTGTAGGGG TGTCTTGGCCTTGCAGGTTTA
199P1 GCCTTTCCAATACCCAGTCA GACATTGGAGATGACCACGA
251C AGAAAGGCTAGCTGTGTCGT CACCGACATTTGGGGCTCAT
255P1 TAGGGACCAAGAACCTGCTG TCCTGAAGCCACTGAGAAGG
273P2 ACACTGCTCTGCATTACGCT TCCAGTTGGGAAACCAAGAGAA
303C ATCTGATCAAGATGCAGAGAAAAG GCCCTGGTAACGGCTTTTAG
305P1 GCTTCGACAGTGGCTTGTTG ACTCTCCACAATCCCTGTTTCT
310P1 CACTGAAGGAAGTGACCCAGAG TCATTGTGCTTCCTTTGATGCT
319P1 AAGCCTGTTCACAAGGGAGA AAACGCCTTAAAATTAAAGCAAACA
325P1 AGAGTCCCATCCAGCAATGG TCCTGGATGTTGAGTCCTGG
333P1 CCAGAACATCACTGCTATAGGCT TGGATATGGAGACTACACTGCCAA
346P1 TCTTTCTGAGTACCACATCTTCCAG  CTACTGAAGAAGAGCCTGGTTTTG
355P1 CTCAGGTTCTCAGACTGCAC CTTACTGGGGTGCTGGCTAT
361P1 AGACCTATAGGAACCTCACTGCT AGACCACTGGTTGGTGCAAA
368P1 TTCCAGAAGACATGGAAGGCATA GTTCGGAGTTCACTGTTTCGG
B-Actin AGGTCTTTACGGATGTCAACG ATCTACGAGGGCTATGCTCTC

* Primers are used for both RT-PCR and cloning PCR.
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DNase treatment of RNA
To avoid the unintended genomic DNA amplification during PCR for single-
exon putative genes, the RNA sample was pretreated with DNase I (Qiagen) to remove
contaminating DNA before cDNA synthesis.
Protocol:
— Mix 2 pg of RNA with 2 pl of 10X DNase 1.
— Incubate at RT for 15 min.
— Add 2 pl of 25 mM EDTA to the mix.
— Inactive the DNase I at 65°C for 10 min.

— Continue the reverse transcription protocol.

Reverse transcription (RT)
Protocol, according to the manufacturer’s instructions:

— Mix 2 pg RNA with the reaction components in a 0.2 ml PCR tube as

follows (Table 3-2):

Table 3-2. RT-PCR Reaction mix

Component 20 pl Reaction
5x Reaction Mix* 4l
Reverse Transcriptase 1l
Total RNA 2ug
Nuclease-free water Up to 20 pl

* The reaction mix contains a blend of oligo (DT) and random hexamer primers.

— Incubate the reaction mix at 42°C for 30 min and then inactivate the
enzyme at 85°C for 5 min in a thermal cycler. Store cDNA at -20°C until

use.

Polymerase chain reaction (PCR)
Protocol:
— Prepare a master mix for the appropriate number of samples to be

amplified in a 1.5 ml tube as Table 3-3 and distribute the proper amount
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Materials and Methods

to each PCR tube. The used primers are displayed in Table 3-1.

Table 3-3. PCR master mix

Component 20 pl Reaction
10x PCR Buffer 2 ul
dNTPs 8 mM 2 ul
MgCl, 25 mM 1.36 ul
Forward Primer 10 uM 1l
Reverse Primer 10 uM 1ul
cDNA 1ul
Horse-Power Tag DNA Polymerase 5U/ul 0.4 ul
Milli-Q Water 11.24 pl

— Add Horse-Power Taqg DNA polymerase to each reaction and

immediately start the incubation in a thermal cycler using the following
program (Table 3-4):

Table 3-4. PCR cycling program

Cycle Step Temp. x Time Cycles
Initial Denaturation 95°C x 2! 1
Denaturation 95°C x 15"
Annealing 59°C x 50" 40
Extension 68°C x 30"
Final Extension 68°C x 5' 1

Load 10 pl of the reaction mix with 5 ul molecular weight marker in
agarose gel (0.7-1.5%) stained with 0.0085% SYBR safe (Thermo Fisher

Scientific). Determine the size of the amplification product.

3.2. Gene cloning

3.2.1. High-fidelity PCR
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In order to obtain the correct full-length coding sequence (CDS) of the gene of
interest for inserting into the pEGFP-C1 and pEGFP-N1 vector (Figure 3-1), adult mouse
testis cDNA was amplified using Phusion High-Fidelity DNA Polymerase (Thermo Fisher
Scientific).

Primer design

All primers were designed manually according to the following criteria (Table
3-5):

1) Each gene-primer pair should target at both ends of the putative gene
CDS to amplify the full length.

2) Each primer pair should have a sufficiently large target sequence at its
3’-end (usually >15 bases).

3) The melting temperature (only target sequence) should be 70 + 4°C
based on the formula, Tm =4 X G/C + 2 X A/T.

4) To allow the insert DNA in frame with tagged EGFP in vectors, each
gene-specific forward primer (for both pEGFP-C1and pEGFP-N1 cloning)
should be added at its 5’ end by 4 bases upstream to its CDS in the mouse
genome; each gene-specific reverse primer (only for pEGFP-N1 cloning)
should exclude the stop codon sequence and replace it by a G/C base.

Protocol:

— Prepare a master mix for the appropriate number of samples to be
amplified as follows and distribute the proper amount to each PCR tube
(Table 3-6).

— Add the polymerase right before starting the cycling (Table 3-7).

— Determine the size of the amplification product by gel electrophoresis.

3.2.2. DNA purification

Amplified DNAs were purified by cleaning up at least from two independent
reactions using the NucleoSpin Gel and PCR Clean-up (Macherey-Nagel). Depending on
the specificity, DNAs were extracted directly from PCR reactions or excised agarose gels
containing desired DNA fragment.

Protocol, following the manufacturer’s instruction:

Mix 1 volume of PCR reaction with 2 volumes of Buffer NTI or add 200
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- SV40 promoter _ ¢

SV40 or

pl Buffer NTI for each 100 mg of agarose gel (< 2%) and incubate for 10
min at 50°C with vortexing until the gel slice is completely dissolved.
Place a Column into a Collection Tube (2 ml) and load up to 700 pl
sample.

Centrifuge for 30 s at 1,000 x g. Discard flow-through and place the
column back into the collection tube. Load the remaining sample if
necessary and repeat the centrifugation step.

Add 700 pl Buffer NT3 to the Column. Centrifuge for 30 s at 11,000 x g.
Discard flow-through and place the column back into the collection
tube.

Centrifuge for 1 min at 11,000 x g to remove Buffer NT3 completely.
Incubate the column for 5 min at 70°C to evaporate the residual ethanol
from NT3 Buffer.

Place Column into a new 1.5 ml microcentrifuge tube.

Add 20 pl Buffer NE and incubate at RT for 1 min.

Centrifuge for 1 min at 11,000 x g. Confirm the DNA sequence by sanger-

sequencing.

pEGFP-N1

PEGFP-C1 | ‘ 4733 bp
|

4731 bp

SV40 or

oo .
ot

ampR PO

= SV40 promoter !
ST

Figure 3-1. pEGFP-C1 and pEGFP-N1 plasmid map
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Table 3-5. pEGFP-C1/N1 Cloning Primer

Gene name

a
Forward primer (5' - 3')

Reverse primer C1 (5' = 3')

Reverse primer N1 (5' > 3')b

20P1

25P1

62P1

62P2

96P2

136P1

151P1

255P1

273P2

310P1

333P1

355P1

gccgATGACTGCTACTGAAGCTGC

tgctATGCCAAATCCACAGGATC

cagcATGCGTGAGAAGGCTG

gggcATGCGTGAGAAGGCTG

taagATGATGGAATGGCGGCCT

caagATGAAATCTGTGCCACTTGATG

tgccATGAAAGGATTCACAGTGAAG

agaaATGCCAGGAAAAACTGAAG

cattATGGACTGTAGCGAGAAC

gaggATGCAGAGAAAGACAGGAAAG

ggtgATGCTAGAGACATACC

tgacATGTTGGACAAATTTACAGAAACAG

TTACTGTGAAGCAAAATAAGCCTTCAAG
gCTGTGAAGCAAAATAAGCCTTCAAG

TTAAAGAACTGGATAGGGTTCCTC
cAAGAACTGGATAGGGTTCCTCTC

CTAACCTGATTGAGCCAGGC
gACCTGATTGAGCCAGGCG

TCACTGGCTCCCAACAGTCAG
gCTGGCTCCCAACAGTCAGTT

TCACTGGTGTCGGGCTAGGG
gCTGGTGTCGGGCTAGGGAA

CTCACCTTTGAAGCTCTTCACAC
cTACTCACCTTTGAAGCTCTTCAC

TTACTTACATACACAAGGTTTCTCTCC
gCTTACATACACAAGGTTTCTCTCCA

TTAAGCTATTGCATTCCTTGGG
gAGCTATTGCATTCCTTGGGC

TCAAACTTTCTTCCCTCTTTTTITC
gAACTTTCTTCCCTCTTTTTTCC

TCACACCTGGCTGGTAAACAGTAAG
gCACCTGGCTGGTAAACAGTAAGG

CTAAGGGTTTTTTCTAAAATGTG
gAGGGTTTTTTCTAAAATGTGTTC

TCAGCTAAGGACTTCATTAGAAGAGGC
gGCTAAGGACTTCATTAGAAGAGGC

* Lowercase sequence indicates genomic sequences upstream of each gene. ® Lowercase
sequence indicates the sequence replacing stop codon for pEGFP-N1 cloning
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Materials and Methods

Table 3-6. High-Fidelity PCR master mix

Component 50 pl Reaction
5x HF Buffer 10 pl
dNTPs 8 mM 1.25 pl
DMSO 1.5
Forward Primer 10 uM 2 ul
Reverse Primer 10 uM 2 ul
cDNA 2 ul
Phusion D;\Il,j‘/irlymerase 0.4 pl
Milli-Q Water 30.85 ul

Table 3-7. High-Fidelity PCR cycling program

Cycle Step Temp. x Time Cycles
Initial Denaturation 98°C x 1' 1
Denaturation 98°C x 15"
Annealing X°C x 20" 35
Extension 72°Cx 1'
Final Extension 72°C x 5' 1

3.2.3. DNA digestion

Vector DNA Digestion and Dephosphorylation
The recipient vectors, pEGFP-C1, and pEGFP-N1 vector were digested by
FastDigest Smal (Thermo Fisher Scientific) to create blunt ends and dephosphorylated
by FastAP Thermosensitive Alkaline Phosphatase (Thermo Fisher Scientific)
simultaneously to prevent re-circularization.
Protocol, following the manufacturer’s instruction:
— Prepare the scaled-up reaction mixture as Table 3-8.
— Mix thoroughly, spin briefly and incubate at 37°C for 10 min.
— Leave on ice while checking the result by electrophoresis loaded with 1

pl reaction diluted in 9 pl Milli-Q water.
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Table 3-8. Smal digestion and dephosphorylation master mix reaction

Component 50 pl Reaction
Plasmid DNA 5pug
10x Fast Digest buffer 5ul
Fast Digest Smal enzyme 5ul
Fast AP, alkaline phosphatase 5ul
Nuclease-free Water up to 50 ul

— If the band is linear and clear, stop the reaction by heating at 65°C for 15

min. If not, return the Eppendorf to incubate at 37°C for another 5 min.

Insert DNA Phosphorylation

The purified PCR product was phosphorylated by T4 Polynucleotide Kinase
(Thermo Fisher Scientific) before being inserted into the dephosphorylated vectors.

Protocol, following the manufacturer’s instruction:

— Prepare the following reaction mixture (Table 3-9):

Table 3-9. Phosphorylation of insert DNA

Component Final Conc.
Amplified DNA Variable
10x Reaction Buffer A 1x
ATP 10 mM 1mM
T4 Polynucleotide Kinase 1l

— To maximize the final concentration of insert DNA, the reaction was
prepared by adding all the pre-purified amplification DNA mostly
around 15-18 pl and without adding any water. In this case, the volumes
of reaction buffer and ATP were adjusted according to the final
concentration and the DNA volume.

— Mix thoroughly, spin briefly and incubate at 37°C for 20 min.

— Heat at 75°C for 10 min.
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3.2.4. DNA ligation

The insert DNA was ligated with both pEGFP-C1and EGFP-N1vectors that were
Smal-digested and dephosphorylated using the Rapid DNA Ligation Kit (Thermo Fisher
Scientific). The molar ratio of insert: vector was set to 3: 1 and the DNA concentrations
of vector and insert were estimated by electrophoresis described as below.

Protocol:

— Load 1 pl of each linearized vector DNA and phosphorylated insert DNA
in a 1% agarose gel side by side along with 5 pl DNA marker. Run the gel.

— Compare the intensity of the bands and determine, the ratio of DNA
: ci
concentrations (=).
Cv
. s : . . .
— Determine the 5—1: by comparing the size of the vectorand inserting DNA.

— Calculate the Vi by the following formula to decide the required volume

of insert DNA to reach a 3:1 insert: vector molar ratio.

Ci xVi _Sv _

——Xx—=3:1
Cv X 1uL  Si

— Add the following to a 1.5 ml tube (Table 3-10):

Table 3-10. Ligation of insert DNA to plasmid vector DNA

Component 20 pl Reaction
Vector DNA 1l
Insert DNA Variable
5x Rapid Ligation Buffer 4 pul
T4 DNA Ligase 5 U/l 1l
Nuclease-free water Up to 20 ul

— Vortex and spin briefly to collect drops.
— Incubate the mixture at 22°C for 15-20 min.

— Store the ligation mixture at 4°C until transformation.
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3.2.5. Transformation

5-alpha Competent E. coli cells from New England Biolabs (NEB) or Dr. Joaquin

Arifio Carmona’s lab (IBB, UAB; JAC) were transformed with a ligation mixture.

Protocol:

Thaw 100 pl from NEB cells or 200 pl of the JAC cells on ice.

Mix gently and carefully pipette the cells into a new 1.5 ml tube on ice.
Add 4 pl of the ligation reaction mixture in every 100 pl of the E. coli
cells.

Carefully flick the tube 4-5 times to mix cells and DNA. Do not vortex.
Place the mixture on ice for 30 min. Do not mix.

Heat shock at 42°C for 30-45 s. Do not mix.

Place on ice for 5 min. Do not mix.

Pipette 1 ml of RT LB medium into the mixture.

Place at 37°C and shake at 220 rpm for at least 3 h.

Centrifuge the LB mixture at 13200 rpm for 30 s.

Remove most of the supernatant but keep ~50 pl.

Mix the cells thoroughly by pipetting gently.

Spread all the mixture onto pre-warmed kanamycin (50 pg/ml) selection
plate using an aseptic technique to avoid contamination.

Incubate overnight at 37°C.

3.2.6.Colony screening

To identify the transformed colonies containing a DNA insert with correct size

and orientation, a direct PCR from colonies was performed as described below.

Protocol:

Pick up 16-20 colonies from each plate and incubate in 1 ml LB medium
with kanamycin (50 pg/ml) at 37°C for 4-16 h.

Seed 1 pl of each cultured colony into the PCR reaction as the DNA
template sample.

Use a combined primer set, including an insert-specific primer and a
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vector-specific primer, to detect the presence of the insert and its
orientation (Figure 3-2).

The PCR reaction mix preparation and cycling program were performed
following previously described methods (Table 3-3 and 3-4). The annealing temperature
for each PCR was estimated by NEB Tm Calculator. All the PCR products were run by gel
electrophoresis and the results were evaluated. The whole process starting from colonies

pick-up was repeated at most 3 times more if there was not any expected amplification.

Insert-carrying pEGFP-C1 vector

Figure 3-2. Primer design for colony PCR

PCR for pEGFP-C1 cloning: forward primer (red arrowhead) is located at the EGFP region -
CATGGTCCTGCTGGAGTTCGTG and reverse primer (yellow arrowhead) is the gene-specific
reverse primer C1. For pEGFP-N1 cloning: forward primer (red arrowhead) is the gene-specific
forward primer and reverse primer (yellow arrowhead) is located at the EGFP region -
CGTCGCCGTCCAGCTCGACCAG.

3.2.7. Plasmid isolation

The plasmid was then isolated using NucleoSpin Plasmid (Macherey-Nagel)
from the corresponding LB samples showing the expected amplicon size and finally, the
sequence was confirmed by sanger sequencing.

Miniprep isolation protocol, following the manufacturer’s instructions:

— Use 0.5-1 ml of the E.coli LB culture, centrifuge cells in an Eppendorf for
30 s at 11,000 x g. Discard the supernatant and remove as much of the
liquid as possible.

— Add 250 pl Buffer Ai. Resuspend the cell pellet completely by vortexing.

Make sure no cell clumps remain.
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Add 250 pl Buffer A2. Mix gently by inverting the tube 6-8 times. Do not
vortex to avoid shearing of genomic DNA.

Incubate at RT for up to 5 min until lysate appears clear.

Add 300 pl Buffer A3. Mix thoroughly by inverting the tube 6-8 times
until blue samples turn completely colorless. Do not vortex to avoid
shearing of genomic DNA.

Centrifuge for 5 min at 11,000 x g at RT.

Place a NucleoSpin® Plasmid Column in a Collection Tube (2 ml) and
pipette a maximum of 700 pl of the supernatant onto the column.
Centrifuge for 1 min at 1,000 x g. Discard flow-through and place the
NucleoSpin® Plasmid Column back into the collection tube. Repeat this
step to load the remaining lysate.

Preheat Buffer to 50°C and add 500 pl to the column. Centrifuge for 1
min at 11,000 X g.

Add 600 pl Buffer A4. Centrifuge for 1 min at 1,000 x g. Discard
flowthrough and place the NucleoSpin® Plasmid Column back into the
empty collection tube.

Centrifuge for 2 min at 11,000 x g and discard the collection tube.
Incubate the column for 10 min at 37°C to evaporate the residual ethanol
from Buffer A4.

Place the NucleoSpin® Plasmid Column in an Eppendorf and add 30-50
pl Buffer AE. Incubate for at least 1 min at RT. Centrifuge for 1 min at
11,000 X .

Store the isolated plasmid DNA at -20°C until use.

1 pl of the correct gene-containing plasmid was transformed into E.coli cells

following the previously described protocol and incubated in 200 ml LB medium

overnight for a large amount of plasmid preparation. The plasmid was then isolated by

NZYMaxiprep (NYZTECH).

Maxiprep isolation protocol, following the manufacturer’s instructions:

Pellet 100-150 ml of an E. coli LB culture by centrifugation for 10 min at
6,000 x g at 4°C. Discard supernatant.

Re-suspend cell pellet in 12 ml of Buffer Mi, containing RNase A, by
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vigorous vortexing.

Add 12 ml of Buffer M2 and mix gently by inverting the tube 5 times. Do
not vortex. Incubate at RT for 5 min.

Add 12 ml of pre-cooled Buffer M3 to the suspension. Mix gently by
inverting the tube 10-15 times. Do not vortex. Immediately proceed to
the next step.

Centrifuge for 30 min at 20,000 x g at 4°C. During this time, equilibrate
an NZYTech Plasmid Maxi Column with 6 ml Buffer MEQ. Allow the
column to empty by gravity flow.

Apply the lysate to the equilibrated NZYTech Plasmid Maxi Column.
Allow the column to empty by gravity flow.

Wash the NZYTech Plasmid Maxi Column with 32 ml of Buffer MW.
Allow the column to empty by gravity flow.

Heat buffer ME to 50°C in the water bath and elute the plasmid DNA
with 15 ml. Allow the column to empty by gravity flow.

Collect the eluate in a clean tube.

Add 10.5 ml of isopropanol to precipitate the eluted plasmid DNA.

Mix well and let the mixture sit for 2 min. Centrifuge at 20,000 x g for 30
min at 4°C. Carefully discard the supernatant.

Add 5 ml of 70% ethanol to the pellet and centrifuge at 20,000 x g for 15
min at RT. Carefully remove ethanol completely from the tube with a
pipette tip. Allow the pellet to dry at RT.

Dissolve the DNA pellet in 200 pl Buffer TE.

Determine plasmid concentration by Nanodrop.

3.3. Gene expression analysis

3.3.1. Transfection in HEK 293T cell line

All the successful cloned plasmids containing 12 genes of interest (9 carried in

both pEGFP-C1 and pEGFP-N1 vectors, 2 carried only in pEGFP-C1 vector and 1 carried

only in pEGFP-N1 vector, Table 4-1) were first introduced into the human embryonic
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kidney cell line (HEK 293T) by transfection to assess their expression ability in vitro. The

transfection procedure was performed by using jetPEI® DNA transfection reagent

(Polyplus Transfection).

Protocol, following the manufacturer’s instruction:

Seed 200,000 - 400,000 cells/per well 24 h before transfection in 6-well
plate.

On the day of the transfection, change the medium of the 6-well plate.
For the transfection, per well, dilute 3 pg of DNA in 150 mM NaCl to a
final volume of 100 pl. Vortex gently and spin down briefly.

Vortex jetPEI® reagent and spin down before use. Per well, dilute 6 pl of
jetPEI® reagent in 150 mM NaCl to a final volume of 100 pl. Vortex gently
and spin down briefly.

Add the 100 pl jetPEI® solution to the 100 pl DNA solution all at once.
Vortex the solution immediately and spin down briefly.

Incubate for 30 min at RT.

Per well, add the 200 pl jetPEI°/DNA mix drop-wise to the cells in 2 ml
of serum-containing medium and homogenize by gently swirling the
plate.

Return the plates to the cell culture incubator and incubate for 24-48 h.

Check eGFP expression with an inverted fluorescence microscope

(Nikon Eclipse TE2000-E or TS2R-FL).

3.3.2. Electroporation in live mouse testis

The in vivo electroporation (EP) experiment was performed in collaboration

with the group of Dr. A. Pendas (CIC-CSIC, Salamanca, Spain). This particular

transfection technique allows a transient expression of the delivered plasmid in live

mouse testis cells, facilitating in vivo gene function analysis.

Protocol, adapted from (Shibuya, Morimoto, and Watanabe 2014):

Anesthetize a 16-18 dpp wild-type mouse with isoflurane by inhalation
and then pull out the testis from the abdominal cavity.

Prepare DNA solution in 5 pg/pl by diluting plasmid in 1x HBS (HEPES
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buffered saline: 20 mM HEPES, 140 mM NaCl, 5 mM KCl, 0.1% glucose,
0.7 mM Na2HPO4-12H20) and stained with 1 pl of 0.1% FastGreen
(Sigma-Aldrich).

Inject 10 pl of DNA solution to the rete testis, the region surrounded by
the white dotty line, using a glass capillary.

Leave the testes to rest for 1 h to allow the DNA to penetrate the
seminiferous tubules.

Wet the testes with PBS. Hold it between a pair of electrodes and apply
4 electric pulses of 35 V for 50 ms in each direction using a CUY21 BEX
electroporator (BEX Ltd).

Place the testes back into the abdominal cavity and sew up the incision.
Sacrifice the mouse after 24-72 h and dissect the testis for downstream

spermatocyte spread and squash.

3.3.3. Spermatocyte spreading from frozen testis

A small portion of frozen testes was used for spreading spermatocyte nuclei on

aglassslide in a 2D preparation of nuclear chromatin. Even though this technique caused

the loss of soluble cellular components, chromatin-bound molecules were retained to

study protein localization coupling with immunofluorescence microscopy.

Protocol, adapted from (Liebe et al. 2004):

Cut a small portion with a pre-cooled sterile blade in a Petri dish on dry
ice.

Transfer the Petri dish with the sample to ice.

Immediately add 10-25 pl of cold 1 x PBS (pH 7.4) containing 1 x protease
inhibitor, PI (Roche Diagnostics).

Mince the sample with the blade thoroughly for 2-3 min.

Gradually add more 1x PBS up to 100 pl while mincing.

Transfer the cell mixture to a sterile Eppendorf and let it sit on ice for 15
min so large tissue pieces sediment

Distribute 25 pl of the upper cell suspension on a slide and place it in a

humid chamber. Repeat up to three times this process.
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Add 8o pl of 1% Lipsol containing 1 x PI in Milli-Q water onto the cell
suspension, mix gently and leave for 15-20 min.

Add 150 pl of the PFA fixative solution (1% Paraformaldehyde in Milli-Q
water pH 9.2-9.4, 15% Triton X-100, 1x PI ). Mix gently and spread over
the slide.

Let the slides sit in a closed humid chamber at RT for 2 h.

Open de humid chamber in a fume hood and let slides dry for 30-45 min.
Wash the slides four times in 0.4% Photoflo (Kodak) solution for 2 min.
Samples of different genotypes were washed separately.

Let the slides air dry and store at -80°C until use.

3.3.4. Seminiferous tubule Squash

Compared to the surface-spreading technique, which is useful for studying the

meiotic chromosome as it presents a flattened-out nuclear chromosome structure, the

seminiferous tubule squash technique preserves the integrity of spermatocytes as well as

other cells involved in spermatogenesis. Therefore, many cellular structures, e.g.,

centromeres, telomere attachment, and the nuclear envelope, etc. were maintained and

could be assessed via immunofluorescence microscopy. Two different protocols were

applied for frozen or fresh testicular seminiferous tubules squash respectively.

Cells preparation for frozen testis, adapted from (Liebe et al. 2004)

Cut a small piece of frozen testes with sterile blade scalpel in a petri dish
on dry ice.

Add 10 pl PFA fixative solution (2% Paraformaldehyde in PBS pH 9.4-9.5)
by 2 times up to 20 pl while mincing the seminiferous tubules completely.
Transfer the cell solution to a sterile Eppendorf and let it sit at RT for 10
min to deposit.

Transfer 6 pl of the cell suspension to a marked slide, 3 slides in total.
Continue with the squashing of the seminiferous tubules as described

below.

Cells preparation for fresh testis, adapted from (Page et al. 1998)
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Cut a small portion of fresh testes with sterile blade and forceps in 1x PBS,
pH 7.4 in a Petri dish.

Remove the testicular tunica albuginea by puncturing the tissue with
sharp-tipped forceps and collecting the loose seminiferous tubules.
Outline the edges of 3 poly-L-lysine coated glass slides with a liquid
blocker pen.

Transfer a few long tubules to each slide and add 60 pl fixative solution
(1.875% PFA in PBS pH 9.0).

Incubate the tubules in the PFA solution for 5 min at RT.

Mince seminiferous tubules into 2 mm segments using the blade.
Arrange 10-20 tubule segments to be distributed evenly in the center part
of the slide by forceps. Avoid tissue overlaps.

Remove excess liquid using a paper towel.

Squashing of the seminiferous tubules

Put a 24*24mm coverslip on top of the tubules.

Fix the coverslip with a finger on one corner upon a sheet of paper towel.
Roll a pencil all over the coverslip with even force.

Place the paper towel on top of the coverslip. Press the coverslip with the
thumb for seconds to squash the tubules.

Immediately flash freeze the slide in liquid nitrogen until the noise
subsides.

If immunostaining is performed immediately after, remove the coverslip
with a blade and place the slide into PBS, wash 5 min for 3 times. Then,
the preparation is ready for blocking.

If the slides are not going to be used right away, wrap the slides with the
coverslip in tinfoil and store them at -80°C for long-term storage. When
immunostaining a stored slide, dip it into liquid nitrogen again until the
noise disappears. Remove the coverslip and wash in PBS as described

above.

3.3.5. Immunofluorescence staining
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Indirect immunofluorescence staining was applied for chromatin preparation

to study the presence and subcellular localization of the protein of interest in cell nuclei.

Protocol:

Block the slides with freshly made blocking solution (0.2% BSA, 0.2%
gelatin, 0.05% Tween-20 in PBS) for 15 min at RT under agitation.
Dilute the primary antibody in 8o pl blocking solution per slide. Primary
antibodies used for detection in transfected samples are listed in Table
3-12.

Add the primary antibody solution on each slide and cover it with
parafilm.

Incubate the slides in a humid chamber overnight at 4°C.

Wash the slides 4 times in blocking solution for 3 min under agitation.
Dilute the secondary antibody in 8o pl blocking solution per slide.

Add the secondary antibody solution on each slide and cover it with
parafilm.

Incubate the slides in a humid chamber for 1 h at 37°C.

Wash the slides 4 times in blocking solution for 3 min under agitation.
Drain the slides at RT.

Mount each slide with 15 ul DAPI (0.1 pg/ml in Vectashield antifade
mounting medium) and cover with a coverslip.

Analyze the results with an epifluorescence microscope (Zeiss Axioskop).
Stained slides were stored at 4°C for the short term and -20°C for the

long term.

Antibodies used for IF in transfected samples are listed in Table 3-12.

3.3.6. Western blot

Western blot analysis was performed to detect the protein expression level of

genes of interest in the transfected cells and the electroporated testis with their

corresponding plasmids.

Protein sample preparation from adherent cells

Place the cell culture plate on ice and gently wash the cells with ice-cold
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PBS.

Discard the PBS and add ice-cold 1x RIPA lysis buffer (50 mM Tris pH 8,
1% Triton X-100, 0.1% SD, 150 mM NaCl, 1 mM EDTA, 0.5% Sodyum
Deoxycholate, 10 mM NaF, 1x PI), 100-150 pl per well of 6-wells plate.
Scrape the cells off the plate using a cold plastic cell scraper and gently
collect the cell suspension into a pre-cooled 1.5 ml tube.

Let the tube stand on ice for 30 min, vortex every 10 min vigorously.
Centrifuge for 10-20 min at 12,000 rpm at 4°C.

Place the tubes onto the ice and gently transfer the supernatant into a

fresh tube kept on ice.

Protein sample preparation from mouse testis

Add ice-cold 1x RIPA lysis buffer to the tissue in a 1.5 ml tube. 100-150 pl
for half of a 16 dpp mouse testes.

Disrupt and homogenize the tissue using a plastic pestle for 3-5 min.
Incubate the tube in the thermomixer for 10 min at 95°C.

Disrupt and homogenize again with the pestle for min.

Centrifuge at 13200 rpm for 10 min at 4°C.

Transfer the supernatant into a new 1.5 ml tube.

Determine the concentration of each lysate sample by using Pierce™ BCA

Protein Assay Kit (Thermo Scientific).

Protocol, following the manufacturer’s instruction:

Prepare WR by mixing 50 parts of BCA Reagent A with 1 part of BCA
Reagent B (50:1, Reagent A:B). The total volume of WR required is
determined by the following formula:

(9 standards + # unknowns) x (2 replicates) x (200 ul of WR per sample)
= total volume WR required

Dilute each unknown sample in 1:10.

Pipette 10 pl of each standard or diluted unknown sample replicate into
a 96-Well Plate.

Add 200 pl of the WR to each well and mix the plate thoroughly on a

plate shaker for 30 s.
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— Cover plate and incubate at 37°C for 30 min.

— Cool plate to RT. Measure the absorbance near 540 nm on a plate reader.

— Subtract the average 540 nm absorbance measurement of the Blank
standard replicates from measurements of all other individual standard
and unknown sample replicates.

— Prepare a standard curve by plotting the average Blank-corrected
measurement for each BSA standard vs. its concentration in pg/ml.

— Use the standard curve to determine the protein concentration of each
diluted unknown sample.

— Multiply by 10 each diluted sample concentration to determine the final

protein concentration.

Protein separation by SDS-PAGE
Casting the gel
— Prepare a 10% SDS-PAGE resolving gel solution and a 4% SDS-PAGE
stacking gel solution separately according to the following recipes (Table
3-11).
Note: add and mix TEMED in the end just right before casting.

Table 3-11. Recipe for preparing resolving and stacking gels

Component 10 % Resolving Gel 4 % Stacking Gel

Milli-Q Water 3.8 ml 3ml

Acrylamide/bis (30% 37.5:1; Bio-Rad?) 3.4 ml 670 ul
Tris—HCI (1.5 M, pH 8.8) 2.6 ml /

Tris—HCI (0.5 M, pH 6.8) / 1.25 ml

SDS (20%, w/v) 50 ul 25 ul

APS 100 pl 50 ul

TEMED (Bio-Rad) 13 pl 6.5 ul

— Pour half of the resolving gel solution into the pre-stalled glass cassette.
— Add 50 pl isopropanol to remove the bubbles.
— Leave the gel for 15 min to solidify. Meanwhile, check if the leftover gel

solution solidifies to confirm that the gel solution behaves as expected.
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Remove the isopropanol with a clean filter paper.

Load half of the stacking gel solution over the resolving gel.
Immediately insert the comb into the upper gel.

Leave the gel for 5 min to solidify. Meanwhile, check if the leftover gel

solution solidifies.

Reduce and denature the protein sample

Add 15 pl 2x Laemmli sample buffer containing BME to each 30 g
protein sample as well as an appropriate volume of water up to 30 pl per
well.

Boil the mixed sample at 95°C for 10 min and leave the sample cool down.

Gel loading and running

Mount the cassette into the electrophoresis apparatus and pour enough
amount of 1 x Running buffer (25 mM Tris, 190 mM glycine, 0.1% SDS in
Milli-Q Water) into the cassette and the tank.

Remove the comb from the cassette carefully and load the prepared
protein extracts to the wells along with protein ladders.

Run the gel at 8o volts at the beginning, speed up to 120 volts after the
samples pass the stacking gel, and stop when the samples reach the

bottom of the resolving gel.

Protein transference

Gently disassemble the cassette.

Take out the gel and remove the stacking part.

Prepare the stack with the preassembled nitrocellulose membrane pack
(Bio-Rad).

Transfer the protein using Trans-Blot® Turbo™ Transfer System (Bio-
Rad) for 10 min at 25V/1.3A.

Rinse the membrane with water and air dry.

Antibody labeling

Block the membrane for1 h at RT in blocking solution (0.5% fat-free milk

in 0.1% TTBS).
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— Incubate with the primary Ab diluted in blocking solution ON at 4°C
under agitation.

— Wash the membrane for 5 min in TBST 3 times.

— Incubate the membrane with the secondary Ab diluted in TBST for1 h at
RT under agitation.

— Wash the membrane for 5 min in TBST 3 times.

— Prepare the substrate detection buffer (Clarity Western ECL Substrate,
Bio-Rad) and add 2 ml to the membrane.

— Incubate for 5 min and remove the excess substrate.

— Expose the membrane and acquire images using Versadoc (Bio-Rad).

Antibodies used for WB in transfected samples are listed in Table 3-12.

Table 3-12. Antibodies used for the analysis of the transfected sample

Antibody Host Dilution Source

Anti-SCP3 Mouse 1:200 for IF Abcam

Anti-GFP Rabbit 1:200 for IF, 1:2000 for WB  Thermo Fisher Scientific
Cy3 anti-mouse  Goat 1:200 for IF Jackson Immunoresearch
FITC anti-Rabbit  Goat 1:200 for IF Jackson Immunoresearch
anti-Rabbit-HRP  Goat 1:10000 for WB Bio-Rad

3.3.7. 5 Rapid Amplification of cDNA Ends (RACE)

An adapted in-house designed 5’ rapid amplification of cDNA ends (RACE)
analysis (Pinto and Lindblad 2010) is used to determine the transcription start points.
The technique takes advantage of the propensity of the murine leukemia reverse
transcriptase (M-MuLV) to add an extra 2—4 cytosines to the 3' end of newly synthesized
c¢DNA on reaching the cap structure at the 5’ end of the template mRNA.

Thus, in the synthesis of cDNA primed by a gene-specific primer (GSP1), a
template-switch oligonucleotide (TSO) containing 3’ poly-G terminus pairs with the
c¢DNA 5’ poly-C tail, becoming a template for RT to add its complementary sequences at
the cDNA terminus as a linker sequence. As the template-independent addition of
cytosines is cap-dependent, the TSO is appended only to full-length cDNA ends, assuring

the mRNA 5’ region is included in these template-switch ¢cDNA containing linker
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sequences.

Then a universal primer mix (UPM) and a gene-specific antisense primer (GSP2)
were used for a step-out PCR. The UPM is composed of a long primer and a short primer.
The long primer is present in low concentration and contains part of the TSO at its
proximal end and the short primer at its distal end. Therefore, it specifically but
inefficiently primes the template-switched cDNA in the PCR. Subsequently, the short
primer specific for the distal part of the long primer and in high concentration drives the
PCR product amplification together with gene-specific antisense primer. The PCR
products, including the mRNA 5’ region, are then cloned and sequenced.

The presence of the poly G 3’ end of TSO can cause unspecific cDNA synthesis
if it binds to C-rich sequences in the mRNA of interest. To avoid this unspecific cDNA
synthesis during RT and product synthesis by the unspecific cDNA during PCR, TSO was
blocked by adding C3-spacer at its 3’ end and the unspecific TSO-primed ¢cDNA was
flanked by in- inverted terminal sequences that act as PCR suppressors due to the use of
the UPM (Siebert et al. 1995).

Primer design

A collection of primers was designed manually according to the following
criteria (Table 3-13):

TSO criteria:

1) the sequence is absent from the mouse genome.

2) the 3’ poly-G should be 5 bases long.

3) the 5'section should have a melting temperature of 68 + 1°C (USENSE).

4) any putative secondary structures should have free energy values above
-4 kcal/mol.

UPM-SHORT criteria:

1) The melting temperature should be 68 + 1°C.
2) The sequence similarity to U_SENSE should be low.
3) Itshould result in a UPM-LONG having free energy values for secondary

structures above -8 kcal/mol.

1) The length should be 16-20bp with 40-70% GC.
2) It should specifically prime to the 3’ end of 355P1 and USP44 without 3’

mis-priming.
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3) Thesequence should be stable at the central part and 5" end and unstable

at 3’ end.
GSP2

1) The melting temperature should be 68 + 1°C.

2) Any putative secondary structures should have free energy values above
-4 kcal/mol.

3) It should specifically prime to the 3" end of 355P1 and USP44 upstream
of GSP1 without 3’ mis-priming,.

4) Thesequence should be stable at the central part and 5" end and unstable

at 3’ end.

Table 3-13. Primers for 5 RACE

Primer Sequence (5' - 3')
TSO GTCGCACGGTCCATCGCAGCAGTCACAGGGGG? or CGCCGATTACGCTCGTCGTTACGCTTggggg®
USENSE GTCGCACGGTCCATCGCAGCAGTC? or CGCCGATTACGCTCGTCGTTACGCTT
UPM long ACGCTGACGCTGAGCCTACCTGACGTCGCACGGTCCATCGCAGCAGTC?
UPM short ACGCTGACGCTGAGCCTACCTGAC?
GSP1 TCCATTCTCAGTAACTCGC or CTTACTGGGGTGCTGGCTAT
GSP2 ACCCAGAACCCTCCTTCGGAATTGTAGC

*Primers are adopted from Pinto and Lindblad, 2010; ® absent sequence in the mouse genome
is from Herold, Kurtz and Giegerich, 2008.

The second structure was predicted by Oligo 7 and the specificity in the
mouse genome was checked by Pimer-BLAST.
c¢DNA synthesis for 57 RACE
2-steps cDNA synthesis from total mouse testis RNA and mouse liver or spleen
RNA as control was carried out using SuperScript™ II or SuperScript™ III Reverse
Transcriptase (Invitrogen):
Protocol:

— Combine the following in a 0.2ml tube to denature the samples (Table 3-

14):
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Table 3-14. RT Denaturation Mix for 57 RACE

Component 3.5 pl Reaction
Total RNA 1ug
GSP1 10 pM 0.2 ul
dNTPs 10 mM 1 pl
Nuclease-free water Upto 3.5 ul

— Incubate the tube at 65°C for 5 min, then place on ice for at least 1 min.
— Prepare the following cDNA elongation Mix, adding each component in

the indicated order (Table 3-15):

Table 3-15. RT Elongation Mix for 5 RACE

Component 6.5 pl Reaction
10x RT Buffer 1l
MgCl, 25 mM 2 ul
DTTO0.1M 2 ul
RnaseOut 40 U/ul 1ul
RT 200 U/ul 0.5 pl

— Add 6.5 pl of cDNA elongation Mix to each denatured RNA/primer
mixture, mix gently, and collect by brief centrifugation. Incubate for 60
min at 50°C.

— Prepare the cDNA template-switching Mix, adding each component in
the indicated order in Table 3-16.

— Add 10 pl of cDNA template-switching Mix to each mixture, mix gently,
and collect by brief centrifugation. Incubate at 42°C for go min.

— Terminate the reactions at 85°C for 5 min.

— Chill on ice.

— Collect the reactions by brief centrifugation.

— Add 1 pl of RNase H to each tube and incubate the tubes for 20 min at

37°C. cDNA synthesis reaction can be stored at —30°C to —10°C or used
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for PCR immediately.

Table 3-16. RT Template-Switch Mix for 5" RACE

Component 10 pl Reaction
10x RT Buffer 1l
MgCl; 25 mM 2 ul
TSO 10 pm 2 ul
Nuclease-free 45yl
water
RT 200 U/ul 0.5 ul

H-F PCR for 5° RACE
Protocol:
— Add 1 pl of each cDNA as a template.
— Prepare a master mix for the appropriate number of samples to be
amplified as follows and distribute the proper amount to each PCR tube
(Table 3-17). Add the polymerase right before starting the cycling (Table
3-18).
— Check the amplified products by electrophoresis.
— Purify the PCR products and clone them into pEGFP vectors as described

in section 3.2. Confirm the sequence by sanger- sequencing.

Table 3-17. PCR Reaction Mix for 55 RACE

Component 20 pl Reaction
5x HF Buffer 4 ul
dNTPs 8 mM 0.5 ul
GSP2 10 uM 1l 0.4 pl 0.4 pl
UPM LONG 10 uM 0.14 ul  0.06 ul /
UPM SHORT 10 uM 1l 0.4 pl /
U SENSE 10 uM / / 0.4 pl
cDNA 1l
Poryhr;JZIroelr;eDgll.lA/ul 0.2l
Milli-Q Water Up to 20 pl
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Table 3-18. PCR cycling program for 55 RACE

Cycle Step Temp. x Time Cycles
Initial Denaturation 98°C x 30" 1
Denaturation 98°C x 10"
Extension 72°C x 45" 0
Final Extension 72°C x 10' 1

3.4. Polyclonal antibody generation

To generate custom antibodies to the studied proteins, recombinant full-length
proteins were expressed in E.coli and then purified protein was injected into rabbits for
immunization. As a result, polyclonal antibodies against multiple epitopes throughout

the sequence were obtained and used for the downstream applications.
3.4.1. Purification of recombinant protein

The recombinant target protein was produced in collaboration with the lab of
Dr. Neus Ferrer Miralles (NBT, IBB-UAB, Barcelona, Spain) using a bacterial expression
system. The whole process involves cloning the genes of interest into modified bacterial
expression vector pET-28a (+)-TEV, the transformation of cloned genes into E. coli
BL21(DE3) competent cells, inducing the bacterial host to highly express target protein,

and purifying the target protein by affinity chromatography from E. coli cell lysate.

Cloning

Full-length sequences of the genes of interest were introduced to modified (+)-
TEV vectors (NBT) (Figure 3-3) which carry an N-terminal 6xHis tag/TEV protease (TEVp)
cleavage site/T7 tag configuration for bacteria expression. This results in the expression
of the target protein having an N-terminal 6xHis-tag, which is necessary for its
purification with immobilized metal affinity chromatography (IMAC). The recombinant

protein also contains a TEVp cleavage site between the His-tag and the protein sequence
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which is required for the removal of the His-tag before the injection to animals.

The cloning procedure mostly follows the standard cloning method as
previously described (Section 3.2). Any modifications and additions are indicated below.
Briefly, High-Fidelity PCR was performed using pre-constructed plasmid DNA (pEGFP-
Ni-gene of interest, Section 3.2) as a template and specifically designed primers (Table 3-
19). PCR products were then purified and digested with restriction enzymes FastDigest
Ndel and Xhol (Thermo Scientific). Meanwhile, the pET-28a (+)-TEV vector plasmid
(NBT, UAB, Barcelona) was cut by Ndel and Xhol. A 3:1 molar ratio of digested insert
DNA and vector DNA were ligated as the suggested amount by NEBioCalculator. 4ul of
ligation reactions were transformed into 5-alpha Competent E. coli cells ( New England
Biolabs ). 20 colonies were screened by a direct PCR (colony PCR, Section 3.2.6). Briefly,
the PCR was performed using colonies as a template and a pair of primers including a 3’
end gene-specific primer and a primer complementary to T7 promoter region
(TAATACGACTCACTATAGGG) from the vector (schematic of primer design seen in
Figure 3-2). Then plasmids were isolated from the culture of these colonies containing
the correct size and orientation of the insert DNA. Once the sequences of isolated
plasmids were confirmed by Sanger sequencing, the plasmids were transformed into

BL21(DE3) competent cells (NBT, IBB-UAB, Barcelona).

q /
[/

pET-28a(+)-TEV
5384 bp

Figure 3-3. pET-28a(+)-TEV plasmid map

The sequence of gene of interest is inserted at multiple cloning sites (MCS) between TEVp
cleavage site (CS) and 6xHis tag.
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Table 3-19. pET-28a (+)-TEV cloning primer

Gene Forward primer (5' - 3') Reverse primer (5' - 3')

255P1  CAAcatatgCCAGGAAAAACTGAAGTTATCATG CCGCctcgagttaAGCTATTGCATTCCTTGGGC

355P1 CAAcatatg TTGGACAAATTTACAGAAACAG CGTActcgagttaGCTAAGGACTTCATTAGAAGAGG
The uppercase sequences indicate the specific sequence to each gene; the italic uppercase

sequences indicate the sitting sequence; the lowercase sequences indicate the Ndel (forward) and
Xhol (reverse) cleavage sites; the underlined sequences indicate the stop codons.

The transformation was plated onto an LB agar plate with 30-50 pg/ml
kanamycin and incubated overnight at 37°C. The next day, a single colony was streaked
consecutively over four quadrants of the entire surface of a new kanamycin LB agar plate
and incubated overnight at 37°C. Finally, well-isolated discrete colonies were obtained on
the streaking plate. These single colonies were used directly for inoculating
starter/overnight culture for protein expression and/or for preparing stock culture in 25%

glycerol.

3.4.1.1. Protein expression - condition screen and scale-up

Transformed BL21(DE3) E.coli cells were grown in LB culture and induced with
IPTG to express the target protein. For each target protein expression, a single colony was
grown in LB with kanamycin first to obtain small freshly saturated cultures, called
overnight or starter cultures. Then, starter cultures were used to inoculate small-scale
cultures for screening the optimal protein expression condition, or large-scale cultures
for purifying the target protein after the optimal expression condition was determined.
The growth curves of E.coli cells from small or large-scale cultures were monitored by
measuring cell density with a spectrophotometer. Once cell growth reached mid-way
through the exponential phase, IPTG was added to induce protein expression at the
designated conditions. Finally, post-induction cells were harvested and lysed for protein
expression analysis by Western blot or protein purification.

Protocol:

Growing starter/overnight culture, day 1

— Work quickly and use an aseptic technique to avoid contamination
under a class II laminar flow hood.

— Transfer 10 ml LB in 5oml conical tube for small-scale culture or 150 ml
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LB in 1 L Erlenmeyer flask for large-scale culture with 30-50 pg/ml
kanamycin.

— Inoculate each LB medium with a single colony from the streaking plate
or glycerol stock of starter culture by touching the colony with a sterile
tip or glycerol stock with a disposable inoculation loop, then dipping the
tip or loop into the LB.

— Incubate at 37°C at 250 rpm ON.

Growing expression culture and monitoring growth curve, day 2
— Measure ODss, of starter culture with a spectrophotometer
(GENEQUANT 1300, Biochrom), referred to as ODs.
— Prepare small-scale (150 ml) or large-scale (2-4 L) expression culture for
monitoring growth curve:

e Transfer LB medium (refereed to as V.) with 30-50 pg/ml
kanamycin in Erlenmeyer flask: 150 ml in one 1 L flask for small
scale, and 700 ml in 3-6 2 L flasks for large-scale.

» Add the required volume of starter culture (referred to as Vs)
based on the following formula:

ODg X Vg = ODc XV
ODc = 0.05-0.1/ml
— Incubate at 37°C at 250 rpm.
— Measure OD¢. after 1h incubation and then at every 10-15 min.

— Proceed to the next induction step when OD. reaches 0.4-0.6/ml.

ITPG induction for expression, day 2

— For small-scale expression, before induction, remove 5 OD of culture (~
4.0 x 10° cells) as a negative control and harvest the cells as described
below. For large-scale expression, a negative control is unnecessary.

— Calculate remained V. after the removal for OD550 measurements
or/and negative control.

— Add the required volume of IPTG (1 M) to induce protein expression
based on the following formula:

VIPTG X 1M = Remained I/C X CIPTG

102



Ciprg = 0.5 mM
For small-scale expression, to screen the optimal condition, transfer 10
ml of culture to 9 new soml conical tubes and incubate every 3 tubes (as
triplicates) at the following conditions:
37°C for 3 h (Harvest on the same day)
25°C ON
16 or 18°C ON

For large-scale expression, incubate all the cultures at the optimal

condition.

Harvest the induced cells, day 3

For small-scale expression

Measure ODi of all the g cultures in tubes and transfer 5 OD of each
culture to a new soml conical tube.

Centrifuge for 5-10 min at 11000g at 4°C.

Discard the supernatant.

Resuspend each pellet with 1iml 1x PBS containing PI (EDTA-free
protease inhibitor, Roche Diagnostics).

Centrifuge for >1 min at 11000g at 4°C.

Remove the supernatant carefully. The pellets can be stored at -80°C

until cell lysis.

For large-scale expression

Transfer each 700 ml culture to 1 L bottle (Beckman).

Centrifuge at 5000 rpm at 4°C for 15 min.

Discard the supernatant.

Resuspend each pellet with 20 ml 1x PBS containing PI in 30 ml tubes.
Centrifuge at 8ooo rpm at 4°C for 15 min.

Discard the supernatant. The pellets could be stored at -80°C until cell

lysis.

3.4.1.2. Protein expression analysis for small-scale expression
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The behaviors and favorable expression conditions of each target protein are

unknown, hence the whole protein expression from small-scale cultures at different

induction conditions was analyzed by SDS-PAGE electrophoresis and Western blot.

According to the results, the best strategy for large-scale protein expression was made in

terms of volumes for scale-up culture, induction time, temperature, and the requirement

for protein solubilization.

Protocol:

Resuspend each cell pellet with 1 ml 1x PBS with PI.

Disrupt the cells by sonication (Sonifier, Marshall scientific) with 1

second on and 1 second off, at 10% amplitude for 2 min and then at 15%

amplitude for 2 min.

Centrifuge the disrupted cells at 13000 rpm at 4°C for 45 min.

Transfer each supernatant (soluble protein) to a new tube without

touching the pellet.

Resuspend each pellet (insoluble protein) in 1ml 1xPBS with PI.

Load both the soluble and insoluble protein samples for SDS-PAGE

electrophoresis or store them at -80°C until use.

Prepare the following samples with 4x Laemmli buffer and 1x PBS in 2ml

screw-capped tubes,

Positive control-GFP protein

Negative control (without induction)-soluble, insoluble
Inducted at 37°C-soluble, insoluble x 3

Inducted at 25°C-soluble, insoluble x 3

Inducted at 16 or 18°C-soluble, insoluble x 3

— Denature at 95°C for 20 min for soluble samples and 40 min for
insoluble samples.

— Load 10 ul of each denatured protein to TGX gel (Bio-Rad) along with
2 pl of protein standards-Precision Plus Protein™ All Blue Prestained
Protein Standards and Unstained Protein Standards, Bio-Rad.

— Run the TGX gel at 300 volts for 27 min in Running buffer (25 mM
Tris, 190 mM glycine, 0.1% SDS in distilled water).

— Expose the gel using a ChemiDoc Touch Imaging system.
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— Prepare the transference sandwich:

e Wet the bottom filter paper in the transfer buffer.

e Activate the membrane in 100% ethanol for 30 s.

¢ Rinse the membrane with transfer buffer.

¢ Place it on top of the bottom filter.

e Add the gel on top of the membrane.

e Wet the top filter paper in transfer buffer and put it on the top.
Perform protein transfer at 25 volts for 3 min with Trans-Blot® Turbo™
transfer system.

Block the membrane in 5% non-fat milk in PBS at 4°C ON and incubate
with 3 pl 6x His monoclonal antibody (1:5000, TAKARA 631212) in 15 ml
milk at RT for 2 h. Alternatively, block at RT for 2 h followed by primary
antibody incubation at 4°C ON.

Wash the membrane with 1x PBST for 15 min twice and 1x PBS for 10 min.
— Incubate with goat anti-mouse HPR conjugate antibody (Biorad 170-
6516, 1:2000) in 10 ml PBS.

Add ECL substrate (Bio-Rad) and expose the membrane with ChemiDoc
Touch Imaging system .

Analyze the images with the Imagelab software.

3.4.1.3. Protein extraction for large-scale expression

In the case that the expressed target protein was soluble, the cell pellets from

large-scale E.coli culture were lysed with a high-pressure homogenizer (AVESTIN

EMULSIFLEX Cs, ATA scientific) and the cell lysate in the supernatant was directly used

for protein purification.

Protocol:

Resuspend all the cell pellets with binding buffer (20 mM Tris-HCI pH
8.0, 0.5 M NaCl, in Milli-Q water, 50 ml per 1 L culture) with PI by
pipetting on ice.

Transfer all the suspension to a new 250 ml beaker.

Disrupt the cells with a high-pressure homogenizer (AVESTIN
EMULSIFLEX Cs, ATA Scientific) at 1000-1500 psi pressure for 2-3
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rounds.
Centrifuge the lysis at 12000 g at 4°C for 45 min.
Pass the supernatant through 0.45 pm and 0.22 pm PVDF membrane

filter (Merck) in turn before application for chromatography.

In the case that the expressed target protein was insoluble and accumulated in

so-called inclusion bodies (IBs) in the pellets after cell lysis, the IBs were solubilized to

release protein for purification.

Protocol adapted from (Peternel et al. 2008):

Weigh the pellets from E. coli culture and resuspend in Tris-HCI buffer
(1omM pH 8.0 in Milli-Q water, in 4 ml/g).

Perform 3 rounds of disruption with a high-pressure homogenizer at
1000-1500 psi pressure.

Collect all the lysate together and centrifuge at 10,000 g for 45 min. Save
the supernatant (SNu1).

Wash the pellet with Milli-Q water and centrifuge at 10,000 g for 30 min.
Save the supernatant (SN2).

Repeat the previous step and save the supernatant (SN3).

Weigh the pellet and resuspend with the solubilization buffer (40 mM
Tris-HCl, 0.2% N-lauroyl sarcosine, 40 ml/g ).

Incubate for 16-24 at RT with rotary shaker gently.

Centrifuge at 15000 g for 30 min. Save both the pellet (P1) and the
supernatant (SN4). SN4 is supposed to contain the solubilized protein.
Add the proper volume of 1 M NaCl to SN4 to reach a final concentration
of Tris-HCL at 20 mM and NaCl at 0.5 M.

Pass the sample through a 0.22 pym PVDF membrane filter before
application for chromatography. The samples of SN1, SN2, SN3, SN4, and
P1 could be loaded along with purified protein when performing SDS-

PAGE electrophoresis analysis after protein purification.

3.4.1.4. His-tag protein purification with affinity chromatography

The cell lysate or solubilized protein samples were loaded onto HisTrap HP
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column (Cytiva) operated with AKTA pure liquid chromatography system to purify His-

tagged target protein using the IMAC method. IMAC is based on the interaction of a

protein with certain amino acid residues (e.g., histidine, cysteine, and tryptophan) on

the surface with metal ions (e.g., Ni*, Cu>*, Zn**, Co**) immobilized via a chelating ligand.

HisTrap HP column (Cytiva) is pre-charged with immobilized nickel (Ni?*) by a chelating

resin. When the sample passes through the column, target proteins are retained as they

strongly bind to the resin due to the 6 Histidine residues, while other proteins in the cell

lysate or solubilized protein sample do not bind at all or just weakly. Then the captured

His-tagged protein was recovered by eluting the column with a high concentration of

imidazole.

Protocol:

Install HisTrap HP column to AKTA pure chromatography system.
Wash the AKTA pure system and pump with Milli-Q water.

Wash the column with 5 column volumes of Milli-Q water at a flow rate
of 1 column volume/min.

Equilibrate AKTA pure system and pump by binding buffer (20 mM Tris-
HCI pH 8.0, 0.5 M Na(Cl in Milli-Q water, 0.22 pm PVDF membrane
filtered).

Equilibrate the column with 5-10 column volumes of binding buffer at a
flow rate of 1 column volume/min.

Load the filtered cell lysate sample or solubilized protein sample with an
external pump or 50 ml superloop onto the column at a flow rate of 1
column volume/min. Collect the flow-through sample.

Wash the column with binding buffer until the absorbance reaches a
steady baseline. Collect the washed sample.

Elute the column with elution buffer (20 mM Tris-HCI pH 8.0, 0.5 M
NaCl, o.5 M Imidazole in Milli-Q water, 0.22 pum PVDF membrane
filtered ) using linear gradient over 20 column volumes a flow rate <1
column volume/min.

Monitor the absorbance. Hold the elution buffer at a certain percentage
when a peak of absorbance appears and continue the gradient when the
peak ends. Collect the elution samples.

Regenerate the column by washing it with 5-10 column volumes at a flow
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rate of column volume/min.

Wash the system and pump with Milli-Q water at a flow rate of column
volume/min.

Wash the system, pump, and column with 20% ethanol at a flow rate <
column volume/min.

Uninstall the column. Cover with parafilm and store at 4°C. The column
could be repeatedly used up to 3 times.

Load the sample before purification, the flow-through sample, the
washed sample, and the three elution samples corresponding to the
starting point, the highest point, and the ending point of each peak.
Perform Western Blot analysis to identify the existence and purity of
target protein in elution samples as seen in section 3.4.1.2.

Group the elution samples from identified peaks and transfer them to a
new tube as initial purified protein sample Go. Save 100 pl Go aliquot.
Measure the protein concentration of Go by Nanodrop (Thermo

Scientific) and calculate the total amount of protein in Go.

3.4.2. Sample preparation for animal injection

The His-tags of purified target protein might cause immune response during

animal immunization and generate unspecific antibodies. Hence, removing His-tags

from target protein is necessary before animal injection whenever possible. The removal

was done by the cleavage of TEV protease at the TEV cleavage site of the purified protein.

Then, any proteins with an affinity of binding to the column were separated from the

target protein with removed His-tag using IMAC. Finally, the target protein was prepared

in PBS and sterilized filter before injecting it to animals.

Protocol:

Dialyze sample Go in 3 L TEVp reaction buffer at RT for 3 h:
e Submerge the tubing (12-14 kDa, Spectrum) containing all the
Go samples in 1 L TED buffer (50 mM Tris-HCI pH 8.0, 0.5 mM
EDTA, 1 mM DTT in Milli-Q water).

e Gently spin the tubing at RT for 1 h by stirring.
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e Submerge the tubing in 1 L new TED buffer and spin at RT for 1
h.

e Repeat the previous step.

e Transfer the sample from tubing to a new tube.

e Centrifuge at 14000 g at 4°C for 15 min.

e Observe if there is any precipitation and transfer the
supernatant to a new tube as TED-dialyzed sample G1. Save 100
pl Gi aliquot.

— Measure the G1 protein concentration by Nanodrop and estimate the
total amount of protein in G1. Estimate the protein loss during dialysis
by comparing the amount of protein in Go and Gi if there is any
precipitation observed.

— Add 1 mg TEV protease (NBT or Thermo Fisher Scientific) to each 3 mg
G1 protein.

— Gently shake the tube at RT ON.

— Centrifuge at 14000 g at 4°C for 15 min.

— Transfer the supernatant in a new tube as TEVp-digested sample G2.
Save 100 pl G2 aliquot.

— Dialyze sample G2 in 3 L binding buffer at RT for 3 h:

e Submerge the tubing containing all the G2 samples in 1 L
binding buffer (20 mM Tris-HCI pH 8.0, 0.5 M NaCl in Milli-Q
water, 0.22 pum PVDF membrane filtered ).

¢ Gently spin the tubing at RT for 1 h by stirring.

e Submerge the tubing in 1 L new binding buffer and spin at RT
for1 h.

e Repeat the previous step.

e Transfer the sample from tubing to a new tube.

e Centrifuge at 14000g at 4°C for 15 min.

e Observe if there is any precipitation and transfer the
supernatant to a new tube as binding buffer-dialyzed sample G3.
Save 100ul G3 aliquot.

— Pass sample G3 through 0.22 pm PVDF membrane filter.
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Load the filtered sample G3 to HisTrap HP column with AKTA pure
chromatography system and wash the column with binding buffer.
Monitor the absorbance to confirm the detection of protein without His-
tag while loading and washing.
Collect carefully the flow-through sample and the wash sample and load
both of them along with sample Go-G3 to TGX gel.
Perform Western blot analysis. The flow-through sample should contain
most of His-tag removed target protein and the washed sample might
also contain some.
Based on the WB result, dialyze the flow-through or/and wash sample
in 3 L PBS buffer at RT for 3 h:
e Submerge the tubing containing protein sample in 1 L 1x PBS
buffer (pH 7.2-7.6).
e Gently spin the tubing at RT for 1 h by stirring.
e Submerge the tubing in 1 L new PBS buffer and spin at RT for 1
h.
e Repeat the previous step.
e Transfer the sample from tubing to a new tube.
e Centrifuge at 14000 g at 4°C for 15 min.
e Observe if there is any precipitation and transfer the
supernatant to a new tube.
Measure protein concentration in the supernatant by Nanodrop and
estimate the total amount of target protein without his tag.
Load the sample to Amicon® Ultra centrifugal filter (Millipore).
Spin the device at 4°C to concentrate the sample to at least 0.2 mg/ml.
While spinning, the sample volume decreases. When the remained
sample volume reaches the expected volume (calculated by the total
amount of protein/o.2 mg/ml), stop the spinning and confirm the
concentration by Nanodrop.
Sterilize the concentrated sample using a 0.2 um filter.
The sterile His-tag removed target protein sample in PBS is ready for

animal injection.
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3.4.3. Immunization of animals

Two rabbits were immunized for each polyclonal antibody in collaboration with
Dr. Antoni Iborra (SCAC, Barcelona, Spain). Briefly, pre-immune serum was collected
from each animal on Day o as control; then animals were injected with 0.05-0.5 mg/dose
of antigen on Day 1 as a primary injection, on Day 14 as of 1* booster, on Day 28 as 24
booster and/or on Day 42 as 3" booster. Post 2" or 3 booster, 1-2 ml sera were tested by
ELISA titration to verify the immunization response. Once verified, immunization was
stopped and two bleeds (~100 ml total per rabbit) were collected from the rabbits.

Immunoglobulins (IgG) were isolated from 1-2 ml sera by affinity chromatography using

Affi-Prep protein A resin cartridge (Bio-Rad) and used for the required applications.

3.5. Mouse mutation and phenotyping

3.5.1. CRISPR/Casg knockout

To analyze the functions of the genes of interest, CRISPR/Casg system was used
to generate Bend2 knockout mice in collaboration with Dr. Anna Pujol (CBATEG, UAB,
Barcelona, Spain) and Usp44 knockout mice in collaboration with Dr. A. Pendas (CIC-
CSIC, Salamanca, Spain).

For Bend2 knockouts, sgRNAs were designed using CRISPR DESIGN TOOLS
(Millipore Sigma) (Table 3-20). A pair of gRNAs with minimum off-target and maximum
on-target activity were selected to specifically target at sequences that encode essential
protein domains of each gene. sgRNAs were synthesized by Sigma and microinjected
together with Casg protein into the pronucleus of C57BL/6]JOlaHsd zygotes. Edited
founders were identified by PCR with primers flanking the targeted region and HinclI
digest. PCR products were further purified and determined by Sanger sequencing. 3-4
selected founders carrying desired deletions were crossed with wild-type
C57BL/6JOlaHsd to eliminate possible off-target mutations to generate pure
heterozygotes. Female heterozygotes (+/-) were crossed with wild-type male (+/y) for

wild-type female (+/+), heterozygous female (+/-), wild-type male (+/y), and mutant

111



male (-/y) offsprings, and crossed with mutant male (-/y) for mutant female (-/-),
heterozygous female (+/-), wild-type male (+/y) and mutant male (-/y) offsprings. Mice
from at least F2 generation were analyzed for their phenotyping. Male mutants were all
analyzed together with their wild-type littermates. Female mutants were analyzed with
wild-type mice from other litters at the same age.

For Usp44 knockouts, crRNAs were designed using Custom Alt-R® CRISPR-
Casg guide RNA
(https://eu.idtdna.com/site/order/designtool/index/CRISPR CUSTOM) (Table 3-20).

The crRNAs were produced by chemical synthesis at IDT and pre annealed to form the
final gRNA. A mixture containing the sgRNAs, recombinant Casg protein (IDT) was
microinjected to both pronucleus and cytoplasm of zygotes (F2 hybrids between strains
Cs7BL/6] and CBA/J). Edited founder mice were identified by PCR with primers flanking
the targeted region. PCR products were subcloned into pBlueScript (Stratagene) followed
by standard Sanger sequencing. 3-4 selected founders carrying desired deletions were
crossed with wild-type C57BL/6]JOlaHsd to eliminate possible off-target mutations to
generate pure heterozygotes. Female and male heterozygotes were interbred. Mice from
at least F2 generation were analyzed. Mutants were all analyzed together with their wild-

type littermates.

Table 3-20. gRNAs for CRISPR/Casg knockout

Name Target Region Sequence (5' - 3') PAM Strand
BEND2 gRNA1 EXON4 within AGTAGCAGGCTGCATAAGT GGG Antisense
BEND2 gRNA2 EXON4 downstream AGACCAGCCTTATTGACCA TGG Sense
USP44 gRNA1 EXON3 upstream AGCAACCTAGACCTAATCTA TGG Sense

USP44 gRNA2 EXON3 downstream  AGTCTAACCCAAGATAAACT TGG Antisense

3.5.2. Mouse Genotyping

3.5.2.1. Genomic DNA extraction

Genomic DNA was extracted from mouse tails and applied for the downstream

genotyping PCR.
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Protocol:

Place 0.5 cm of the tail into a 1.5ml tube.

Add 490l lysis buffer (0.1 M Tris-HCI pH 8.5-9, 0.2 M NaCl, 0.2% SDS
and 5 mM EDTA in Milli-Q water) and 1opl proteinase K (20 mg/ml,
Roche Diagnostics).

Incubate at 56°C overnight.

Centrifuge at 13200 rpm for 15 min.

Transfer the supernatant to a new 1.5 ml tube with pre-added s500pl
isopropanol. Shake vigorously to allow DNA precipitating.

Centrifuge at 13200 rpm for 3 min.

Discard the supernatant as much as possible.

Add 500 pl cold 70% ethanol and mix by shaking.

Centrifuge at 13200 rpm for 3 min.

Remove the supernatant and dry the pellet at 60°C for 10-15 min.
Resuspend the pellet with 10opl Milli-Q water and incubate at 60°C for

10 min.

3.5.2.2. Genotyping PCR

Genomic DNA was amplified by using NZYTaq II 2x Green Master Mix with

self-designed primers to identify wild-type or mutated alleles by the product size (Table
3-21and 22). Primers were specific to each genomic sequence of each gene and designed
using Primer-BLAST (NCBI). For each mouse line, two pairs of primers were employed.
On primer pair (BEND2 GenoF and GenoR or USP44 GTP-F and GTP-R) was used in the
first round of PCR; the identified possible homozygous BEND2 females and USP44
animals were subjected to the second round of PCR using the second pair primers,
BEND2 GTP Forward and Reverse wt or USP44 GTP Forward and Reverse Wildtype, to

confirm the homozygosity.

Protocol:

Thaw the master mix and set up the PCR reaction on ice.
Add 1 pl of template genomic DNA to the PCR tubes.
Mix appropriate times of the remained components specified in Table 3-

23 and quickly vortex.
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Materials and Methods

— Pipette 19 pl of the mix to each tube.

— Perform PCR using the cycling as Table 3-4.

Table 3-21. BEND2 genotyping primers

Allele

Primer specificity Sequence (5' - 3') Product size (bp)
BEND2 GenoF +/- TTGCCAGTGGGGTATTACGA
BEND2 GenoR +/- CTGGAAGGCAGGAAGTTTAACA 693 and 200-400
BEND2 GTP Forward +/- TTTGCTCCACTGTTTCACGC
BEND2 GTP Reverse wt + TCCCTTTAAACTGCCAACAACA 539

Table 3-22. USP44 genotyping primers

Primer AII.e.Ie. Sequence (5' = 3') Product size (bp)
specificity
USP44 GTP-F +/- GCCAAAGAAACACACATCCCTCC
USP44 GTP-R +/- TGTACCCTCAACCCACCAAAAGT 551/263
USP44 GTP Forward +/- ACACGGCTGGCGTTCATTTC
USP44 GTP Reverse Wildtype + CAGCTCTACCTCCTTCGGAAT 697

Table 3-23. Genotyping PCR reaction mix

Component 20 pl Reaction
genomic DNA 1ul
Forward Primer 10 uM 0.5 ul
Reverse Primer 10 uM 0.5 ul
Milli-Q Water 8 ul
NZYTag Il 2x Green Master Mix 10 i

3.5.3. Tissue fixation, embedding, and sectioning

To perform microscopic analysis, fresh mouse tissues were fixed with PFA for
immunofluorescence/TUNEL assay or with Bouin’s for the use of PAS (Periodic Acid
Schiff) staining. After fixation, tissues were embedded in wax and cut into very thin slices
mounted on glass slides.

Protocol:

— Dissect the tissue from the animal and immediately immerse it into
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fixative solution, freshly made 4% PFA (0.4 g paraformaldehyde

dissolved in 10 ml PBS, pH 7.4) or Bouin’s fixative. Let it sit ON at 4°C.

— Wash in PBS for 30 min at 4°C twice.

— Dehydrate the tissue in a series of ethanol with increasing concentration:

50% Ethanol 30 min 4°C

70% Ethanol 30 min 4°C (can be kept for months)

85% Ethanol 30 min RT

96% Ethanol 30 min RT (plus 0.1% eosin for fetal ovaries)

100% Ethanol 30 min RT x2

— Clear the ethanol with histoclear and infiltrate paraffin:

Histoclear 30 min RT x3

Histoclear: Paraffin (1:1) 45 min 56°C (held in cassettes)
Paraffin 2h 56°C

Paraffin 16 h 56°C

— Embed the tissue in paraffin to form a block:

Place the tissue infiltrated with paraffin in a mold filled with molten
paraffin.

Carefully orientate the tissue to determine the plane of the section.
Place a cassette on top of the mold.

Leave it to solidify on a cold plate.

Remove the block and its attached cassette.

Store the block at 4°C.

— Section the paraffin block:

Cut the block into 6-7 pm slices using a microtome.
Flatten the sections in the floatation bath.
Transfer the sections onto poly-L-lysine coated slides.

Leave the slides dry at 37°C ON.

3.5.4. Immunohistochemistry staining

To detect the location of the target protein in mouse tissues,

immunohistochemistry staining was applied to the tissue sections. After deparaffinized
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and rehydrating the slides, an antigen retrieval step was performed to expose the epitopes
masked by PFA fixation to allow antibodies to bind.
Protocol:
Deparaffinization and rehydration
Immerse the slides in the following sequence:
Xylene 5 min X3
100% Ethanol 3 min x2
96% Ethanol 2 min x2
70% Ethanol 2 min
distilled water 2 min (can be kept until next step)
Antigen retrieval
— Pre-heat sodium citrate buffer (10 mM Sodium citrate, 0.05% Tween 20,
pH 6.0) or Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, 0.05% Tween 20,
pH 9.0) to 95-100° C in a Coplin jar placed in a water bath.
— Put the slides into the jar and heat the slides for 30 min.
— Remove from the water bath and cool down by rinsing with running
distilled water for 2 min.
Immunostaining was performed as described in section 3.3.5 and antibodies

were indicated in Table 3-24.

3.5.5. PAS-Hematoxylin staining

To analyze the cell count and structure of tissue sections, PAS-Hematoxylin
(PAS-H) staining was performed. PAS stains glycogen-rich structures in tissues and
Hematoxylin counterstains nucleic acids.
Protocol:
— Deparaffinize and rehydrate the tissue sections as described in section
3.5.4.
— Oxidize for 10 min by immersing the slides in 1% Periodic Acid solution
— Wash in distilled water for 3 min twice.
— Place in Schiff’s reagent for 30 min in darkness.

— Wash in sulfurous water (10% Potassium metabisulfite, 0.1 M HCI in
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Milli-Q water) for 3 min twice.
Wash in distilled water for 3 min twice.
Counterstain in Mayer’s Hematoxylin for 1 min.
Rinse in running tap water to remove Hematoxylin excess.
Dehydrate the slides by immersing in the following sequence:
70% Ethanol 2 min x2
96% Ethanol 2 min x2
100% Ethanol 3 min x2
Xylene 5 min x2
Mount with DPX mounting medium and analyze with an Optical
microscope. Images were captured using Zeiss Axioskop microscope and

processed using Photoshop.

3.5.6. TUNEL assay-In situ cell death detection

To detect and quantify cell apoptosis in tissue sections, TUNEL assay (In Situ

Cell Death Detection Kit, Fluorescein, Roche Diagnostics) was performed as it detects

DNA strand breaks generated during apoptosis by labeling the free 3'-OH termini with

fluorescein-dUTP catalyzed by terminal deoxynucleotidyl transferase (TdT) enzyme.

Protocol:

Deparaffinize and rehydrate the tissue sections as previously described.
Wash in PBS for 2 min at RT.

Immersing the slides in 0.5% Triton X-100 in PBS for 15 min for
permeation.

Wash in PBS for 2 min twice.

Add 100 pl of background reducing solution (Dako) to each slide and
incubate for 15 min at RT to remove the background.

Rinse in PBS for 2 min.

Add 5-10 pl of TUNEL reaction mixture (10% TdT enzyme solution in
fluorescein-dUTP label solution) onto each section. Cover the slide with
parafilm and incubate for 1 h at 37°C in a humid chamber.

Wash in PBS for 5 min three times.
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— Mount with 15 pl DAPI (0.1 pg/ml in Vectashield antifade mounting

medium) and cover with a coverslip.

— Analyze the results with an epifluorescence microscope (Zeiss Axioskop).

3.5.7. Oocyte nuclei spreading

To study the events occurring during the first meiotic prophase in mice,

chromosome spreads were prepared from fresh fetal and perinatal ovaries for females

and frozen adult testis for males. The preparation of spermatocyte spread follows the

same protocol as seen in section 3.3.3. The spread preparation for oocytes is described

here.

Protocol:

Dissect the females under a stereomicroscope (Nikon SMZ-1).

Transfer ovaries in pairs from each female to one well containing 500 pl
of M2 medium (Sigma-Aldrich) in the first row of a 24-well plate. Repeat
this for all the females.

Add Collagenase (Sigma-Aldrich) to the M2 medium (Final
concentration, 2.5 mg/ml) in the wells. Mix well by carefully pipetting.
Incubate the ovaries in the collagenase for 30 min at 37°C.

Transfer the ovaries to the wells in the second row containing 500 pl of
hypotonic buffer (30 mM Tris-HCl pH 8.2, 50 mM Sucrose, 17 mM
Sodium Citrate, 5 mM EDTA, 0.5 mM DTT, 1x PI [Roche Diagnostics] in
Milli-Q water) under the stereomicroscope.

Incubate the ovaries for 30 min at RT.

Transfer the ovaries to the wells in the third row containing 60 pl of 100
mM sucrose under the stereomicroscope.

Disaggregate the ovaries by pipetting under the stereo microscope to
create a single-cell suspension.

Distribute 10 pl of the cell suspension onto 6 slides.

Add 40 pl of fixative solution (1% PFA, 5 mM Sodium Borate, 0.15%
Triton X-100, 3 mM DTT, 1x PI in Milli-Q water, pH 9.2).

Let the slides sit for 2 h in a closed humid chamber to fix the cells.

Dry the slides under a fume hood for 20 min.
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- Wash the slides four times in 0.4% Photoflo (Kodak) solution for 2 min.
Samples of different genotypes were washed separately.
- Let the slides air dry and store at -80°C until use.
Immunostaining on the spreads was performed following previous protocol in

section 3.3.5 and antibodies were indicated in Table 3-24.

Table 3-24. Antibodies used for immunostaining for mouse phenotyping

Antibody Host Dilution Source
Anti-SYCP3 Mouse 1:200 Abcam
Anti-SYCP3 Rabbit 1:200 Abcam
Anti-SYCP1 Rabbit 1:200 Abcam

Anti-phospho-Histone H2A.X Mouse 1:400 Millipore
Anti-MLH1 Mouse 1:50 BD Biosciences
RPA32 (4E4) Rat 1:100 Cell signalling
Anti-RAD51 (ab-1) Radbbit 1:100 Millipore
Anti-CXorf20 Rabbit 1:100 Abcam
Anti-Ubiquitin Rabbit 1:50-100 Abcam
Cy3 anti-mouse Goat 1:200-400 Jackson
Immunoresearch
Cy3 anti-rat Goat 1:200 Thermo Fisher
FITC anti-Rabbit Goat 1:200 Jackson
Immunoresearch
FITC anti-Mouse Goat 1:200 Millipore
Alexa Fluor 594 anti-Rabbit Donkey 1:200 Invitrogen

3.5.8. Follicle count and classification

To quantify the follicles in adult ovaries, the ovary was cut at 6-8 pm thickness
and every 8-10 sections are mounted on one slide. Sections of 16-20 slides were cut per
ovary, representing usually half of one wild-type ovary or half to the entire of one mutant
ovary. One every two to three sections are counted per slide, and 5 slides were counted
per ovary. Follicles were only counted if a visible oocyte nucleus was present. Follicles
were classified into primordial follicles (with one layer of flat granulosa cells), primary
follicles (with one layer of cuboid granulosa cells), secondary follicles (with more than
one layer of granulosa cells), and antral follicles (with the antrum). The counting and

classification were performed under the bright field microscope.
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3.6. Microscopy, imaging process, and data analysis

3.6.1. Microscopy and image capture

PAS-Hematoxylin stained ovary sections were observed on a brightfield
microscope Zeiss Axioskop and images were captured with a ProgRes Jenoptik camera
using software ProgRes Capture Pro 2.7.7.

The fluorescent samples were examined by Zeiss Axiophot microscope and the
images were captured with a Point Gray Research, Inc. camera with the ACO XY Software
or ACOPT-Drecera (A.COLOMA Open microscopy). This setup was also applied to the

image capture of PAS-Hematoxylin stained testis sections.
3.6.2. Image process and analysis

All the images were processed by Adobe Photoshop. Fluorescence intensity was

quantified by Image]; fluorescence signals were counted manually or by Image].
3.6.3. Statistical analysis

Data analysis and statistical inference were performed using GraphPad Prism 8

software.
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4.1. Expression profile of candidate genes in mouse tissues

To identify candidate genes possibly involved in meiotic prophase I, we took
advantage of several unannotated transcripts detected in 14 dpp wild-type mouse testis
from our previous RNA sequencing analysis (Marcet-Ortega M. and Roig I., unpublished).

We first performed bioinformatic analysis to process these transcripts in
collaboration with the Genome Assembly and Annotation team (Centre Nacional
d’Analisi Genomica, Barcelona). Briefly, all the transcripts were assembled, assessed for
their protein-coding ability, and analyzed for their potential function, followed by the
building of CDS of each transcript ensured with quality control. Consequently, a list of
104 putative novel non-annotated genes coding sequences for 203 transcripts and 160
proteins was obtained (Figure 4-1, Supplementary Table 1). Further, we continued the in
silico analysis of these putative novel genes studying their homology within the animal
kingdom and possible functionality of the predicted proteins with Gene Ontology (GO)
term enrichment - statements of computational or experimental based gene function,
etc. (Supplementary Table1). It’s worth noting that the RNA-seq transcripts were initially
compared to Mus musculus genome assembly GRCm38.p4, while our study was ongoing,
some of these unannotated genes were annotated as predicted genes according to the
latest GRCm3g.

To define the expression profile of these genes in mice, we performed RT-PCR

with specific primers to each gene and total RNA from adult testis, adult ovary,

Figure 4-1. Finding novel putative gene

S — strategy
T e | [T The transcripts processing analysis was
& performed in collaboration with the
_— ! i Genome Assembly and Annotation Team
Transcript assembly | | Coding potential Functional analysis from CNAG (Centro Nacional de Analisis
PASA Transdecoder Trinotate L, . . .
Genomico, Spain). Transcripts were
aligned by PASA (Program to Assemble
Consensus CDS Spliced  Alignments),  TransDecoder
Evidencelodeler identified the coding regions, the
| functional annotations were analyzed by
Q“a”;i;j”"o' Trinotate. The consensus coding sequences
I were combined by EVM
(EVidenceModeler).

* 104 genes
* 203 transcripts
* 160 proteins
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prepubertal testis (3-10 dpp), fetal ovary (16-18 dpc), brain, fat, kidney, liver, spleen and
stomach. However, two significant difficulties caused the RT-PCR analysis in this panel
of tissues was eventually only performed on 24 of the candidate genes (Figure 4-2). First,
we could not design specific primers for most single-exon candidates (51 genes) or other
multi-exon genes (7 genes). Second, after several attempts, RT-PCR failed to amplify any
desired products for 22 genes. We also studied the expression of 11 single-exon genes in
adult testis and fetal ovaries, 5 of which were detected in both tissues (Figure 4-3).

All 24 genes were expressed in adult testis, consistent with their origin from the
14 dpp mouse testis RNA library. Among them, fourteen were expressed in most or all of
these six somatic tissues (14P1, 62P1, 62P2, 80P1, 83P1, 86P1, 119P4, 160P2, 251C, 303C,
325P1, 333P1, 361P1, and 368P1; Figure 4-2A). Ten were specifically expressed in the gonads,
but not in any somatic tissues (25P1, 36P1, 60P2, 94P1, 96P2, 136P1, 255P1, 273P2, 346P1,
and 355P1; Figure 4-2A). Notably, two of these ten gonad-specific genes (36P1and 346P1)
were exclusively expressed in the testis. Seven genes were preferentially expressed in both
adult testis and fetal ovary (25P1, 60P2, 96P2, 136P1, 255P1, 273P2, and 355P1).
Furthermore, the other gonad-specific gene (94P1) was not expressed in the fetal ovary
but the adult testis and ovary (Figure 4-2).

To study the temporal expression pattern of the gonad-specific genes during
spermatogenesis, we performed additional RT-PCR with total RNA from prepubertal
mouse testis from 2 to 16 dpp(Figure 4-4). The analysis revealed that most of these gonad-
specific genes started to express before 2 dpp, earlier than the onset of the first wave of
spermatogenesis (during the second week after birth). However, 94P1, 60P2, and 273P2
genes were detectable much later at 10, 12, and 16 dpp, respectively, corresponding to the
first meiotic prophase I (Soh et al. 2017). In agreement with what we found before (Figure
4-2), we failed to detect the expression of gene 346P1 in prepubertal testis, suggesting
that this gene is expressed in post-meiotic cells (Figure 4-4).

In females, meiosis occurs in a semi-synchronous wave when oocytes enter
prophase I during fetal development and arrest at the end of meiotic prophase I around
two days after birth. In contrast, in males, meiosis occurs periodically and

asynchronously after puberty, resulting in testis containing meiotic prophase I

125



Results

346P1
36P1
94P1
60P2
96P2
273P2
355P1
136P1
255P1
25P1
119P4
83P1
325P1
251C
333P1
80P1
303C
160P2
62P1
86P1
368P1
62P2
361P1
14P1
R-Actin

A
>
v.

I s 2 & S
2 %9 8§ % . &8 8 8 % § - & ., 8 ¢
4 o > = c o @ E 0 o > £ c g @ £
kPR @ F 38 > a 2 kK K @ F B > g 2
< o « @ ¥ 3 0 »H « d « @ X 5 o b
W T R < i

Figure 4-2. Expression profile of candidate genes in mouse tissues

(A) RT-PCR expression heatmap of 24 candidate genes in 10 different mouse tissues. RT-PCR
in each tissue was repeated with samples from 3 different animals. Value: times of being
detected. Prepubertal testis: 3-10 dpp; fetal ovary: 16-18 dpc; spermatogenesis-specific gene:
36P1 and 346P1; meiosis-specific gene: 25P, 60P2, 9g6P2, 136P1, 255P1, 273P2, and 355P1); gene
94P1 is absent in fetal ovary but present in adult ovary and testis. (B) Representative RT-PCR
result. RT (+): experimental group; RT (-): minus RT control.
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spermatocytes throughout adulthood. Therefore, expression of 25P1, 60P2, 96P2, 136P1,
255P1, 273P2, and 355P1 restricted to the adult testis and 18 dpc fetal ovary is compatible
with the assumption that these genes are specifically expressed during meiotic prophase,
and thus these could be meiosis-specific genes. For the other 19 genes that were also
expressed in both adult testis and 18 dpc fetal ovary, we cannot exclude their possible
involvement in meiosis in both sexes. Expression of 36P1 and 346P1 restricted to testis
indicates that they are spermatogenesis-specific. Moreover, the fact that 36P1 was found
in testis on day two after birth suggests that it might be involved in early spermatogenesis.
Furthermore, the upregulation of the two meiosis-specific genes, 60P2 and 273P2, and
one spermatogenesis-specific gene, 94P1, when meiosis commences in testis during the
second week after birth (10-16 dpp) demonstrate that they might also have roles in

meiosis, at least in males.

3
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Figure 4-3. Expression of single-exon genes in mouse gonad tissues

(A) Expression heatmap of 1 single-exon candidate genes in mouse adult testis and fetal ovary
by RT-PCR. Experiments were repeated with samples from 3 different animals. Value: times of
being detected. Fetal ovary:16-18 dpc. (B) Representative RT-PCR result; RT (+): experimental
group; RT (-): minus RT control.
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Figure 4-4. Expression pattern of gonad-specific genes during spermatogenesis

(A) Expression heatmap of gonad-specific genes in testis from 2 dpp, 4 dpp, 6 dpp, 10 dpp, 12
dpp, 14 dpp, 16 dpp, and adult mice by RT-PCR. Value: times of being detected. (B)
Representative RT-PCR result.

4.2. Expression pattern of candidate genes in HEK 293T cells

Based on our expression profile analysis, we selected the 26 genes expressed in
both adult testis and fetal ovaries (Figure 4-2 and 4-3) to further identify potential
meiotic genes by examining their expression in vitro. For this purpose, we cloned the full-
length coding sequence of each putative gene into the eukaryotic expression vectors,
pEGFP-C1, and pEGFP-Nj, to fuse the coded protein to an EGFP molecule. However,
because of the inability of amplifying specific DNA by high-fidelity PCR, the difficulty of
obtaining colonies containing a plasmid with the desired insertion, or no exact matches
of some candidate genes found in the current genomic database, we ended with
successfully introducing 12 of these putative genes to pEGFP-C1 and/or -N1 (Table 4-1).

To characterize the expression pattern in vitro, we transfected these 12 genes as
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C- and/or N-terminal EGFP-tagged constructs under the control of the cytomegalovirus
(CMV) promoter in HEK 293T cells and then observed their expression 24-48 h after
transfection using inverted fluorescence microscopy. In those cases where C- and N-
tagged plasmids were available, cells transfected with C-terminal EGFP-tagged gene
displayed an identical expression pattern as those transfected with the same gene tagged
with EGFP at the N-terminus. As seen in Figure 4-5A, strong EGFP signals were observed
when the cells were transfected with the empty vector, indicating the delivered plasmids
highly expressed EGFP in the cells. Similarly, EGFP-tagged 25P1, 96P2, 136P1, and 255P1
proteins were highly expressed in the transfected HEK 293T cells, localizing all over the
cytoplasm and nucleus of the transfected cells (Figure 4-5A and Table 4-1).

Interestingly, for those less expressed proteins, we could observe they displayed
a preferential location within the different cell compartments. Proteins from genes 62P1,
62P2, 273P2, 310P1, and 355P1 showed a preferential nuclear location. By contrast, the
expression of genes 151P1 and 333P1 restrictedly resided in the cytoplasm. Furthermore,

both of these two expression patterns were detected in cells transfected with the EGFP-

tagged gene 20P1. (Figure 4-5A and Table 4-1).

Pattem1: pEGFP -C1/N1, 25P1, 96P2, 136P1, and 255P1

37-
‘< —
25. . -

Patten2: 20P1, 62P1, 62P2, 273P2, 310P1, and 355P1 PEGFP-C1 pEGFP-C1-62P2

-

Pattern3: 20P1, 151P1 and 333P1

Figure 4-5. Expression of cloned genes in HEK 293T cells

(A) Representative images of the fluorescent signals of EGFP-tagged protein expressed under
CMV. Pattern 1: whole-cell expression; pattern 2: nuclear enriched expression; pattern 3:
prominent expression in the cytoplasm. Insets show magnification of the indicated cells. Scale
bar (left panel), 40 pm; scale bar (inset), 10 pm. (B) Representative images of EGFP-tagged
protein in transfected HEK 293T cells detected by Western Blot. Arrows indicate the expected
molecular weight of pEGFP-C1 (black), and pEGFP-C1-62P2 (orange).
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Table 4-1. Characteristics of the cloned candidate proteins. Summarized data related with each cloned protein, including the expected
protein molecular weight (MW), predicted motif searched by MyHits, NCBI-CDD, and MOTIF against multiple databases, overlap gene identified
by BLAST/BLAT search against Mus musculus genome assembly GRCm39 (Ensembl), meiosis specificity determined by our RT-PCR results
(section 4.1, N.A.: not available), vector plasmid used for cloning; repetition for mouse electroporation (EP), brief-expression pattern in HEK 293T
cells and EP spermatocytes (spc), and the detection by WB in HEK 293T cells (HEK) or EP spc.

Protein Overlap  Meiosis- EP Pattern in Protein
N Predicted Motif Cloni Pattern in EP
ame Mmw (kDa) redicted IVioH gene specific oning times HEK293t cells arerninEFSPE yetection by WB
20P1  35.4 GmM52969  N.A. PEGFP-C1 3 Nuclear, Intense dots in HEK
cytoplasmic nuclei
KRAB domain, Zinc Big dot in
25P1 46.5 finger domain Yes pEGFP-C1/N1 3 Whole-cell cytoplasm/foci on HEK
array SC
62P1 19.9 No pEGFP-C1/N1 2 Nuclear Telomeric HEK
Nup96 domain Nup98 signal/accumulation
62P2 27.8 No pEGFP-C1/N1 2 Nuclear at Xy HEK
96P2 13.2 Cc2d2b No pEGFP-N1 1 Whole-cell / HEK
136P1  27.4 Gml1639, o pEGFP-CI/NI 1 Whole-cell  relomeric signal/big HEK
partially dot in cytoplasm
151P1 17.4 Zinc finger domain N.A. pEGFP-C1/N1 2 Cytoplasmic telomeric signal HEK
255P1 46 BEN domain Gm15262  Yes  pEGFP-CI/N1 1 Whole-cell Patches at HEK/EP spc
heterochromatin
273P2 33.5 ANK domain mhw“u_wwh No pEGFP-C1/N1 2 Nuclear telomeric signal
Ortholog
310P1 38.7 Zinc finger domain of N.A. pEGFP-C1/N1 3 Nuclear telomeric signal HEK
ZNF660
partially i . o
333P1 41.3 Gma6430 No pPEGFP-C1 1 Cytoplasmic telomeric signal /
355P1 22.3 USP domain Uspd4 Yes pEGFP-C1/N1 4 Nuclear Foci on SC HEK
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After observing that the transfected cells expressed EGFP-tagged proteins
under the microscope, we carried out immunoblotting with whole protein extracts from
these transfected HEK 293T cells to further validate this expression. These experiments
confirmed that all transfected cell lines expressed the expected molecular weight protein

(Figure 4-5B). Unfortunately, we failed to detect any protein in cells transfected with the

gene 333P1.

4.3. Expression pattern of candidate genes in mouse

spermatocytes

Based on the expression analysis performed in vitro, we demonstrated that
these plasmids, except for 333P1, codified fora protein and expressed the expected protein
in a cellular environment. Thus, we decided to further characterize the expression pattern
of these 12 candidate genes in vivo using these expression plasmids. To do so, we delivered
the plasmids of EGFP-tagged genes, including our 12 candidate genes, SYCE3 (as a
positive control), and two empty vectors, pEGFP-C1 and -N1 (as negative controls), into
live mouse testes (16-18 dpp) by electroporation in collaboration with the lab of Dr.
Alberto Pendas (CIC-CSIC, Salamanca, Spain). Plasmid DNAs were injected in the rete
testis freed from the abdominal cavity and treated with multiple electric pulses for 1 h.
48 h later, we dissected the electroporated (EP) testes, performed spread and squash
preparations, and immunostained them against GFP and the chromosomal axis marker,
SYCP3. We examined the nuclear localization of the GFP signals in spermatocytes and
their association with homolog chromosomes to assess their involvement in meiosis
(Table 4-1).

As expected, SYCE3 signals co-localized with SYCP3 at the pachytene stage in
both squashes and spread preparations suggesting that the electroporation technique
allowed the successful expression of the EGFP-tagged genes in mouse spermatocytes. On
the other hand, the negative controls, pEGFP-C1 and -Ni, did not show any specific
localization pattern or accumulation in any testicular cell type (Figure 4-6A). Apart from
gene 96P2, the rest of the studied genes exhibited particular expression patterns in

spermatocytes (see below).
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We also performed a western blot analysis with extracts prepared from each
electroporated testis to confirm the expression of these candidate genes at a protein level
in vivo. However, we only detected the expression of C-terminal EGFP-tagged 255P and

all the controls: pEGFP-C1, pEGFP-N1, and EGFP-tagged SYCE3 (Figure 4-6B).

Control

75- T—
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50-

37-
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pEGFP-C1 PEGFP-C1-255P1

EGFP-SYCE3

Figure 4-6. Expression of cloned genes in mouse testis

(A) Signals of pEGFP-C1 (negative-control) and EGFP-SYCE3 (positive-control) in EP testis.
Spermatocyte spread was stained against SYCP3 (red) and GFP (green). DNA is counterstained
with DAPI (blue). Scale bar, 10 pm. (B) WB detection of EGFP-tagged protein in EP testis.
Arrows indicate the expected molecular weight of pEGFP-C1 (black), and pEGFP-Ci-255P1-
(orange).

Below is a brief description of the expression pattern observed for each putative

gene analyzed.

4.3.1. Gene20P1

20P1 is a single-exon gene conserved across all the animals. It contains a
histidine-rich region and a glutamine-rich region, a critical domain responsible for
transcriptional activation of the mammalian transcription factors (Mitchell and Tjian
1989). Interestingly, the 20P1 overlaps with the predicted gene Gms2969 of the assembly
version GRCm3g of the mouse genome (Table 4-1).

In the squash preparations in which the 3D conformation of the cells is
preserved, 20P1 signals appeared like intense dots exclusively in some spermatocyte

nuclei (Figure 4-7). We identified a similar pattern in spreads. Moreover, we could define
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more precisely the localization of this protein. These protein aggregates were only

EGFP-20P1

Squash

Spread

Figure 4-7. Expression pattern of EGFP-20P1 in mouse testis
Representative images of spermatocyte squash and spread stained against SYCP3 (red) and
GFP (green). DNA is counterstained with DAPI (blue). Scale bar, 10 pm.

present in pachytene stage spermatocytes. However, these 20P1 dots were not exclusively
associated with the SC since they did not always colocalize with the chromosome axes
(Figure 4-7). This finding suggested that 20P1 may localize at the chromatin loops of

pachytene spermatocytes.

4.3.2. Gene25P1

Gene 25P1 is meiosis-specifically expressed in mice and conserved across all
animals. It has an N-terminal evolutionarily conserved Krueppel-associated box (KRAB)
domain and an array of Zinc finger domains at the C-termini (Table 4-1). 25P1 protein
probably belongs to the family of KRAB-containing proteins, characterized by the
presence of a KRAB domain N-terminally located at a DNA-binding domain made of
Zinc-finger repeats. It has been reported that when tethered to the template DNA by a
DNA-binding domain, the KRAB domain functions as a transcriptional repressor
(Urrutia 2003). Currently, known functions of the KRAB-containing proteins include
transcriptional repression of RNA polymerase I, II, and III promoters, binding and

splicing of RNA, and control of the nucleolus function (Urrutia 2003).
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Figure 4-8. Expression pattern of EGFP-25P1 in mouse testis

Representative images of spermatocyte squash and spread stained against SYCP3 (red) and
GFP (green). DNA is counterstained with DAPI (blue). Foci-like signals along the chromosome
in spread2 were indicated (white rectangle). Scale bar, 10 pm.

In the squash preparations, 25P1 signals localized at the cytoplasm as a large dot
and within the nucleus, at the chromosomal telomeric regions as foci in pachytene and
diplotene spermatocytes (Figure 4-8). This dot-like pattern was also detected in spread
preparations but without showing clear foci-like signals at telomeres (spread 1).
Additionally, some weak foci-like 25P1 signals were found along chromosomal axes in a

minority of spermatocytes (spread 2).

4.3-3. Gene 62P1and 62P2

62P1 and 62P2 are two isoforms encoding two proteins with a 71 amino acids
difference at the C-terminus (Figure 4-9A). Both of them are widely expressed in a variety
of mouse tissues and conserved across most mammals. These contain the nuclear pore
complex protein 96 (Nupg6) domain at the N-termini and overlap the gene Nupg8 (Table
4-1, Figure 4-9A), which encodes both nuclear protein 98 (NUP98) and NUPg6. NUPg8
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and NUPg6 are nucleoporins, which are the constituents of the nuclear pore complex
(NPC), and contribute to nuclear transport. Growing evidence has shown that
intranuclear nucleoporins, including NUPg8, binds chromatin and regulate gene
expression (Capitanio, Montpetit, and Wozniak 2017).

In the 62P1 squash, foci-like signals were observed in spermatocytes, some of
them coinciding with the ends of chromosomes, presumably the telomeres. In 62P2
squash, we could not detect the tagged protein in spermatocytes (Figure 4-9B).

In spreads, both 62P1 and 62P2 signals were found as foci at the chromosome
ends and accumulated on the XY chromosomes. The 62P1 and 62P2 foci appeared at the
end of chromosomes since the zygotene stage, and it persisted there until the diplotene
stage. In contrast, the accumulations at the XY chromosomes were mainly found in

diplotene spermatocytes for 61P1, but in pachytene spermatocytes for 62P2 (Figure 4-9B).
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Figure 4-9. Expression pattern of EGFP-62P1 and 62P2 in mouse testis

(A) Schematic representation of 62P1 and 62P2 transcripts. Nupg6: nuclear pore complex
protein 96 domain. (B) Representative images of spermatocyte squash and spread stained
against SYCP3 (red) and GFP (green). DNA is counterstained with DAPI (blue). Signal
accumulation around XY chromosomes (white square). Scale bar, 10 pm.
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4.3-4. Gene136P1

136P1 is a meiosis-specific gene. Part of it overlaps a predicted mouse gene
GM11639 of the assembly version GRCm39 of the mouse genome, but no protein domains

can be predicted based on its putative protein sequence (Table 4-1).

EGFP-136P1
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Figure 4-10. Expression pattern of EGFP-136P1 in mouse testis

Representative images of spermatocyte squash and spread stained against SYCP3 (red) and
GFP (green). DNA is counterstained with DAPI (blue). Squash: representative cells exhibiting
two localization patterns: spread 1: cell exhibiting only single dot-like signal in the cytoplasm.
Spread 2: cell exhibiting only foci-like signals at telomeres. Scale bar, 10 pm.

In squash preparations, 136P1 signals exhibit two localization patterns in
spermatocytes, either formed foci at the telomeres, similar to 62P1/P2, or created a big
cytoplasmic dot, like 25P1. In some cells, both patterns were observed (Figure 4-10). In
spread preparations, both 136P1 patterns were found to occur at different stages from that
of 25P1 (Figure 4-8) and 62P1/P2 (4-9B). The telomeric 136P1 foci were only present in
late prophase spermatocytes. The cytoplasmic aggregates formed from leptotene until
the diplotene stage, thus co-existing with the telomeric foci at late prophase in some cells

(Figure 4-10). In addition, 136P1 foci at the telomeres were detected much less frequently
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in the spread than in the squash preparations. This discrepancy might indicate that the

spread preparation could cause a significant loss of 136P1 protein from chromosomes.

4.3.5. Gene1s1P1

151P1 is a single-exon gene that is conserved in most mammals. It is predicted to
contain an N-terminal Zinc finger domain based on its amino acid sequence.
In both squash and spread preparations, we only found 151P1 as foci at the

telomeres in very few spermatocytes at pachytene and diplotene stages (Figure 4-11).

EGFP-151P1

Squash

Spread

Figure 4-11. Expression pattern of EGFP-151P1 in mouse testis

Representative images of spermatocyte squash and spread stained against SYCP3 (red) and
GFP (green). DNA is counterstained with DAPI (blue). Scale bar, 10 pm.

4.3.6. Gene 255P1

255P1 is an X-linked gene specifically expressed during meiosis in mice. It
overlaps a predicted mouse gene Gmi5262 of the assembly version GRCm3g of the mouse
genome. 255P1 is conserved in Rattus norvergicus and contains two BEN domains (Table
4-1). The BEN domain is found in diverse animal proteins and is thought to mediate
protein-DNA and protein-protein interactions during chromatin organization and

transcription (Abhiman, Iyer, and Aravind 2008).
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EGFP-255P1

Spread 1 Squash

Spread 2

Figure 4-12. Expression pattern of EGFP-255P1 in mouse testis

Representative images of spermatocyte squash and spread stained against SYCP3 (red) and
GFP (green). DNA is counterstained with DAPI (blue). Squash: patch-like signals at the
heterochromatic region. Spread 1: cell exhibiting clear foci signals at telomeres along with
patch-like signals. Spread 2: cell exhibiting foci signals at the chromosomal telomeres and axes.
Signal accumulation at XY chromosomes (white square). Scale bar, 10 pm.

In squash preparations, 255P1 signals showed multiple patches coinciding with
the heterochromatic regions, which were brightly stained by DAPI (Figure 4-12).

In spread preparations, 255P1 was frequently detected as foci residing at some
telomeres rather than patch-like signals, which were occasionally observed. Moreover, a
fainter signal along the autosomal axes in pachytene and diplotene spermatocytes could
also be observed. Also, in most of the pachytene spermatocytes and some diplotene

spermatocytes, abundant 255P1 foci were found along the XY chromosomes (Figure 4-12).

4.3.7. Gene273P2

273P2 is a meiosis-specific putative gene that is conserved in rodents. Part of
273P2 overlaps the predicted gene Gm49461 of the assembly version GRCm3g of the

mouse genome. 273P2 contains an ankyrin repeats (ANK) domain, one of the most
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common protein-protein interaction motif (Table 4-1). Ankyrin repeats have been found
in proteins of diverse cellular functions. For instance, mouse ANKRD31 - a component of
DSB-promoting complex, regulates recombination initiation and is required for
recombination between sex chromosomes in spermatocytes (Papanikos et al. 2019).

In squash preparations, strong 273P2 signals were observed all over the nuclei

and cytoplasm of spermatocytes. In spread preparations, 273P2 signals were found as

foci at the telomeres in a few spermatocytes (Figure 4-13).

EGFP-273P2

Squash

Spread

Figure 4-13. Expression pattern of EGFP-273P2 in mouse testis

Representative images of spermatocyte squash and spread stained against SYCP3 (red) and
GFP (green). DNA is counterstained with DAPI (blue). Scale bar, 10 pm

4.3.8. Gene310P1

310P1 is a single-exon gene conserved across all the animals. It is predicted to
contain an array of Zinc finger domains and overlaps a pseudogene, ortholog of ZNF660,
at the assembly version GRCm3g of the mouse genome (Table 4-1). Similar to 273Pi,
strong 310P1 signals were observed all over all spermatocyte compartments in squash
preparations and were only detected as foci at the telomeres in a few spread

spermatocytes (Figure 4-14).
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EGFP-310P1

Squash

Spread

Figure 4-14. Expression pattern of EGFP-310P1 in mouse testis

Representative images of spermatocyte squash and spread stained against SYCP3 (red) and
GFP (green). DNA is counterstained with DAPI (blue). Scale bar, 10 pm.

4.3.9. Gene 333P1

333P1 is universally expressed in many mouse tissues and is highly conserved

across all animals. Part of it overlaps with a predicted gene Gm46430, assembly version
GRCm39 of the mouse genome. However, our in silico analysis could not reveal any

protein domain based on its predicted protein sequence (Table 4-1).

EGFP-333P1

Squash

Spread

Figure 4-15. Expression pattern of EGFP-333P1 in mouse testis

Representative images of spermatocyte squash and spread stained against SYCP3 (red) and
GFP (green). DNA is counterstained with DAPI (blue). Scale bar, 10 pm.
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Similar to 151P1, we only found 310P1 as foci at the telomeres in a minority of

spermatocytes in both squash and spread preparations (Figure 4-15).

4.3.10. Gene3s55P1

355P1is a meiosis-specific gene that is highly conserved across all animal species.
It contains a ubiquitin-specific protease (USP) domain and overlaps with the C terminus
of the ubiquitin carboxyl-terminal hydrolase 44 (Usp44) gene in the assembly version
GRCm39 of the mouse genome (Table 4-1).

In squash preparations, 355P1 signals largely accumulated in some
spermatocyte nuclei, seeming to align with chromosome axes partially. Interestingly, we
confirmed that 355P1 formed foci-like signals colocalizing with SYCP3 in spermatocytes
at all the meiotic prophase substages in spreads. 355P1 foci were first detected on the
SYCP3-stained axes at leptotene. More foci were seen along the axes in a punctuated
distribution at the zygotene stage. The SC axes were decorated with many 355P1 foci at
the pachytene stage. In some cells, 355P1 foci formed a pattern of beads on a string along
with the SCs. The number of 355P1 foci located on the chromosome axes decreased at the

diplotene stage (Figure 4-16).
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EGFP-355P1

Squash

EGFP-355P1 Spread

Pachytene Zygotene Leptotene

Diplotene

Figure 4-16. Expression pattern of EGFP-355P1 in mouse testis
Representative images of spermatocyte squash and spread stained against SYCP3 (red) and
GFP (green). DNA is counterstained with DAPI (blue). Scale bar, 10 um.
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4-4. Functional analysis of 255P1/BEND2 in meiosis

Based on the previous results, we hypothesized the gene 255P1 as a putative
meiosis-specific gene that could have a role during the meiotic prophase. 255P1 is an X
chromosome gene expressed during the meiotic prophase (section 4.1). It localizes at the
heterochromatin of spermatocytes when electroporated to the testes of young mice
(Figure 4-12). This localization is consistent with the known functions of the BEN
domains-mediating protein and DNA interactions during chromatin restructuring and
transcription (Abhiman, Iyer, and Aravind 2008). Interestingly, 255P1 overlaps with the
predicted mouse gene Gmi5262, which exhibits high homology with the human BEND2
gene: both contain two BEN domains at the C termini, both express prominently in testis
and share 28.1% of identity and 41.3% of similarity between their protein sequences
(Figure 4-17A). Altogether, we speculated that 255P1 is a splice variant of Gmi5262, the
ortholog of human BEND:2. Thus, henceforth, we will refer to Gmi15262 as mouse Bend2

and 255P1 as a novel transcript Bend2-208 after 7 annotated Gmi5262 (Bend2) transcripts
4.4.1. Localization of BEND2 in meiocytes

4-4.1.1. Study of BEND2 using commercially available antibodies

To gain insights into the possible functions of BEND2 in meiosis, we examined
its localization in spermatocytes by immunofluorescence (IF). First, we tried a
commercial polyclonal antibody raised against human BEND2 amino acids 415-559
(Abcam, ab204795). This oligopeptide has 56% similarity to mouse BEND2-202 amino
acids 386-530 and BEND2-208 amino acids 63-207 (Figure 4-17A-B). Unfortunately, no
specific staining was observed in the spread or squash preparations from either 16 dpp or
adult mouse testis. However, we detected abundant BEND2 exclusively in nuclei of late
prophase human spermatocytes from a non-infertile adult man (Figure 4-17C),
suggesting this antibody is not appropriate for detecting the mouse BEND2. Thus, we

decided to create a polyclonal serum to detect mouse BEND2.
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Figure 4-17. 255P1 is a splicing variant of Gmi5262-mouse Bend2
(A) Schematic representation of mouse Gmi5262 (Bendz)-transcript 202, 255P1 (Bend2
transcript 208), and human BEND:z-transcript 202. The exons are shown as purple boxes. 255P1
overlaps the predicted mouse gene Gmi5262-202, the protein sequence of which has 28.1% of
identity and 41.3% of similarity to that human BEND2-202, aligned using EMBOSS Needle.
Corresponding regions of human BEND2 antibody (Abcam, ab204795) immunogen are
indicated in human BEND2-202 (aa 415-559), mouse Bend2-202 (aa 386-530), and Bend2-208

(aa 63-207), the protein sequences of which are compared and highlighted in (B).

3'UTR

The

predicted domains are labeled below the exons. SAP130_C: C-terminal domain of histone
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deacetylase complex subunit SAP130 (Sin3-associated protein 130); BEN: BEN domain. (B)
Protein sequence comparisons by CLUSTALW. Residues are identical (*); strongly conserved
(:); weakly conserved (.). (C) Staining of human BEND2 in human spermatocytes. Human
testis spread was stained with anti-human BENDz antibody and SYCP3. Scale bar, 10 pm.

4-4.1.2. BEND2 polyclonal antibody generation

To obtain a polyclonal serum, we cloned the full-length CDS of BEND2-208 into
the bacterial expression vector pET-28a (+)-TEV, which was subsequently transformed to
BL21(DE3) E.coli cells for protein expression. Since, to our knowledge, BEND2 C-term
had not been produced in bacteria, we first performed a condition screen step to
determine its optimal expression culture conditions. By comparing the amount and
specificity of BEND2-208 protein expressed at different induction conditions (details of
the method described in section 3.4.1.1 and 3.4.1.2), we determined that BEND2-208 was
highly and more specifically expressed in E.coli cells after ON incubation at 18°C with
o.5mM IPTG induction (Figure 4-18A). Then, using this condition, we scaled up the
expression culture to 4L and purified approximately 15 mg of recombinant BEND2-208
protein by IMAC. The purified BEND2-208 protein was further digested with TEVp and
then loaded onto the HisTrap HP column. The flow-through containing His-tag-
removed BEND2-208 protein was collected, dialyzed in PBS, and concentrated.
Eventually, 0.gmg of recombinant BEND2-208 protein in PBS was obtained for animal
immunization. The protein sequence of recombinant BEND2-208 protein was identified
by Peptide Mass Fingerprinting (PMF) before injecting it to the animal as an antigen.
Two rabbits were immunized for raising serums against BEND2-208, and after two
rounds of boosters, we obtained a serum sample and checked the immune response by
ELISA titration. Surprisingly high antibody responses were detected in both rabbit
serums (Figure 4-18B). Based on these results, we decided to terminate the immunization
and harvest the final serums. The polyclonal serum was further subjected to purification
steps to remove serum proteins and enrich the fraction of immunoglobulins (IgG).
Purified serum from both animals was confirmed to specifically react to target antigen
by IF (shown below). In the end, the purified antiserum (mostly from Rb1886) was used

for the following BEND2 detection analysis.
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Figure 4-18. In-house BEND2-208 polyclonal antibody generation
(A) BEND2-208 protein expression levels under different induction conditions. Protein
extracted from E.coli cells was detected by anti-His using WB. IN: insoluble fraction; S: soluble
fraction. Replicate samples were loaded for each condition. Black arrowheads indicate the
expected weight of BEND2-208 48.3 kDa. (B) BEND2 antibody ELISA titration. Serum from
each rabbit was diluted serially from 1/100 to 1/102400. Preserum-serum before immunization;
checki-serum after the second booster; final check (1)(2)-two aliquots from final serum.
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4.4.2. Detection of BEND2 during spermatogenesis

Using our custom-made antibody, we examined BEND2 expression during
spermatogenesis by staining against BEND2 and YH2AX on PFA-fixed testis sections
(Figure 4-19). BEND2 was abundantly detected in the nuclei of the periphery cells in
tubules from stage V until XII-I (Figure 4-19A). This general nuclear staining first
appeared in spermatogonia, then highly present in spermatocytes since pre-leptotene
when meiosis initiates. This high level of BEND2 persisted in nuclei until early pachytene.
In late pachytene and diplotene cells, little BEND2 remained in the nuclei of
spermatocytes. (Figure 4-19B). Notably, this expression pattern of BEND2 in mouse testis
is very similar to the reported human BEND2 expression in human testis (Uhlén et al.

2015).

4.4.2.1. Detection of BEND2 in SPO11- and DMCi-deficient testis

We wondered if the localization of BEND2 in germ cells could be originated as
aresponse to critical events of the meiotic prophase. To reveal this, BEND2 was examined
in testis sections from recombination-defective mice lacking SPO11 or DMCu.

In SPOu-deficient testis, since no DSBs are formed at the onset of meiosis,
spermatocytes cannot find their homologous partner, fail to synapse, and enter apoptosis
at pachytene. BEND2 was also found extensively in nuclei of spermatogonia, leptotene,
zygotene, and zygotene-like spermatocytes in these testes, as in wild-type mice (Figure
4-20). However, very occasionally, few BEND2 signals could be observed in some
spermatocytes, presumably at a more advanced zygotene-like stage. This is also
consistent with its reduced expression after early pachytene in wild type.

In the DMCi-deficient testis, spermatocytes cannot complete meiotic
recombination. Thus, Dmcr/- spermatocytes accumulate unrepaired DSBs and enter
apoptosis at early pachytene (Pacheco et al. 2015). Plenty of BEND2 was detected in the
nucleus of spermatogonia, leptotene, zygotene, and zygotene-like spermatocytes,
resembling its expression in wild-type cells (Figure 4-20). Thus, the expression of BEND2

might be independent of either DSB formation or completion of recombination.
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Figure 4-19. Expression of BEND2 during spermatogenesis

(A) BEND2 localization in wild-type mouse testis. Testis sections were treated with antigen
retrieval using Tris-EDTA buffer and then stained with in-house BEND2 antibody (Rb1886) and
YH2AX antibody. Staging of the seminiferous epithelium is based on the localization of staged
spermatocytes (indicated by the expression and localization of YH2AX) and spermatid
differentiation (indicated by DAPI). The tubule stage is indicated in uppercase roman
numerals. Scale bar, 20 pm. (B) Magnification of BEND2-positive cells from testis sections.
Expression of BEND2 was characterized in cells along spermatogenesis from spermatogonia to
late diplotene spermatocyte. B: B type spermatogonia; PL: pre-leptotene spermatocyte; L:
leptotene spermatocyte; Z: zygotene spermatocyte; EP: early pachytene spermatocyte; LP: late
pachytene spermatocyte; D: diplotene spermatocyte. Scale bar, 10 pm.
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Figure 4-20. BEND2 localization in SPO11- and DMCi-deficient testis.

Sponr’- and Dmcr'" testis sections were treated with antigen retrieval using Tris-EDTA buffer
and then stained with in-house BEND2 antibody (Rbi886) and SYCP3 antibody. Spg:
spermatogonia; L: leptotene spermatocyte; Z/Z-like: zygotene or zygotene-like spermatocyte.
Z-like labeled cells showing few BEND2 signals. Scale bar, 50 pm.
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4.4.3. Phenotyping of Bend2 mutant mice

4-4.3.1. Target disruption of Bendz gene

To address the meiotic functions of BEND2 in mice, we generated BEND2-
deficient mice by CRISPR/Casg. Part of exon 11 of Bend2-202, namely, exon4 of Bendz-
208 was targeted to be removed using a pair of gRNAs targeting opposite strands to
disrupt one BEN domain (Figure 4-21). After microinjection and transfer of embryos, 17
pups were born. Among them, we identified two homozygous males (B39 and B41) and
three heterozygous females (B45, B46, and B48) carrying desired mutations (Figure 4-
21B) (sequence details in Supplementary Table 2). We crossed each of them with a wild-
type B6 mouse and interbred the progenies to set up a breeding colony of each founder.
No developmental abnormalities were observed during the growth of all the mutant
progenies, and the segregation of the mutated allele followed the Mendelian ratio.
Eventually, animals from at least F2 generation of B39 and B45 colonies were subjected

to phenotyping analysis.

4-4.3.2. Analysis of spermatogenesis in Bend2>"Y male

Male Bend2"Y mice developed into adults without obvious differences in general
physical appearance compared to their littermates. Male Bend2"Y mice were fertile. The
size and weight of Bendz" testes were comparable to that of wild-type testes (Figure 4-
22A). Performing RT-PCR and WB, we demonstrated the full-length Bend2 mRNA and
BEND: protein were absent in Bend27¥ male testis (Figure 4-22B and C). By analyzing
testis sections with IF, we confirmed that the staining of BEND2 observed in wild-type
cells was undetectable in mutant cells (Figure 4-22D). These results suggest that BEND2
was successfully eliminated from mutant mouse testis, and its function was most likely
removed. However, our RT-PCR also detected a smaller amplified DNA fragment in
Bend2"" testis. By sequencing this DNA fragment, we found there was an alternatively
spliced mRNA in Bend2"" testis, which was resulted from skipping exon 11 of Bend2-202.
Moreover, a protein with a size corresponding to this alternative mRNA was found in both

wild-type and Bend2" testis by WB (Figure 4-22B and C). Thus, we proposed that an
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unannotated BEND2 isoform was likely present in mouse Bend2"" testis.
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Figure 4-21. BEND2 mutation strategy

(A) Schematic representation of mouse Gmi5262 (Bendz)-202 and 255P1 (Bend2-208). The
exons are shown as purple boxes. The predicted domains are labeled below the exons.
SAP130_C: C-terminal domain of histone deacetylase complex subunit SAP130; BEN: BEN
domain. (B) Schematic of target deletion. WT: magnification of C terminus of Bendz wild-type
locus. A pair of gRNAs target at exon 11 (Gmis1262)/exon 4 (255P1) within the BEN domain.
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B39 and B4s5: disrupted Bendz loci from 2 founders. Sequence alignments of 5’ and 3’ end of
deletions are shown. Notice that there are inserted and remained intronic sequences for B45
mutation. The locations of them are indicated in the schematic and their sequences of them
are shown in supplementary Table 2. GTP (genotyping) primers represent BEND2 GTP
Forward and BEND2 GTP Reverse wt (green), BEND2 GenoF, and BEND2 GenoR (blue), for

genotyping PCR (Table 3-21).

kDa Bend2® Bend2”

Bend2* Bend2%

bp RT+ RT- RT+ RT- Blank 150-

500. . — 100
300- - 75
BEND2 - - <«
400- — — 50-
B-ACTIN
37-
37-
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Figure 4-22. Disruption of BEND2 in Bendz"" mice.

(A) Mouse appearance and testis size. Scale bar, smm. (B) Detection of BENDz in testis by RT-
PCR. BEND2 GenoF and GenoR primers were used (locations indicated in Figure 4-21B) The
expected size of the WT allele was 576bp. Sanger sequencing result showed that the amplified
DNA in the mutated allele was 372bp, from an mRNA that resulted from skipping exon 11 of
Bendz-202/exon 4 of Bend2-208. (C) Detection of BEND2 by WB. The full-length BEND2
protein band is indicated by orange arrow. An extra protein band ~75 kDa (black arrow) was
also detected in both wild-type and mutant testes. (D) Detection of BEND2 by IF. Testis
sections were treated with antigen retrieval using Tris-EDTA buffer before staining with
BEND2 antibody (Rb 1886, 1:100) and SYCP3. Scale bar, 10 pm.
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Histological analysis of Bendz>"” testes revealed cells at all the stages of
spermatogenesis (Figure 4-23A). These results indicated that the full-length BEND2
might be dispensable for completing spermatogenesis. However, TUNEL assays showed
a significant increase of apoptotic cells in Bend2"? testes compared to wild-type testes
(p<o.0001 t-test, Figure 4-23B and C), suggesting that the depletion of BEND2 caused a
slight defect in spermatogenesis. We further examined the stage of these apoptotic cells
and compared them to the ones observed in wild-type testes. Bend2"Y mice presented
comparable apoptotic spermatocytes (66.8 + 9.7%, mean + SD, N=4) than wild-type mice

(52.5 + 9.5%, mean + SD, N=4, p>0.05 One-Way ANOVA, Figure 4-23D).
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Figure 4-23. Spermatogenesis analysis in Bend2"" mice

(A) PAS-H stained mouse testis sections. Scale bar, 20 pm. (B) Apoptosis detection on testis
sections by TUNEL assay. Scale bar, 20 pm. (C) Quantification of TUNEL-positive cells. The
horizontal lines represent the mean + SD. N=1125 for Bend2*"; N=1195 for Bend2", ****p<0.0001
t-test. (D) Classification of TUNEL-positive cells. The columns and error lines indicate the

mean and SD. N=4, p>0.05, One-Way ANOVA.
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4-4.3.3. Analysis of synapsis and recombination in Bend2>"Y male

To examine the cause of the increased apoptosis in BEND2-deficient testes, we
first assessed chromosome synapsis by immunolabelling surface-spread spermatocytes
against SYCP3 (a marker of the AE) and SYCP1 (a marker of the SC transverse filament).
SYCP3 began to form each developing chromosome axis in wild-type spermatocytes at
leptotene. At zygotene, synapsis initiated as SYCP1 appeared at the synapsed region of
the homologs. At pachytene, synapsis was completed as SYCP3 and SYCP1 completely
colocalized. At diplotene, SCs disassembled, and SYCP1 were lost from separated SYCP3-
labelled axes, but homologous chromosomes remained held together by chiasmata.

A similar synapsis progression was observed in Bend2¥ spermatocytes (Figure
4-24A). However, the fraction of Bend2"Y spermatocytes at the diplotene stage was
significantly increased (p=0.019, One-Way ANOVA, Figure 4-24B) compared to wild-type
mice. And the fraction of spermatocytes at the pachytene stage in Bend27Y mice (48.6 +
6.8%, mean + SD, N=4,) appeared to be less than that in wild-type mice (57.3 + 4.5%,
mean + SD, N=4, p=0.078 One-Way ANOVA, Figure 4-24B). These results suggest that
Bend2""Y spermatocytes accumulate at the diplotene stage as there was a later block of the
meiotic progression. Alternatively, this could also be explained if Bend2>"Y spermatocytes
might exit pachytene faster than wild-type spermatocytes. Taken together, these results
demonstrated that Bend2"¥ spermatocytes were able to complete synapsis and progress
through meiotic prophase but following an altered timeline.

We next examined the meiotic recombination progress. During early meiosis,
recombination initiates with SPOun-mediated DSB formation, leading to the
phosphorylation of histone H2AX by ATM and thus triggering a series of DSB repair
responses in the meiotic prophase (Bellani et al. 2005; Lange et al. 20n1). In wild-type
mice, YH2AX progressively disappeared from the autosomes while DSBs were repaired as
prophase progressed. By pachytene, most YH2AX was associated with the sex body. From
late pachytene, very few YH2AX patches could be observed on the autosomes,
presumably corresponding to unrepaired DSBs (Figure 4-25A). In Bend2>"” mice, there
was a marked increase in the number of YH2AX patches from early pachytene until late
diplotene (Figure 4-25B). This increase was significant at late pachytene (p=0.0001), early

diplotene (p=0.0007), and late diplotene (p=0.0222) when compared to wild-type cells (t-
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test, Figure 4-25B). These results indicated that in Bend2>"Y mice, there was a delay in DSB
repair. Alternatively, the same results could be observed if more DSBs were formed

during prophase in Bend2>"Y mice.
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Figure 4-24. Meiotic progression of Bend2"” spermatocytes
(A) Chromosomal synapsis in spermatocytes. Representative images of SYCP3 and SYCP:
staining in spermatocyte nuclei from the stages shown. Scale bar, 10 pm. (B) Meiotic prophase
staging of spermatocytes. L: leptotene, Z: zygotene, P: pachytene, D: diplotene. The columns
and lines indicate the mean and SD. N=4, *p=0.019, One-Way ANOVA.
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Figure 4-25. Examination of DSBs in Bend2" spermatocytes

(A) Representative images of YH2AX staining in spermatocyte nuclei along meiotic prophase.
Increased YH2AX signals are detected during late prophase in Bend2>"* spermatocyte (white
arrowheads). Scale bar, 10 pm. (B) Quantification of YH2AX patches in spermatocyte nuclei
per sub-stages. The patches were counted manually using the same method for every pair of
control and mutant mice. The horizontal lines represent the mean and the vertical ones the
SD. Number of analyzed nuclei from left to right: 76/74, 86/83, 73/75, and 78/81. ***p=0.0001
(late pachytene) and 0.0007 (early diplotene), *p=0.0222 t-test.
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Once DSBs are resected, replication protein A (RPA) transiently binds to the
nascent ssDNA overhangs, promoting the assembly of the recombinases RADs51 and
DMC(1 at DSBs sites (Moens et al. 2002). RAD51 and DMC1 replace RPA and form
nucleoprotein filaments with the ssDNA, directing homology search and strand invasion
(Brown and Bishop 2015; Hinch et al. 2020). These recombination intermediates can be
visualized as foci on chromosome axes and thus used to monitor recombination
progression (Baudat, Imai, and De Massy 2013).

In wild-type spermatocytes, the number of RPA foci peaked around early
zygotene and progressively diminished as recombination proceeded (Figure 4-26). On
the other hand, there were many RADs1 foci since leptotene. The number started to
decline from early zygotene (Figure 4-27), consistent with previous studies (Moens et al.
2002; Pacheco et al. 2015). In Bend2Y mice, the spermatocytes had similar initial RPA and
RADs1 foci numbers, suggesting that DSBs formation was not affected by the loss of
Bend2 (Figure 4-26B and 4-27B). While Bend2" cells progressed, there was a tendency to
accumulate more RPA foci and lose RADs1 foci at each stage. The differences became
significant for RPA at late leptotene (p=0.0015 t-test, Figure 4-26B) and RADs51 at late
zygotene and pachytene (p=0.0428 and 0.0002 respectively t-test, Figure 4-27B). These
results indicated that there might be a subtle defect in the process of RAD51 replacing
RPA.

As a result of homolog synapsis and recombination, at least one crossover per
bivalent is generated to ensure accurate chromosome segregation at the first meiotic
division (D Zickler and Kleckner 1999). We examined MLH1 foci, which becomes
apparent at mid-late pachytene and marks most crossover-designated sites (L. K.
Anderson et al. 1999). Although we detected a lower number of MLH1 foci in Bend2Y
spermatocytes of (22.0 + 2.3, mean + SD, N=68) than in wild-type cells (22.5 + 2.9, mean
+ SD, N=74), the difference was not statistically significant (p=0.2543 t-test, Figure 4-28).
Thus, based on these results, we concluded that crossover formation was not affected in

Bend2""Y spermatocytes.
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Figure 4-26. Examination of DSB repair-RPA in Bend2>"” spermatocytes
(A) Representative images of RPA staining in spermatocyte nuclei during meiotic prophase.
Scale bar, 10 pm. (B) Quantification of RPA present in spermatocyte nuclei at the different sub-
stages. Foci were counted using Image] with the same method for every Bend2*”” and Bend2>"
mice pair. The horizontal lines represent the mean and the vertical ones the SD. Number of
analyzed nuclei from left to right (B): 44/43, 51/43, 59/46, 45/39, 81/77, and 48/43. **p=0.0015

t-test.
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Figure 4-27. Examination of DSB repair-RADs51 in Bend2"” spermatocytes

(A) Representative images of RAD51 staining in spermatocyte nuclei during meiotic prophase.
Scale bar, 10 pm.(B) Quantification of RAD51 present in spermatocyte nuclei at the different
sub-stages. Foci were counted using Image] with the same method for every Bend2* and
Bend2"” mice pair. The horizontal lines represent the mean and the vertical ones the SD.
Number of analyzed nuclei from left to right (B): 52/43, 42/46, 44/46, 51/45, 77/73, and 45/49.
*p=0.0428, ***p=0.0002 t-test.

159



o

40+

30

20  cwmime

MLH1 foci per nucleus
|

) 1
Bend2*¥ Bend2”

Figure 4-28. Examination of CO formation in Bend2" spermatocytes

(A) Representative images of MLH1 in spermatocyte nuclei. Scale bars, 10 pm. (B)
Quantification of MLH1 foci in spermatocyte nuclei. Only spermatocytes containing = 19
MLH:1 foci/nucleus were counted. The horizontal lines represent the mean + SD. The nuclei
analyzed were 74 for Bend2*" and 68 for Bend2", p>0.05, Mann-Whitney test.

4-4.3.4. Analysis of oogenesis in Bendz female mutants

Female mutant mice develop normally in adults without apparent somatic
defects too. Bend2" mice were fertile. However, the litter size was significantly smaller
than in wild-type females (Figure 4-29A). To investigate if the loss of BEND2 affected
oogenesis, we performed histological analysis of whole ovaries of adult mice
heterozygous (Bend2*""), homozygous (Bendz""), as well as wild type. At 10-12 weeks of
age (Figure 4-29B), we found one Bend2"- female had considerably small and malformed
ovaries with complete absence of follicles. Other Bend2"- females had normal-sized
ovaries with developing follicles but lacking primordial follicles (Figure 4-29B). These
results suggested there might be a reduction in the oocyte pool in Bend2"~ females.

To confirm this hypothesis, we further quantified the number of follicles found
in 15 random non-consecutive sections per ovary and classified them into each follicle
type. The results showed a significant reduction of the total number of follicles per
section observed in both Bend2* and Bend2"- ovaries compared to wild-type controls

(p=0.0273 and 0.0076 respectively t-test, Figure 4-30A). Moreover, we found a reduction
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of the number of primordial follicles per ovary in Bend2*/~ (51.9.0 + 33.1, mean + SD, N=8)
and Bend2"" (41.0 + 58.9, mean + SD, N=3) mice compared to wild-type mice (68.50 *
17.2, mean + SD, N=6, p>0.05 t-test Figure 4-30B). This tendency became more apparent
when we examined the oocyte pool in females at an older age of 15-20 weeks (Figure 4-
30D). At this age, we also found a substantial reduction of the follicle number per section
in Bend2* and Bend2"/- ovaries (p<o.0001 both t-test, Figure 4-30C) than in wild-type
ovaries. More importantly, the number of primordial follicles per ovary was significantly
lower in Bend2*"- and Bend2"- females (p=0.0285 and 0.0164 respectively t-test Figure 4-
30D) than in wild-type females. Taken together, our results demonstrated that Bend2
mutants have a reduced oocyte pool leading to quicker exhaustion of the ovarian reserve

during adulthood.
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Figure 4-29. Oogenesis in Bend2 mutant females

(A) Fertility evaluation of Bend2"" females. Two-month-old Bend2"- females were crossed with
wild-type males for 5 months; 5 months litter size data of wild type is collected from two
months old wild-type B6 females bred with wild-type males for at least five months. Number
of females per genotype: 4. *p=0.0124 t-test. (B) Stained histological ovary sections from
females at 10-12 weeks of age. Sections from both ovaries of each animal stained with PAS-H
are presented. Scale bar, 0.5 mm.
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Figure 4-30. Follicle analysis in Bend2 mutant females

Quantification of follicles from ovaries at 10-12 weeks of age (A) and 15-20 weeks of age (C).
Follicles of 15 non-consecutive sections were counted from each ovary, representing between a
twentieth and a tenth of the entire ovary. The horizontal lines represent the mean + SD.
Number of counted sections (A): 9o for Bend2*/*, 120 for Bend2*" and 45 for Bend2""; number
of counted sections (C): go for Bend2**, go for Bend2*" and 120 for Bendz". *p=0.0273,
**p=0.0076 (A); ****p<0.0001, *p=0.0463 (C); t-test. Classification of follicles from ovaries at
10-12 weeks of age (B) and 15-20 weeks of age (D). Follicles of each ovary in (A)(C) were
classified into different types. The columns and lines indicate the mean and SD. Number of
analyzed ovaries x total follicles per ovary (mean + SD), A and B: 6 x (113.3 + 20.7) for Bend2*/*,
8 x (95.1 £ 39.3) for Bend2*" and 3 x (81 + 79.8) for Bend22"-; C and D: 6 x (134.7 + 44.8) for
Bendz>*"*, 6 x (66.8 + 11.9) for Bend2* and 8x (78.9 + 24.9) for Bend2". *p=0.0283 (A);

*p=0.0285, *p=0.0164, **p=0.0027, ****p<0.0001, *p=0.0232 (C); t-test.
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4-4.3.5. Analysis of synapsis and recombination in Bendz mutant females

To investigate whether the reduced ovarian reserve in mutant adults was related
to a defect during meiotic prophase, we examined the same synapsis and recombination
markers described above (section 4.4.2.3) in wild-type, Bend2*, and Bend2"- oocytes.
According to our previous findings, we speculated that the deficiency of BEND2
preferably would cause defects during late prophase. Therefore, we performed this
cytological analysis on spreads prepared from 18 dpc and 1 dpp ovaries, in which most
oocytes should have reached the pachytene stage (Martinez-Marchal et al. 2020).

In wild-type ovaries, most oocytes at 18 dpc were at pachytene stages, a small
fraction of them was still at the zygotene stage, and a minority at the leptotene stage
(Figure 4-31B). At 1dpp, most oocytes were at the pachytene and diplotene stages (Figure
4-31C). In Bend2*/- and Bend2"" ovaries, zygotene and pachytene oocytes undergoing
normal synapsis and diplotene oocytes undergoing desynapsis were observed at both 18
dpc and 1 dpp (Figure 4-31A-C). Although the difference was not significant, probably
due to the inadequate number of analyzed animals or oocytes, a higher proportion of
zygotene oocytes (38.5% + 14.8%, mean + SD, N=2) and a lower proportion of pachytene
oocytes (58.5% + 16.3%, mean + SD, N=2) were shown in Bend2"/- ovaries than in wild-
type ovaries at 18 dpc (20.0% * 4.2% for zygotene, 73.5% =+ 5.0% for pachytene, mean =+
SD, N=2 for both, p>0.05 One-Way ANOVA). Similarly, a higher proportion of pachytene
oocytes (59.3% + 22.0%, mean + SD, N=3) and a lower proportion of diplotene oocytes
(38.0% +19.2%, mean = SD, N=3) were shown in Bend2"/- ovaries than in wild-type ovaries
at 1dpp (40.7% = 14.2% for pachytene, 57.0% + 12.5%, mean + SD, N=3 for both, p>0.05
One-Way ANOVA, Figure 4-31B and C). Overall, these results suggested a possible slower
meiotic progression in BEND2-deficient oocytes without an apparent synapsis defect.

Consistent with the observation in Bend2 male mutants, we also found
increased levels of YH2AX in late prophase oocytes in Bend2 mutant mice (Figure 4-32).
In wild-type females, YH2AX patches could be detected along axes in most pachytene
oocytes and even in many diplotene oocytes (Figure 4-32A-C). This is different from wild-
type males, in which YH2AX can only be detected as very few patches in late pachytene
cells and is almost undetectable in most diplotene cells (Figure 4-25), presumably

because synapsis progresses faster than recombination in females than in males (Roig et
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al. 2004). In Bend2" females, higher levels of YH2AX were observed at all stages analyzed
(early pachytene, 18 dpc and late pachytene, and diplotene, 1 dpp, Figure 4-32A-C). Many
early pachytene Bend27/-oocytes exhibited an overall intense YH2AX signal reminiscent
of wild-type zygotene cells (Figure 4-32A). To quantitatively compare these differences,
we measured the mean YH2AX intensity in early pachytene oocytes and counted the
YH2AX patches in late pachytene and diplotene oocytes. As expected, a substantial
increase of YH2AX was present in Bend2"- oocytes at all the tested stages (p=0.0288 for
early pachytene; p<o.oo001 for late pachytene, early diplotene and late diplotene t-test,
Figure 4-32B and C). Also, Bend2*/- oocytes had a significant increase of YH2AX at early
diplotene (p=0.0086 t-test, Figure 4-32C). Thus, like in Bend27Y mice, DSB repair was

impaired or more DSBs were formed in Bend2"" mice.
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Figure 4-31. Meiotic progression of Bend2 mutant oocytes

(A) Chromosomal synapsis in oocytes. Representative images of SYCP3 and SYCP1 staining in
18 dpc and 1 dpp oocyte nuclei are shown. Scale bar, 10 pm. (B) Meiotic prophase staging of 18
dpc oocytes. (C) Meiotic prophase staging of 1 dpp oocytes. L: leptotene, Z: zygotene, P:
pachytene, D: diplotene. The columns and lines indicate the mean and SD. The number of
animals analyzed per genotype, 2 for18 dpc and 3 for 1 dpp. p>o0.5 for all the comparisons One-
Way ANOVA.
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Figure 4-32. Examination of DSBs in Bend2 mutant oocytes

(A) Representative images of YH2AX staining in 18 dpc and 1 dpp oocyte nuclei at the
pachytene and diplotene stage. Scale bar, 10 pm. (B) Quantification of YH2AX patches in
oocyte nuclei at sub-stages. The mean intensity of YH2AX staining in 18 dpc oocyte nuclei was
measured by Image J. The patches of YH2AX in 1 dpp oocyte nuclei were counted manually.
The horizontal lines represent the mean + SD. The number of analyzed 18 dpc nuclei (B): 40
for Bendz*"*, 33 for Bend2*", 30 for Bend2>"". The number of analyzed 1dpp nuclei from left to
right (C): 64/57/48, 81/40/27, and 57/37/28. *p=0.0288 (B); *** p=0.0001 (late pachytene),
**p=0.002 and **p=0.0086 (early diplotene), *** p=0.0003 (late diplotene), ****p<o0.0001; t-test.

We also analyzed the number of RPA and RADsi foci in this wild-type, Bend2*

and Bend2"- oocytes. However, no differences were found despite a slight decrease in RPA
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foci in Bend27-oocytes (Figure 4-33) and a slight increase of RADs51 foci in only pachytene
Bend2"" oocytes (Figure 4-34). These results suggest that the increased presence of
YH2AX in Bend2"- oocytes may not be related to defective meiotic recombination but to
other causes, like meiotic silencing of unsynapsed chromosomes (MSUC) or alternative

DNA repair pathways.
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Figure 4-33. Examination of DSB repair-RPA in Bend2> mutant oocytes

(A) Representative images of RPA staining in 18 dpc and 1 dpp oocyte nuclei from zygotene to
diplotene stage. Scale bar, 10 pm. (B) Quantification of RPA foci present in oocyte nuclei at
sub-stages. Zygotene and early pachytene nuclei analyzed were from 18 dpc ovaries, and late
pachytene and diplotene nuclei analyzed were from 1 dpp ovaries. Foci were counted manually.
The horizontal lines represent the mean + SD. Number of analyzed nuclei from left to right
(B):12/13/13, 27/32/17, 41/43/ 42, and 65/67/49. p>0.5 for all the comparisons t-test.
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Figure 4-34. Examination of DSB repair-RADs51 in Bend2 mutant oocytes
Representative images of RAD51 staining (A) in 18 dpc and 1 dpp oocyte nuclei from zygotene
to diplotene stage. Scale bar, 10 pm. Quantification of RAD51 foci (B) present in oocyte nuclei
at sub-stages. Zygotene and early pachytene nuclei analyzed were from 18 dpc ovaries, and late
pachytene and diplotene nuclei analyzed were from 1 dpp ovaries. Foci were counted manually.
The horizontal lines represent the mean + SD. Number of analyzed nuclei from left to right
(B): 8/10/11, 27/15/23, 38/39/46, and 62/60/55. p>0.5 for all the comparisons t-test.

Interestingly, the number of MLH1i foci in late prophase oocytes was
significantly lower in both Bend27- and Bend2*/- females than in wild-type females
(p=0.006 for Bend2"", p=0.0106 for Bend2*'- t-test, Figure 4-35). These results show that
the depletion of BEND2 in females did not affect the early recombination markers but

caused a slight defect in crossover formation.
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Figure 4-35. Examination of CO formation in Bend2 mutant oocytes

(A) Representative images of MLH1 in 1 dpp oocyte nuclei. Scale bar, 10 pm. (B) Quantification
of MLH1 foci in 1 dpp oocyte nuclei. Only oocytes containing = 20 MLH1 foci/nucleus were
counted. The horizontal lines represent the mean + SD. Number of analysed nuclei: 120 for
Bendz*/*, 106 for Bend2""", 95 for Bend2""; *p=0.0237, **p=0.0057; Mann-Whitney test.

4.5. Functional analysis of 355P1/USP44 in meiosis

On top of gene 255P1/BEND2, we also selected another putative meiotic gene,
355P1, and performed functional analysis to investigate its role in meiosis. 355P1
possessed several characteristics indicating its possible function in the meiotic prophase.
First, it was meiosis-specifically expressed in testis and 18 dpc fetal ovaries but not
present in the adult ovary (section 4.1), suggesting it might specifically be expressed
during meiotic prophase in both genders. Second, when electroporated to mouse testis,
355P1 is closely associated with the SC, suggesting a meiotic function (section 4.3.9).
Third, 355P1 contains an N-terminal USP domain, forming the largest family of
deubiquitinating enzymes (DUBs)-the ubiquitin-specific proteases (USPs). DUBs cleave
ubiquitin from proteins, thus reversing the effects of the ubiquitin-proteasome system
(UPS) (Reyes-Turcu, Ventii, and Wilkinson 2009). The UPS has been demonstrated to be
responsible for most protein turnover in the mammalian cells, and it is implicated in
various aspects of meiotic prophase (Prasada Rao et al. 2017). Thus, we hypothesized

that 355P1 could have a specific SC-related function during the meiotic prophase.
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4.5.1. The distinction between 355P1 and USP44 in testis

Full-length 355P1 overlaps with the C-terminus of a known mouse gene Usp44
(Usp44-202 transcript), implying it might be a novel isoform of Usp44 produced by an
alternative transcript initiation site (Figure 4-36A). Thus, we questioned whether 355P1
was present in mouse testis alone or along with other Usp44 transcripts. To address this
issue, we carried out an in-house designed, template-switched-based 5° RACE analysis to
detect all the mRNA transcription start points containing 355P1 sequences in mouse
testis (Figure 4-36A and B). Our previous RT-PCR analysis showed that 3551P1 was not
expressed in the liver. Thus, we performed the 5' RACE analysis in the liver as a negative
control. If 355P1 was expressed in mouse testis alone, we expected to detect only 355P1
mRNA in testis. If 355P1 was present with other splicing variants from USP44, we
expected to identify 355P1 mRNA and at least another Usp44 mRNA in the testis.
Unexpectedly, we detected an mRNA of 355P1’s size in both testis and liver (Figure 4-36C).
Since 355P1 is not present in the liver, these RACE products were likely to result from
unspecific amplification. We cloned the RACE products into a pEGFP vector and
determined their sequences by Sanger sequencing to confirm this assumption. We found
that these RACE products were unspecific amplification due to the mispriming of
primers. Hence, we tried the 5° RACE analysis with a lower primer concentration and
substituted the primer to avoid this unspecific amplification. However, we failed to detect
any expected RACE products in the testis (Figure 4-36C).

Next, we used the RT-PCR to reveal the presence of 355P1 and the full-length
Usp44 (Usp44-202) in mouse testis. As 355P1 only overlaps with part of C-terminal Usp44,
RT-PCR with a forward primer upstream 355p1 and a reverse primer within 355P1 would
specifically detect Usp44-202 (Figure 4-36A). Using these primers, we performed an RT-
PCR analysis in prepubertal testis at different ages to determine the Usp44 expression
pattern during spermatogenesis. We compared it to our previous result of the expression
pattern of 355P1 during spermatogenesis (section 4.1). We found that Usp44-202 was
undetectable in testis up to 16 dpp and abundantly present in adult testis. These results
differed distinctly from that 355P1 could be detected as earlies as in the 2 dpp testis
(Figure 4-36D). Therefore, we propose 355P1 as a possible novel meiosis-specific isoform

of Usp44 and will refer to 355P1 as Usp44-203 after 2 annotated Usp44 transcripts
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henceforth.
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Figure 4-36. The distinction between 355P1 and mouse USP44

(A) Schematic representations of the mouse Usp44 (transcript 202) and 355P1 (Usp44-203).
Orange boxes indicate coding regions; grey boxes indicate non-coding regions. 355P1 overlaps
the C terminus of Usp44-202, hence termed as Usp44-203 following two annotated Usp44
transcripts. The GSP1 and GSP2 primer locations used for 57 RACE RT-PCR are displayed at the
coding region. (B) Schematics of expected transcriptions detected by 5" RACE. Arrows indicate
transcription start points; the green box indicates a possible non-coding region of 355P1. (C) 5’
RACE RT-PCR results. The liver is tested as a control. Two pairs of primers were tried, whose
locations are indicated in (B). (D) Expression pattern during spermatogenesis. RT-PCR was
performed in testes at different ages using primers indicated in (A): F-USP44 and Reverse for
mouse USP44; F-355P1 and Reverse for 355P1.

4.5.2. Localization of USP44 in meiocytes
To gain insight into the function of USP44 in meiosis, we first tried to detect its
cellular localization in spermatocytes using two different commercial antibodies against

human USP44 or mouse USP44. Both failed to recognize USP44 either in spermatocytes
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by IF or in testis by WB. Therefore, we also generated an in-house USP44 polyclonal
antibody.

4.5.2.1. USP44 polyclonal antibody generation

To obtain the polyclonal serum, we cloned the full-length CDS of Usp44-203
into the bacterial expression vector pET-28a (+)-TEV and expressed the protein in
BL21(DE3) E. coli cells. First, a condition screen step was performed to determine the
optimal expression condition for USP44. We found that USP44 was highly expressed in
E.coli cells after ON incubation at 25°C with o.5mM IPTG induction. However, the
expressed protein aggregated in inclusion bodies (IBs) (Figure 4-37A). Thus, after a 2L
scale-up expression, we solubilized the IBs to release protein for purification and obtain
~8mg recombinant USP44 protein. Still, we could not remove the His-tag from the
purified USP44 protein and eventually decided to use the remained 3.36 mg of His-
tagged USP44 protein as antigen. Recombinant USP44’s protein sequence was also
confirmed by PMF analysis before injecting to animals. Two rabbits (Rb1888 and Rb889)
were immunized for raising antiserum. High responses were detected in both rabbits by
ELISA after the second and the third booster (Figure 4-37B). We terminated the
immunization and harvested the final serum after the third booster. The polyclonal
serum was further purified, and we tested the purified serum by IF. However, only the
purified antiserum from Rbi889 detected USP44 in spermatocyte spreads. Thus, the

purified antiserum from Rb1889 was used for the following USP44 detection analysis.

4.5.2.2. Characterization of USP44 in meiocytes

To characterize the expression and localization of USP44 in meiocytes, we
performed IF in spermatocytes and 18 dpc oocyte spreads using the in-house USP44
polyclonal antibody. USP44 was first detected as continuous foci at synapsed
chromosome axes in zygotene spermatocytes. More USP44 accumulated along with the
SC until pachytene as chromosomes synapsed. USP44 coated the SC axis co-colocalizing
with SYCP3. The general axis staining of USP44 became more apparent on autosomes

until mid-late pachytene. Interestingly, no evident staining of USP44 was detected on
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PAR or around sex chromosomes at pachytene (Figure 4-38A). During diplotene, as
homologous chromosome desynapsed, USP44 mostly disappeared from the desynapsed
axis and only remained at synapsed regions. (Figure 4-38A). In oocytes, a similar USP44
staining pattern was observed. USP44 appeared on synapsed axes from zygotene to
diplotene as continuous foci or continuous axis staining. However, the general axis
staining in females was most apparent during late-pachytene to early-diplotene, later

than that in males. (Figure 4-38B).
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Figure 4-37. In-house USP44 polyclonal antibody generation

(A) USP44 protein expression levels under different induction conditions. Protein extracted
from E.coli cells was detected by anti-His using WB. IN: insoluble fraction; S: soluble fraction.
Replicate samples were loaded for each condition. Black arrowheads indicate the expected
weight of 25.3 kDa. (B) USP44 antibody ELISA titration. Serum from each rabbit was diluted
serially from 1/100 to 1/102400. Preserum-serum before immunization; check 1-serum after the
second booster; checkz-serum after the third booster.
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Figure 4-38. USP44 localization in meiocytes

(A) USP44 localization in wild-type spermatocytes. (B) USP44 localization in wild-type
oocytes. Spermatocyte or oocyte spreads were stained with in-house USP44 antibody (Rb1889,
1:50-100) and SYCP3 antibodies. Arrowheads indicate inset areas: white-the synapsed
autosomes; yellow-the XY chromosomes. Inserts magnify apparent axial USP44 staining on
synapsed autosomes but not sex chromosomes. Scale bar, 10 pm.

4.5.2.3. Detection of USP44 in DMC(Ci-deficient and SPOni-deficient testis

The localization of USP44 in meiocytes was closely associated with SC,
suggesting its involvement in SC-related meiotic prophase events. Thus, to study if
USP44 loading into the SC resulted from DSBs induction or recombination progression,
we examined the localization of USP44 in Spo1r’-and Dmcr’- mouse spermatocytes. Both
Sponr’- and Dmci/- spermatocytes displayed extensive synapsis defects, and the SC
partially formed between non-homologous chromosomes. However, USP44 was not
present at the synapsed axes of neither Spoir’- or Dmcr’- spermatocytes (Figure 4-39).
No other clear USP44 patterns were detected in these mutant cells either. These results
suggest that the loading of USP44 onto the SC is dependent on DSB formation by SPOu

and DM(Ci-mediated homologous interactions.

174



Y}

>

-/ sycp3

Figure 4-39. USP44 localization in SPO11- and DMCi-deficient spermatocytes.
Representative images of spermatocytes containing synapsed chromosomes from Dmci” and
Spoir’- mice stained with in-house USP44 antibody (Rb1889, 1:50-100) and SYCP3 antibody.
Scale bar, 10 pm.

4.5.3. Phenotyping of Usp44 mutant mice

4.5.3.1. Target disruption of Usp44 gene

To investigate the meiotic functions of USP44, we generated USP44-deficient
mice by CRISPR/Casg. Using a pair of gRNAs targeting opposite strands, we disrupted
the functional USP domain by removing the whole exon 5 of Usp44 that contains the
active site of the USP domain (Figure 4-40). After microinjection and transfer of embryos,
nine pups were born. Among them, we identified five heterozygous males (U1, U2, Us,
U33, and U34) and three heterozygous females (U4, Us, and U3s) carrying the desired
deletion (Figure 4-40B, sequence details in supplementary Table 2). First, we crossed
each Ui, U3, and U4 with a wild-type B6 mouse. Unfortunately, these three founders were
mosaic as we did not identify any mice carrying the mutated allele among the 105 pups

generated in 2-3 litters of progenies. We further crossed the other heterozygous founder
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males and females (U2, U33, U34, Us, and U3g) with wild-type B6 mice and intercrossed
the heterozygous progenies from each founder. Eventually, we set up one breeding colony
for each Uz, U33, and U34 founder. No developmental abnormalities were observed
during the growth of all the mutated progenies compared to their littermates. The
segregation of the mutated allele followed the expected Mendelian ratio for U33 and U34
colonies. Nevertheless, in the U2 colony, a loss of homozygous animals, especially mutant
females, seemed to occur during embryonic development (genotypic ratio=1:2:0.5;
p=0.1437, Chi-square). Animals from at least the F2 generation of U2 were subjected to

phenotyping analysis.

4.5.3.2. Analysis of the relationship of USP44 with the UPS in meiotic prophase

The UPS has been found to regulate the major meiotic prophase events,
including axis morphogenesis, homolog synapsis, and recombination in the mouse
(Prasada Rao et al. 2017). Furthermore, ubiquitin was shown to have an axis-associated
localization in mouse spermatocytes (Prasada Rao et al. 2017). USP44 is a deubiquitinase
that can cleave ubiquitin and reverse its effects (Reyes-Turcu, Ventii, and Wilkinson
2009). Thus, to investigate if USP44 also participated in the UPS regulation of meiotic
events, we examined the presence of ubiquitin in wild-type and Usp44”~ spermatocytes.
In wild-type spermatocytes, we could not obtain evident staining of ubiquitin along
chromosome axes and only found the ubiquitin accumulation signals around sex
chromosomes at the pachytene stage as described previously (Prasada Rao et al. 2017)
(Figure 4-41A). In Usp447- spermatocytes, the staining of ubiquitin on axes appeared to
be more obvious, indicating an increase of ubiquitin level. Therefore, to confirm this, we
measured the mean intensity of ubiquitin signals along chromosome axes in
spermatocytes without synapsed XY and compared it between wild-type and Usp447".
We found that there was a higher level of ubiquitin intensity in Usp447/- spermatocytes
(12.87 * 1.65, Mean + SD, N=17), especially in these Z-like spermatocytes (abnormality
description seen in section 4.5.3.4, 13.27 * 1.70, Mean += SD, N=n) than that in wild-type
cells (12.69 + 1.70, Mean + SD, N=16). However, these differences were not significant
(p>0.05 t-test Figure 4-41B). We also compared the mean intensity present in the whole

nucleus if the ubiquitin localization was altered from chromatin axes to loops. However,
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no difference was found (data not shown).
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Figure 4-40. USP44 mutation strategy

(A) Schematic representation of mouse Usp44 (transcript 202) and 355P1 (Usp44-203) gene
loci. The exons are shown as orange boxes. The predicted domains are labeled below the exons.
ZF_UBP: UBP-type Zinc finger domain, found only in a small subfamily of deubiquitinases;
USP_3: USP domain profile. (B) Schematic of target deletion. WT: magnification of
355P1/Usp44 wild-type locus. A pair of gRNAs target at exon 5 of Usp44-202 within the USP_3
domain, containing an active site. U2, U33, and U34: disrupted Usp44 loci from 3 founders.
GTP primers represent USP44 GTP Forward and USP44 GTP Reverse Wildtype (green),
USP44 GTP-F and USP44 GTP-R (blue) for genotyping PCR (Table 3-22).
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Figure 4-41. Presence of ubiquitin in Usp44” spermatocytes

(A) ubiquitin staining in wild-type and Usp44” spermatocyte nuclei. No clear ubiquitin
staining was detected on chromosome axes in zygotene wild-type spermatocytes; ubiquitin
accumulation was detected around the XY chromosomes in wild-type pachytene
spermatocytes; relatively obvious ubiquitin axial staining was detected in Usp447 Z-like
spermatocytes. White arrowheads indicate ubiquitin staining around XY chromosome or
along the axis. (B) Quantification of ubiquitin intensity. The columns and lines indicate the
mean and SD. Number of analysed nuclei: 16 for Usp4*/*, 17 for Usp447-, 11 for Usp447 Z-like
spermatocytes. p>0.05 t-test.

4.5.3.3. Analysis of spermatogenesis in Usp44”/ males

The Usp44”’~ males normally developed into adulthood without obvious
somatic defects (Figure 4-42A). Usp44” normalized testes weight (TW/BW, 0.14% =+
0.04%, mean + SD, N=3) was significantly smaller than wild type (0.67% * 0.04%, mean
+ SD, N=3, p<o0.0001 t-test, Figure 4-42A and B), suggesting Usp44”/ males had an
arrested spermatogenesis. The USP44 staining was absent at all the stages in mutant
spermatocytes (Figure 4-42C), demonstrating the elimination of USP44 from mouse
testis.

We further performed histological analysis of Usp447 testis and found that
spermatogenesis was severely impaired (Figure 4-43A). Most seminiferous tubules lacked

sperm, spermatids, and/or spermatocytes, indicating spermatogenesis was halted in
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Usp447- mice. Interestingly, only very few tubules contained all spermatogenesis cell
types including sperm. Moreover, TUNEL assays showed many of the remaining Usp44
/- germ cells were undergoing apoptosis (Figure 4-43B). These observations indicated that

USP44 is required to complete spermatogenesis, and Usp44 mutants might be infertile.
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Figure 4-42. Disruption of USP44 in Usp44’" mice.

(A) Mouse appearance and testis size. Scale bar, 5 mm. (B) Comparison of the normalized testis
weight. TW: testis weight, BW: body weight. The columns and lines indicate the mean and SD.
****p<0.0001 t-test. (C) Detection of USP44 by IF. Spermatocyte spreads were stained with in-
house USP44 antibody (Rb1889, 1:50-100) and SYCP3. White arrows indicate the presence
(Usp44*'*) or absence (Usp44”) of USP44 staining on synapsed chromosomes. Scale bar, 10

pm.
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Figure 4-43. Spermatogenesis analysis in Usp44’ mice

(A) PAS-H stained mouse testis sections. Upper panel: an overview of several seminiferous
tubules are shown; spermatogenesis is blocked in most Usp44” tubules (middle); a more
severe block is shown in most Usp447 tubules (right). Lower panel: magnification of
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individual tubules from the upper panel are shown. Usp44”/ tubule lacks late prophase
spermatocytes, round and elongating spermatids, and spermatozoa (middle). Usp447 tubules
lack most germ cells (right). Scale bar, 50 pm (upper panel) and 20 pm (lower panel). (B)
Apoptosis detection on testis sections by TUNEL assay. Cells are undergoing apoptosis with
strong TUNEL signals (white arrowheads), cells are entering apoptosis with fainter TUNEL
signals and normal DAPI nuclear staining (orange arrow head). Scale bar, 20 pm.

4.5.3.4. Analysis of synapsis and recombination in Usp447/-males

To address the cause of defective spermatogenesis in Usp44/ males, we first
examined the synapsis progression in Usp44”/~ spermatocytes by immunolabeling SYPC3
and SYCP1.

In Usp44” spermatocytes, SYCP1 was first detected as foci at the developing
axes marked by SYCP3 at leptotene, indicating SC formation start. As cells develop, only
a minority of them progressed through zygotene and completed synapsis at pachytene
(60.3% =+ 3.8%, mean + SEM, N=3 of wild type vs. 7.3% + 7.3%, mean + SEM, N=3 of
Usp44', p=0.003 One-Way ANOVA, Figure 4-44B). Most Usp44” spermatocytes could
not complete synapsis. These abnormal spermatocytes displayed different extents of
defects in homolog pairing and synapsis and accounted for more than half of the Usp44
/- spermatocytes (Figure 4-44). We classified these aberrant spermatocytes in the
following categories:

e Abnormal zygotene spermatocytes (16.7% + 10.5%, Figure 4-44B) in which homolog
axes barely paired even though they were fully formed; SYCP1 was mainly detected as
foci along the axes of univalents or as short stretches at the synapsed non-
homologous axes (Figure 4-44A).

o Zygotene-like (Z-like) spermatocytes (36.7% =+ 18.3%, Figure 4-44B). These cells have
all the axes developed in full length and exhibited some degree of synapsis but mostly
between non-homologous chromosomes. SYCP1 was mostly assembled as short
fragments (Figure 4-44A).

e Pachytene with limited asynapsis (7.7% + 7.7%, Figure 4-44B). Synapsis was
completed between most homologs in these cells but some SCs built between non-
homolog partners (Figure 4-44A).

Nonetheless, a small fraction of Usp44”/ spermatocytes managed to reach

diplotene. However, these accounted for a much smaller proportion of spermatocytes
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(5.3% + 5.3%) than that in wild type (24.0% = 3.5%, p=0.043 One-Way ANOVA, Figure
44). Altogether, the deficiency of USP44 caused a severe defect in homolog pairing and
synapsis in mouse spermatocytes, and meiotic progression was grossly altered in Usp44

- mice.
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Figure 4-44. Meiotic progression of Usp44”' spermatocytes

(A) Chromosome synapsis in Usp44** and Usp447~ spermatocytes. Representative images of
wild-type spermatocytes and Usp44” spermatocytes undergoing normal synapsis (left panel).
Representative images of abnormal Usp44”/~ spermatocytes showing synaptic defects (right
panel). Scale bar, 10 pm. (B) Meiotic prophase staging of spermatocytes. L: leptotene, Z:
zygotene, P: pachytene, D: diplotene, Z-abnormal: abnormal zygotene, Z-like: zygotene-like,
P limited asynapsis: pachytene with limited asynapsis. The number of animals analyzed per

genotype, 3.
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Since USP44 loading onto the SCs is dependent on SPO11 and DM(3, we next
investigated the progression of meiotic recombination in the Usp447 mouse by
examining DSB marker YH2AX and the recombination intermediates RPA and RADs:1.

Interestingly, abundant YH2AX was detected in spermatocytes with synapsis
defects (Figure 4-45). Z-like cells presented YH2AX flares on almost all the chromosomes.
In pachytene cells with limited asynapsis, apart from relatively faint YH2AX patches
along synapsed axes, YH2AX formed a sex body-like domain around these asynaptic

chromosomes (Figure 4-45).
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Figure 4-45. Examination of DSBs in Usp44’ spermatocytes

Representative images of YH2AX staining in wild-type and Usp44’ spermatocytes. YH2AX
staining in Usp447 abnormal zygotene, zygotene-like, and pachytene with limited asynapsis
spermatocytes is shown on the right panel. Asynapsis in pachytene with limited asynapsis
spermatocytes was indicated by white arrowheads. Scale bars, 10 pm.

Similar to wild-type cells, multiple RPA and RADs51 foci were detected in Usp44
/- spermatocytes since the leptotene stage (Figure 4-46), indicating that loading of RPA
and RADs1 is independent of USP44. RPA and RADs;1 foci gradually declined from
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Figure 4-46. Examination of DSB repair in Usp44” spermatocytes

Representative images of RPA staining (A) and RADs: staining (B) in wild-type and Usp44”-
spermatocytes. RPA and RAD51 staining in Usp44”/~ abnormal zygotene, zygotene-like, and
pachytene with limited asynapsis spermatocytes is shown on the right panel. Asynapsis in
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pachytene with limited asynapsis spermatocytes is indicated by white arrowheads. Scale bars,
10 pm.

zygotene onwards in wild-type cells as recombination progressed. However, in Usp447/
abnormal zygotene and z-like spermatocytes, numerous RPA and RADs51 persisted on the
axes, regardless of being unsynapsed or synapsed between homologs or not (Figure 4-
46). In Usp447 pachytene spermatocytes with limited asynapsis, the overall RPA, and
RADs1 foci level was low because of the largely reduced foci number on properly
synapsed chromosomes. However, a significant persistence of RPA and RADs51 foci could
be observed on asynaptic chromosomes (Figure 4-46). In the Usp44”/ cells that
progressed to the diplotene stage, no noticeable difference was seen regarding the
localization and number of RPA and RADs1 foci found (Figure 4-46). These results
suggested that the recombination process was impaired in Usp447- spermatocytes,
resulting in unrepaired DSBs and persistent recombination intermediates. Although a
defective synapsis could explain this defect, we cannot rule out any alteration of the
recombination machinery downstream of RPA and RADs51 loading as the leading cause

of the Usp447/- mouse phenotype.
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5.1. Identification of meiotic genes essential for fertility

Meiosis is a highly specialized process essential in gamete formation in all
sexually reproducing organisms. Meiotic errors and mutations could lead to
consequences such as infertility and aneuploidy. Human infertility has become a major
social and clinical problem worldwide. While genetic causes are already known to
contribute a considerable proportion of infertility cases, many other uncovered genetic
causes likely exist. Thus, identifying new genes involved in major meiotic events (e.g.,
recombination, synapsis, etc.) and studying their underlying functions is essential to
increase our understanding of both the genetic regulation of meiosis and the origins of
human infertility.

Our knowledge of meiotic genetic control in mammals has relied mainly on
studies of mutations in mouse models. Fortunately, as most genes involved in conserved
meiotic structures and processes usually exhibit similarities across diverse eukaryotes,
many mammalian orthologs of model organisms genes, such as yeast, have been
pinpointed and studied in mouse knock-outs (Handel and Schimenti 2010). However, it
is also clear there are critical mammalian meiotic genes that do not have orthologs in
yeast and vice versa. Various methods have been successfully applied to identify novel
meiotic genes, such as front genetic screens, co-immunoprecipitation/mass
spectrometry, or characterizing gene expression patterns by combining transcriptional
profiling and cell-sorting technique (Bolcun-Filas and Schimenti 2012).

In this study, we performed a sequential screen to identify potential meiotic
genes obtained from an in silico analysis of RNA sequencing data. First, we described the
expression profile of candidate genes in a panel of mouse tissues by RT-PCR analysis.
Then, we selected genes that were uniquely expressed in gonads undergoing meiotic
prophase (adult testis and 18 dpc ovary). Subsequently, we constructed the EGFP-tagged
gene plasmids; and transfected them into HEK 293T cells and live mouse testis. In the
end, we validated the protein expressions in cells in vitro and characterized their
localization in spermatocytes. Among these, several genes exhibited significant
subcellular localization patterns in spermatocytes. We selected two genes of interest

(Bend2 and Usp44) to validate our strategy and further studied their functions by
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examining their cellular localization and analyzing the phenotype of their mutant mice.
Our preliminary phenotyping analysis showed that both genes were required for normal
mouse gametogenesis. Their absence caused meiotic defects and alteration of mouse
fertility (discussed in sections 5.2 and 5.3). Thus, these results validate our approach to
identifying novel meiotic genes and successfully discovering essential genes required for
mammalian fertility.

Mouse knock-out experiments have shown enormous value for identifying
genes responsible for human infertility. Many genes were first found to be essential for
spermatogenesis from studies in mouse knock-out models. Later, mutations of their
human orthologs were identified in infertility patients, such as KLHL10, SYCP3, and HSF2
(Miyamoto et al. 2003; W. Yan et al. 2004; Yuan et al. 2000; Mou et al. 2013).

Our study identifies two novel meiotic genes essential for mouse fertility, Bendz,
and Usp44, which have known human orthologs. We found that the knock-out of Bend2
in female mice leads to POI, a significant cause of human female infertility. In contrast,
the mutation of Usp44 leads to a meiotic arrest, which usually causes azoospermia or
oligozoospermia and/or sperm aneuploidy in infertile humans. Thus, an intriguing
question that can be addressed in the future is whether human BEND2 and USP44 have
arole in infertility.

The discovery of new genetic infertility determinants in humans is critical for
developing tests for clinical infertility diagnosis and screens for genetic abnormalities or
unfavorable polymorphisms before performing ART (O’Flynn O’Brien, Varghese, and
Agarwal 2010). Our discovery of these two mouse genes that impact meiosis and fertility
provides valuable insights into not only the identification of novel genetic factors
contributing to human infertility but also the development of new genetic techniques for
human infertility diagnosis and treatment. However, further efforts are necessary to
refine our findings and translate them into clinical studies, such as a more detailed
characterization and validation of Bendz and Usp44 gene functions in mouse models and

the identification of their corresponding variants in human infertility patients, etc.

5.1.1. The efficiency of electroporation in live mouse testis
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To identify genes whose protein showed characteristic meiotic localization in
mouse spermatocytes (Shoji et al. 2005; Morimoto et al. 2012; Gémez-H et al. 2016), we
used a well-established DNA electroporation technique to express the candidate genes
fused with EGFP under an ectopic promoter in live mouse spermatocytes.

All the construct plasmids expressed proteins when transfected to HEK 293T
cells based on the microscopy and WB analysis. However, the IF and WB analysis results
in EP spermatocytes are not consistent. The GFP signals detected protein expression of
almost all the candidate genes under the microscope. But, only one of them could be
validated by WB analysis. Why was not the protein expression of the other EGFP-tagged
genes revealed by WB analysis? Two reasons might be accounted for: first, the protein
loading amount might not be enough. The amount of protein loaded for detection was
relatively low because of the limited EP-testis remaining after spread and squash
preparations. Secondly, in vivo protein expression by EP was not highly efficient. A
previous study reported that 8.4% of the SYCP3-positive spermatocytes expressed the
electroporated transcript (Shoji et al. 2005). In our hands, a similarly low efficiency was
also observed. Spermatocytes displaying significant expression patterns (GFP-positive)
comprised 1.6-7.0% of the SYCP3-positive spermatocytes in spreads, depending on the
electroporated vector. This number varies from 4% to 34.6% when analyzed in squash
preparations. Thus, a low expressed level of transfected genes together with insufficient

protein loading results in failed protein detection in EP testis by WB.

5.2. Roles of BEND2 in meiotic prophase

BEND2 has two C-terminal BEN domains, marked by o-helical structure and
conserved in a range of metazoan and viral proteins. BEN domain is suggested to mediate
protein-DNA and protein-protein interactions during chromatin organization and
transcription (Abhiman, Iyer, and Aravind 2008). So far, only a few BEN domain-
containing proteins have been described. All of their functions link to transcriptional
repression regardless of whether other characterized domains are contained or not,
including mammalian BANP/SMARi1, NACi, BEND3 and RBB and Drosophila
mod(mdg4), BEND1 and BENDj5 (Kaul-Ghanekar et al. 2004; Rampalli et al. 2005; L.
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Korutla, Wang, and Mackler 2005; Laxminarayana Korutla et al. 2007; Sathyan et al. 2013;
Gerasimova et al. 1995; Negre et al. 2010; Dai et al. 2013; 2015; Xuan et al. 2012). BEND;,
BENDs5, and RBB are revealed to bind DNA through sequence-specific recognition (Dai
et al. 2013; 2015; Xuan et al. 2012), and BEND3 specifically binds heterochromatin
(Sathyan et al. 20o11). Additionally, several human BEND2 fusion proteins have been
identified in tumors, and the activation of BEND2 is suggested to promote oncogenic
activity (Sturm et al. 2016; Scarpa et al. 2017; Burford et al. 2018; Williamson et al. 2019).
These data suggest BEND2 might have a role in chromatin regulation and transcriptional

regulation of gene expression.

5.2.1. The source of persistent DSBs in Bendz mutants

The disruption of BEND2 results in grossly normal spermatogenesis in male
mice, although with increased apoptosis. The synapsis process in spermatocytes is not
affected, but the meiotic progression seems delayed with more cells at the diplotene stage.
Unrepaired DSBs persist in spermatocytes since late pachytene, showing increased
YH2AX signals. However, recombination intermediates RPA and RADs51 are unaffected
at most analyzed substages. A significant increase of RPA foci is only detected in late
leptotene cells, and a decrease of RADs51 foci is found in late zygotene and pachytene cells.
Intriguingly, the absence of BEND2 causes more severe defects in female oogenesis with
decreased ovarian reserve and subfertility. Adult female mice have a considerably
reduced number of primordial follicles. Like males, synapsis in females is not affected
either. Nonetheless, meiosis appears to progress faster. Persistent unrepaired DSBs are
also found in female oocytes, exhibiting a high level of YH2AX signals at pachytene and
diplotene stages. No change of RPA and RADs1 foci were found in females. We also
analyzed the female heterozygous mice for Bend2. Some are phenotypically similar to
wild types, and others are more similar to mutant mice, overall displaying a midway
phenotype between wildtypes and homozygote mutants.

The only common defect shown in both genders is the increased levels of
YH2AX present in late pachytene and diplotene spermatocytes and oocytes. These

YH2AX signals could indicate unrepaired DSBs due to defective recombination (Roig et
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al., 2010) or some late-forming breaks during late prophase (Carofiglio et al. 2013). In the
former case, we would expect some differences of early recombination intermediates
(RPA and RADs31) in Bend2 mutant cells, e.g., accumulations of RAD31 at the synapsed
chromosomes in these mutant cells with a higher level of YH2AX presence. However,
there is no difference in RPA and RADs51 foci numbers in Bend2 mutant oocytes at all the
counted stages. In mutant spermatocytes, the only differences are an increase of RPA foci
in late leptotene and a decrease of RADs1 foci in late zygotene and pachytene. Thus, it
seems that the recombination process is not that defective to trigger such a level of DSB
persistence in the late prophase. This is consistent with observing roughly normal
synapsis in mutant cells. Also, the expression of BEND2 is not altered in testis lacking
DMC1 or SPOm1, probably also indicating that BEND2 might not be highly required for
SPOu-induced DSB repair and synapsis.

Alternatively, the presence of unrepaired damage at late prophase in Bend2
mutant cells could be explained otherwise. This unrepaired DNA damage might not be
the remaining unrepaired programmed DSBs formed at the onset of recombination, but
some SPOmi-independent DNA damage created during pachytene, as previously reported
(Carofiglio et al. 2013). SPOn1-independent DSBs have been identified in SPOu-deficient
meiocytes in mice and indicated to be also present in wild-type cells (Carofiglio et al. 2013;
Rinaldi et al. 2017). In SPOu-deficient zygotene-like oocytes, de novo RADs:1 foci were
generated, indicating spontaneous DSBs may arise in cells that should have reached the
pachytene stage, coinciding with the observed YH2AX increase in pachytene Bend2
mutant meiocytes. Moreover, in wild-type oocytes, one-third of pseudo-XY bodies are
found to form on synapsed chromatin, accumulating mainly RAD51 and eliciting meiotic
silencing. These pseudo-XY body sites are inferred to be where SPOmui-independent
damage persists (Carofiglio et al. 2013). In fact, we also found pseudo XY bodies on
synapsed chromatin in 4.6% Bend2 mutant oocytes and 1.5% wild-type oocytes at 1 dpp.
Based on all of these observations, we hypothesize that the increased YH2AX signals
during late prophase in Bend2 mutant cells might represent mostly persistent SPO11-
independent DSBs.

Further evidence needs to be found to validate this. For instance, to differentiate
these SPO11-dependent or SPO11-independent YH2AX patches or pseudo XY bodies, the
co-staining of RAD51 and DMCi1 with YH2AX can help. Alternatively, to determine if
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these pseudo XY bodies are truly silenced, RNA pol II could be examined.

5.2.2. Increased DSBs levels might be formed in Bendz mutants

Following this hypothesis, there are likely two causes for the persistence of these
breaks. More SPOun-independent DSBs are formed in mutant cells leading to insufficient
repair, or the repair pathway of these SPO11-independent DSBs is defective due to the lack
of BEND2.

The formation of SPOun-independent DSBs has been linked to the LINE-1 (L1)
retrotransposon activation (Malki et al. 2014; Carofiglio et al. 2013; Soper et al. 2008). L1
encodes two proteins: ORF1-a nucleic acid chaperone and ORFz, having endonuclease
and reverse transcriptase activities. Both of them assemble into ribonucleoprotein
complexes mediating transposition (Cost et al. 2002). The endonuclease activity of ORF2
is required for DSBs generation in the genome (Belgnaoui et al. 2006). An increased L1
expression caused by a mutation in Mael, a transposon-silencing factor, leads to SPO11-
independent DNA damage and asynapsis in both spermatocytes and oocytes (Soper et al.
2008; Malki et al. 2014).

In wild-type oocytes and spermatocytes, a transient DNA demethylation (DdM)
occurs at the onset of meiosis, triggering sustaining L1 expression until mid pachytene,
followed by restored DNA methylation (DM) before meiotic division (Soper et al. 2008;
Van Der Heijden and Bortvin 2009). Although the precise DdM mechanism is still
unknown, it has been suggested to be caused by a downregulation of the
methyltransferase DNMT1 in B-type spermatogonia and preleptotene spermatocytes (Jue,
Bestor, and Trasler 1995; Van Der Heijden and Bortvin 2009). Interestingly, a noticeable
reduction of DNMT1 mRNA and protein is exhibited in B-type spermatogonia and
preleptotene, leptotene, and zygotene spermatocytes (Jue, Bestor, and Trasler 1995),
concomitant with the high-level BEND2 expression in wild-type spermatocytes.

Then it is reasonable to speculate that BEND2 might be required for regulating
the transient DdM of Li, probably through repressing DdM in parallel with the
downregulation of DNMT1. Alternatively, BEND2 might support the de novo DM, as the

methyltransferase activity proposed to be responsible for the restoration of DM is also
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detected in cells at the same stages when BEND:2 is highly expressed (B-type
spermatogonia and preleptotene to zygotene spermatocytes) (La Salle and Trasler 2006;
Van Der Heijden and Bortvin 2009). In any case, we hypothesize the depletion of BEND2
would cause increased L1 expression. A direct way to validate this could be by examining
L1 expression in Bend2 mutant meiocytes by IF and WB.

In Bend2 mutant females, the increased DSBs, the decreased ovarian reserve,
and the reduced CO numbers could be interpreted with elevated L1 activity. This is
because that Li-ORF2 endonuclease activity can contribute to late oocyte attrition
occurring in the perinatal and early postanal period, triggered by unrepaired DNA breaks;
(Malki et al. 2014; Hunter 2017; Tharp, Malki, and Bortvin 2020). Also, the Li-reverse
transcriptase activity could interfere with CO formation. It has been shown that elevated
L1 activity leads to reduced CO numbers and chromosome segregation defects in mouse
oocytes, which is reverse transcriptase dependent (Malki et al. 2014).

It is intriguing why Bend2 male mutants' defects were less severe, in terms of
increased YH2AX levels and apoptosis, but CO formation and spermatogenesis were not
affected. One possibility could be that the damage caused by the elevated Li expression
was more negligible in spermatocytes than in oocytes. Indeed, the de novo RADs1 foci,
which may indicate DSBs arising from ORF2 mediated endonuclease activity, are only
detected in SPOu-deficient oocytes but not in the Sponr”- spermatocytes (Carofiglio et al.
2013). It’s likely that, although L1 DAM occurs at the onset of meiosis in both males and
females (Van Der Heijden and Bortvin 2009), the DdM levels might be lower in males
than females. Supporting the idea that L1 activation is higher in the oocytes than the
spermatocytes, L1 activity contributes to massive wild-type oocyte elimination, but it
does not cause the same effects in spermatogenesis (Hunter 2017). Also, we observed a
trend of increased RADs1 in pachytene mutant oocytes but not in spermatocytes,
indicating there might be more unrepaired SPO11-independent DSBs in females. Thus,
the increase of L1 activity might be lower in Bend2 mutant males than females due to the
derepression of DAM or defective de novo DM, leading to milder consequences.

Asynapsis is found in a significant percentage of mutant oocytes with increased
L1 levels due to the lack of transposon silencing protein MAEL (Malki et al. 2014; Soper
et al. 2008). However, we did not observe obvious asynapsis in Bend2 mutant meiocytes.

This difference suggests that the roles of MAEL and BEND2 in DdM, or de novo DM, are
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likely different, and BEND2 deletion could cause a milder elevation of Li. Further
examination could be performed to test if minor asynapsis exist in Bend2 mutant oocytes
by staining MSUC markers like HORMAD1 or BRCA1 (Wojtasz et al. 2009; Kouznetsova
et al. 2009).

It's worth noting that there might be another explanation for the difference
between Bend2 mutant female and male phenotypes. Our WB results (section 4.4.2.1)
showed that there was an unexpected protein present in both Bend2 wild-type and
mutant testes, which might correspond to the alternative spliced transcript detected in
Bend2"Y male testis by RT-PCR that skips exon 11. However, we have never detected this
transcript in wild-type testis by RT-PCR. This might indicate that this alternatively
spliced transcript is expressed at lower levels than the full-length one in testis. This could
favor the amplification of the full-length transcript by RT-PCR in wild-type testis and the
one skipping exon 11 in the mutant testis.

Thus, we propose that, apart from the full-length BEND2 protein we mutated,
there might be another BEND2 protein present in male testis, which might be sufficient
to perform most BEND2 functions. Furthermore, it’s possible this protein is testis-
specific and does not exist in female ovary. Thus, our mutation could cause a more
complete loss of BEND2 function in females, leading to a more severe phenotype,
compared to male mutants. Further sequence examination of this protein in testis and

ovary need to be performed to address this issue.

5.2.3. DSB repair might be impaired in Bendz mutants

An alternative explanation to interpret the persistent DSBs in Bend2 mutants is
that the repair of wild-type levels of SPOn-independent DSBs is defective due to the
deletion of BEND2. As discussed above, there are fewer SPOu-independent breaks in
spermatocytes but more in oocytes (Malki et al. 2014). Thus, it would make sense that
the repair defects due to the absence of BEND2 caused more severe consequences in
oocytes rather than in spermatocytes.

Then, the next question is how BEND2 would participate in the repair of these

breaks in mice? A possible answer is BEND2 might mediate the shift in DNA damage
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response in spermatocytes.

It has been reported that apart from the principal MR DNA repair pathway;,
other “somatic” DSB repair pathways, such as non-homologous end joining (NHE]) or
inter-sister homologous recombination (IS-HR), can also be used in normal meiosis
(Ahmed et al. 2010; Goedecke et al. 1999; Enguita-Marruedo et al. 2019). NHE] is
suggested to respond to both endogenous or exogenous DNA damage during late meiotic
prophase in collaboration with late IS-HR response (Enguita-Marruedo et al. 2019). From
mid pachytene, NHE] should respond to newly formed breaks that are not resected. Later,
an IS-HR response, using only RADs51, should help repair the remaining DSBs. The later
IS-HR repair uses the sister chromatid as a template, thus facilitating DSB repair at the
diplotene stage when repair with IH-MR is complicated due to chromosome desynapsis
(Enguita-Marruedo et al. 2019). Hints about the use of alternative methods to repair
meiotic DSBs, including the use of IS-HR, have also been found in Trip13 mutant oocytes
(Rinaldi et al. 2017; Martinez-Marchal et al. 2020).

One proposed mechanism that regulates the shift in DNA damage response
from the early IH-MR mediated massive response to this later combined response is
related to the changes of chromatin configuration and transcriptional activity as in
somatic cells (Aymard et al. 2014; Enguita-Marruedo et al. 2019). Since BEND2 is
functionally related to chromatin organization and transcription, and it is highly
expressed during early meiotic prophase before mid pachytene, it’s possible BEND2 may
play a role in mediating the DNA damage repair pathway choice occurring at mid
pachytene. As a result, the depletion of BEND2 might cause the delay of the shift or a
failure to activate these alternative pathways to repair DSBs.

Apart from the impaired repair of SPOn-independent DSBs in Bend2 mutant
meiocytes as discussed above, other pieces of evidence could also support this
assumption. If the Bend2 mutant cells cannot activate the alternative repair pathways
(such as NHE] or IS-HR), it is possible that mutant spermatocytes exit pachytene faster
and eventually present more unrepaired breaks. However, Bend2 mutant oocytes seem to
take longer to complete pachytene than wild-type oocytes. Because synapsis is completed
earlier relative to the recombination in oocytes, compared to spermatocytes (Koubova et
al. 2014b), probably, the shift to late DNA damage response might also occur later in

oocytes, from late pachytene onwards. Thus, Bend2 mutant oocytes may skip NHE] at
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diplotene and have less time for MR than spermatocytes, leading to more unrepaired
breaks. Also, these late repair pathways (NHE] and IS-HR) are likely to be necessary for
spermatocytes to repair DSBs at non-PAR regions of XY chromosomes. As this is not the
case in females, it is not surprising that the mechanisms of repair pathway choice might
be less well regulated or differently regulated in oocytes. Thus, the disrupted pathway
activation due to the absence of BEND2 might cause distinct consequences in males and
females, like the phenotypes we revealed.

L1 activity contributes to wild-type early oocyte attrition during fetal
development (Hunter 2017). Recently, a Caspase 9 (CASPg9)-dependent apoptosis
pathway is suggested to be responsible for eliminating these oocytes with increased L1
activity (X. Liu, Castle, and Taketo 2019). The oocyte loss in fetal ovaries was prevented
by CASPg deficiency. Cultured Caspg- oocytes exhibit higher levels of L1 expression and
persistent YH2AX at pachytene stage with no difference of RADs51 foci and synapsis
compared to control, most of which are similar to the observations in Bend2 mutant
oocytes. These Caspg”~ oocytes are eliminated later in postnatal development by CASPg-
independent mechanisms (X. Liu, Castle, and Taketo 2019). Thus, another possible role
of BENDz in this CASPg-dependent apoptosis in early meiotic prophase could be
speculated.

Finally, whether these observed increased YH2AX signals during late meiotic
prophase are mostly SPoui-independent or not, we cannot rule out that BEND2 might be
required for SPO11-induced DSBs repair. As discussed above, more evidence needs to be

found to confirm this hypothesis.

5.3. USP44 as a novel meiotic gene

5.3.1. Ubiquitination and deubiquitination protein regulation

This study also identified another new player in the meiotic prophase, USP44.
USP44 is a deubiquitinating enzyme belonging to the largest DUB family-the USP. DUBs
counterbalance ubiquitination, a post-translational modification that regulates the

protein's stability, function, and localization, reversibly (Suresh et al. 2015; Reyes-Turcu,
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Ventii, and Wilkinson 2009).

The ubiquitination process entails the conjugation of an oligopeptide,
ubiquitin, to the target protein. This process requires ATP hydrolysis to provide the
energy and sequential actions of three ubiquitin ligases, E1, E2, and E3, with distinct
biochemical activities (Callis 2014). Target protein could be attached to a single ubiquitin
(monoubiquitination) or a ubiquitin chain (polyubiquitination) internally linked via the
lysine residue. Ubiquitinated proteins have proteolytic and non-proteolytic fates, giving
diverse outcomes (Callis 2014; Suresh et al. 2015). For instance, monoubiquitin mainly
regulates proteins for DNA repair and receptor endocytosis. K48-linked polyubiquitin
chains usually channel target proteins for proteasome-mediated degradation. And K63-
linked polyubiquitin chains likely modulate the localization, activity, and function of
target proteins in signaling pathways (Callis 2014; J. Choi et al. 2010; Suresh et al. 2015).

DUBs regulate this system through disassembling ubiquitin-substrate, editing
ubiquitin-ubiquitin links, activating and recycling ubiquitin (Reyes-Turcu, Ventii, and
Wilkinson 2009). It is known that wherever there is ubiquitination, DUBs exist to
regulate the process (Suresh et al. 2015). Although the roles of ubiquitination have been
implicated in various aspects of meiotic prophase (Bolafios-Villegas et al. 2018; Jahns et
al. 2014; Bose et al. 2014; Qiao et al. 2014; L. Zhang, Wang, et al. 2014; Prasada Rao et al.

2017), little is known about how DUBs are involved in meiotic prophase.

5.3.2. Roles of USP44 in mammals

We propose that the 355p1 gene we identified is likely to be a novel testis splicing
isoform from the mouse Usp44 gene (Usp44-203), based on their different expression
patterns during spermatogenesis. In support of this assumption, expression profile
analyses of mouse and human USP44 in a set of diverse tissues, including the ones we
tested, show that both mouse and human USP44 genes are highly expressed in more
tissues than 355P1 (J. Choi et al. 2010; Y. Zhang, van Deursen, and Galardy 2011). Moreover,
human USP44 has been found to have several transcription initiation sites, some of them
being only active in certain specific cells types or tissues, including testis (Tropel et al.

2017). Therefore, 355P1 might result from a testis-specific transcription initiation site
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within the mouse Usp44 loci. Compared to 355P1, the full-length mouse or human USP44
contains one more ZnF-UBP domain. This domain has been found in a subset of USPs. It
is suggested to regulate the activity of the corresponding USP and act as a sensor of the
free ubiquitin pool by binding to the ubiquitin C-terminus (Bonnet et al. 2008).

The function of the mouse USP44 is poorly studied (Vasmatzis et al. 2012). In
contrast, human USP44, with a high homology degree to mouse USP44, has been
demonstrated to participate in a variety of cellular processes through reversing
ubiquitination, including stem cell differentiation (Fuchs et al. 2013), DDR (Mosbech et
al. 2013), mitotic SAC regulation (Stegmeier et al. 2007), gene repression (Lan et al. 2016),
immune response (H. Y. Zhang et al. 2020) and tumorigenesis (Y. Zhang, van Deursen,
and Galardy 2011; Vasmatzis et al. 2012; T. Liu et al. 2015; Park et al. 2019).

USP44 plays an important role in mitosis and cell proliferation via regulating
the mitotic SAC (Vasmatzis et al. 2012). USP44 deubiquitinates anaphase-promoting
complex (APC) coactivator CDCz20 to stabilize the APC inhibitory MAD2-CDCz20
complex in vitro and in vivo (Stegmeier et al. 2007; Y. Zhang, van Deursen, and Galardy
2om). USP44 also plays positive and negative roles in tumorigenesis and cancer
aggressiveness (Y. Zhang, van Deursen, and Galardy 2011; Vasmatzis et al. 2012; Lan et al.
2016; Park et al. 2019; T. Liu et al. 2015). Furthermore, not only can USP44 directly
function via deubiquitylating target protein, but it can also play diverse roles by forming
complexes with distinct partners (Lan et al. 2016). For instance, USP44 acts as an integral
subunit of the nuclear receptor co-repressor (N-CoR) complex. It contributes to N-CoR
mediated transcriptional repression through its deubiquitylation of histone H2B (Lan et
al. 2016). It also forms a complex with CETN2 independently of the N-CoR complex in
vitro, and the USP44-CETN2 complex is proposed to play other vital roles in preventing
mitotic chromosome missegregation (Lan et al. 2016; Y. Zhang, van Deursen, and Galardy
2011). Indeed, it has been accepted that DUBs must associate with multi-protein
complexes to exert their physiological functions. This can help colocalize substrates and
the DUB and allow a sequential ubiquitination and deubiquitination cycle to regulate
these pathways (Reyes-Turcu, Ventii, and Wilkinson 2009).

Interestingly, histone H2A and H2B seem to be essential interactors of USP44.
This was first identified in proteomic analysis and further validated in several functional

studies (Lan et al. 2016; Mosbech et al. 2013; Fuchs et al. 2013; Sowa et al. 2009). USP44
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downregulates the monoubiquitylation of histone H2B, catalyzed by E3 ligase RNF20 and
required for efficient human and mouse embryonic stem cells differentiation (Fuchs et
al. 2013). The DDR signaling regulates the DSB repair pathway choice. The E3 ubiquitin
ligases RNF 8 and RNF168 transduce the DDR signal by ubiquitinating the histone H2A.
Consequently, the DDR proteins 53BP1 and RAP8o are recruited to the DSB sites,
suppressing HR and promoting NHE] DSB repair (Nakada 2016). USP44 and other DUBs
counteract H2A ubiquitination and thus restrict the assembly of 53BP1 and RAP8o
(Mosbech et al. 2013). Therefore, the restriction of 53BP1and RAP80 recruitment enabled
by DUBs is proposed to promote HR and suppress NHE] in an early DDR phase (Nakada
2016).

MR repair, a particular kind of HR, is fundamentally biased in meiosis. The
mechanism is poorly understood and likely to be achieved both by inhibiting other non-
HR repair pathways and promoting IH bias (Denise Zickler and Kleckner 2015; Brown
and Bishop 2015). In fact, NHE] repair has been suggested to be repressed during early
prophase and active at the later stages in mouse spermatocytes (Ahmed et al. 2010;
Enguita-Marruedo et al. 2019). Also, H2A can be ubiquitinated by several ligases in
mouse spermatocytes (An et al. 2010; Hasegawa et al. 2015; Luo et al. 2015). This
modification has been suggested to be linked to the transcriptional silencing of meiotic
chromatin (Baarends et al. 2005). USP44 is likely to be involved in the early events of IH-
MR, such as strand exchange, based on the phenotype of the Usp44”/mice (discussed
below). Therefore, a similar role of USP44 in regulating DSB repair in meiosis as in
mitosis could be hypothesized and need to be further investigated through answering,
first, if USP44 could reverse the ubiquitination of H2A in spermatocytes. Second, if this
ubiquitination of H2A is related to the DDR protein recruitment or other processes
related to the DSB repair pathway choice.

It is worth noting that USP44 can also be phosphorylated and
dephosphorylated (Visconti et al. 2012), as well as ubiquitinated. However, the
ubiquitination of USP44 seems to require its ZNF domain (J. Choi et al. 2010), which is

absent in the novel Usp44 isoform expressed during meiotic prophase (Usp44-203).
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5.3.3. Roles of USP44 in meiosis

This work shows that USP44 is required for homolog pairing, synapsis, and DSB
repair in meiotic prophase. The disruption of USP44 results in meiotic failure and
defective spermatogenesis. Our analysis reveals that Usp447" spermatocytes display
severe defects during meiotic prophase I. Homologous axes develop similarly to wild-
type ones, but homologous chromosomes cannot pair. Synapsis can hardly be completed
between the homologs but frequently form between non-homologous chromosomes.
Plenty of DSBs are generated given the number of RPA and RADs1 foci during the early
prophase, but these cannot be repaired. Consequently, most spermatocytes are arrested
at prophase I before entering apoptosis with persistent DSBs, RPA, RADs51, and extensive
asynapsis. Only a minority of cells can progress to the diplotene stage or even form sperm.

The extensive asynapsis in Usp44 mutant spermatocytes likely results from
impaired DSB repair. In mouse mutants lacking CR components of the SC (e.g., SYCP1,
SYCE1, SYCE3, TEXi2, or SIX60S1) (Figure 1-3), despite failing to complete synapsis and
presenting impaired recombination, most homologous axes pair and align along their
entire length (Hamer et al. 2008; Bolcun-Filas et al. 2009; Schramm et al. 2011; F. A. T. De
Vries et al. 2005; Gomez-H et al. 2016). contrasting to the widely unpaired homologs
found in Usp44”/ mutants. Usp44 mutants are also clearly different from mice defective
in late recombination processes, e.g., mutants lacking ZMM protein CNDT1, HFM;,
RNF212, or HElo (Guiraldelli et al. 2013; Reynolds et al. 2013; Qiao et al. 2014; Holloway
et al. 2014)(Figure 1-5), in which CO formation is primarily affected, but the early stages
of meiotic recombination occur typically with no, or minimal, synapsis defects.

In Usp447 spermatocytes, recombination initiation seems not to be affected, as
evidenced by the presence of YH2AX staining and numerous RPA and RADs5; foci at the
leptotene stage. However, both RPA and RADs5;1 foci accumulate on both synapsed and
unsynapsed chromosomes in these late zygotene-like cells, in sharp contrast to the
gradual decrease in foci numbers that occur throughout zygotene in wild-type cells.
Mouse spermatocytes lacking DSB resection factors, e.g., Nbs1”", (B. Zhang et al. 2020) or
recombinase recruiter and stabilizers, e.g., MEILB2, BRCA2, BRME1, or MEIOB (J. Zhang

et al. 2019; 2020; Takemoto et al. 2020; Felipe-Medina et al. 2020; Sharan et al. 2004;
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Souquet et al. 2013) (Figure 1-5), exhibit dramatically reduced RADs1 foci at zygotene
stage, or even since leptotene stage. Thus, our observations allow us to conclude that DSB
resection and recombinase recruitment are likely not majorly impaired in Usp447
spermatocytes. Unfortunately, we couldn't investigate another important recombinase,
DM(jy, in mutant cells due to the unavailability of appropriate antibodies.

In the end, the phenotype of Usp44 mutants is strikingly similar to those of
Dmc1, Hop2/Mndi, and Msh4/5 mutant mice (K. Yoshida et al. 1998; Pittman et al. 1998;
S. S. De Vries et al. 1999; Barchi et al. 2005; Kneitz et al. 2000; Petukhova, Romanienko,
and Camerini-Otero 2003; Pezza et al. 2014). DM(y, together with RADs1, binds to
ssDNA forming nucleofilament and then carries out homology search and strand
exchange (Brown and Bishop 2015). HOP2-MND1 complex stabilizes the filament and
promotes the activity of recombinases (Pezza et al. 2007; Petukhova et al. 2005; Chi et al.
2007) (Figure 1-5). Subsequently, unstable nascent D-loops are formed, further bound
and stabilized by MMR protein MSH4 and MSHj5, thus promoting CO formation via dHJs
(Hunter 2015).

Like Usp44”/~ spermatocytes, Dmci, Hopz/Mndi, and Msh4/5 mutant
spermatocytes all exhibit profound meiotic defects, including impaired pairing and
synapsis, the persistence of RADs51, and failed DSB repair (Pittman et al. 1998; K. Yoshida
etal. 1998; S. S. De Vries et al. 1999; Petukhova, Romanienko, and Camerini-Otero 2003).
A unique observation in Usp44 mutants is that a fraction of mutant spermatocytes could
complete synapsis and DSB repair. Something that is also surprisingly found in Mndi
mutants spermatocytes (Pezza et al. 2014). A fraction (23%) of Mndi/- spermatocytes at
the zygotene/pachytene-like stage exhibits extensive homologous synapsis (80-100%
synapsis) with most DSBs repaired. Likewise, in our data, pachytene cells with limited
asysnapsis and complete synapsis account for around 28% of both late zygotene-like and
pachytene cells.

HOP2-MND1 complex has an essential role in promoting DMC1/RADs1-
mediated homology search and strand exchange (Chi et al. 2007; Petukhova et al. 2005;
Brown and Bishop 2015). Thus, the absence of this complex in Mndi mutants leads to
deficient strand invasion, which leads to failure to complete synapsis. Interestingly, it is
thought that HOP2 can function alone as a recombinase to promote strand exchange and

DSB repair in the absence of MNDi, resulting in a population of Mndi mutant
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spermatocytes with extensive synapsis and most DSB repaired (Pezza et al. 2014).

Under this assumption, we hypothesize that if the observations in Usp44
mutants were also caused by deficient strand invasion, which is partially rescued by
HOP2’s recombinase activity, USP44 would be related to MND1 itself or the
formation/activity of the HOP2-MND1 complex. Since Usp44”/- mutants displayed cells
more advanced such as diplotene spermatocytes and spermatids than Mndi”/- mutants,
we hypothesize an inefficient function of HOP2-MND1 caused by USP44 disruption
would be favored rather than the complete absence of HOP2-MND1 complex activity.
However, MNDi is poorly studied, and there is no information on how HOP2-MNDi is
regulated in vivo. A recent study identifies that the expression of MND1 is highly
correlated with ubiquitin-conjugating enzyme-E2C (UBE2C) in cancers (Dastsooz et al.
2019). UBE2C is also known as a mitotic SAC regulator (Jia-hao Wang et al. 2019). Thus,
it would be interesting to explore if MND1 is ubiquitinated during meiosis, its effect on
the activity of the HOP2-MNDi complex and if USP44 regulates the MND1
ubiquitination status during meiosis.

Nonetheless, we cannot rule out that the small population of Usp447
spermatocytes that could complete synapsis and DSB repair and even progress to the
diplotene stage might be attributed to the mixed genetic background of the Usp44
mutant mice.

So far, we have no information on how the absence of USP44 may affect DMC1
function due to the unavailability of specific antibodies. RADs51 is suggested to enhance
DMC(1 assembly and stabilization with other recombinase cofactors (Brown and Bishop
2015). Also, DM C1 foci numbers are similarly altered as RADs1in Hop2/Mnd1 and Msh4/5
mutant mice (Pittman et al. 1998; K. Yoshida et al. 1998; S. S. De Vries et al. 1999;
Petukhova, Romanienko, and Camerini-Otero 2003). Thus, it is likely that DMC1 will also
show persistence in Usp44 mutant cells before the arrest. Still and all, further
examination of DMC(1 is necessary to be performed in Usp44 mutants spermatocytes.
Moreover, it will be fascinating if DMC1 is altered differently from RADs5.

Since we observed accumulation of RADs51 at the late zygotene-like stage, in
principle, it could be possible that the impaired synapsis and DSB repair from Usp44
mutant cells resulted from deficient removal of RAD51and DMCi. Indeed, there is some

evidence that might favor this possibility. The UPS has been shown to regulate the
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turnover of both RAD51 and DMC1 in mice. The E3 ligase HEl1o mediated UPS pathway
is responsible for the turnover of RADs51, and the turnover of DMCi is involved in other
branches of the UPS (Prasada Rao et al. 2017). Moreover, RADs:1 also can be regulated by
other ubiquitin ligases for different fates. RAD51 has been identified to bear multiple
ubiquitination target sites. Also, FBHi-mediated ubiquitination of RADs51 regulates the
subcellular localization of RADs1 rather than its degradation (Chu et al. 2015). The E3
ligase RFWD3 can ubiquitinate both RPA and RADs51 and promote their removal from
DSB sites, facilitating the progression of HR repair in human cell lines (Inano et al. 2017).
Thus, it is likely that ubiquitination events regulate RAD51 and DMCr’s turnover in
meiosis. As DUBs function wherever there is ubiquitination, the roles of USP44 in
regulating these potential ubiquitination processes will be appealing to pursue in future
studies.

Overall, our preliminary characterization of the Usp44 mutant spermatocytes
makes us conclude that USP44 is presumably involved in strand invasion or D-loop
formation/stabilization during meiosis. The depletion of USP44 leads to failed homology
search and homologous interaction, consequently incomplete synapsis and DSB repair.
Moreover, future investigations are required to uncover the precise functions of USP44
in the meiotic prophase. Indeed, the phenotypes of female USP44 mutants still need to
be studied. Also, cytological analysis of more early recombination markers needs to be
examined to support the hypothesis discussed above, for instance, DMC1, MSH4/MSHj5.
It is also attractive to investigate the final fate of the fully- synapsed spermatocytes. How
many of these cells could reach the mid-late pachytene stage as Hit positive, and how
many of these Hit-positive cells could have a standard number of MLHa foci. It is possible
that even though some Usp447/ cells could progress to late prophase, they might have a
deficiency in the CO-forming pathway. Identification of specific target proteins for
USP44 is also essential. Several methods could be used to achieve this, including in vitro
interaction studies using immunoprecipitation assay (Park et al. 2019) and proteomic
approaches (Sowa et al. 2009). A start point could be from some target proteins of human
USP44 that have been identified but not studied in meiosis, including RNA Polymerase
II Subunit G (Sowa et al. 2009), or PSMC proteasomes (Lan et al. 2016). In any case, we
are still far from understanding how the absence of USP44 results in the phenotype

described here, and more studies are required to reveal the USP44 function in meiosis.
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Nonetheless, the data provided here clearly shows that USP44 is indispensable to

complete meiosis in spermatocytes and mammalian spermatogenesis.
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Chapter 6

Conclusions
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Our approach has proved useful to identify novel meiotic genes required for

mammalian gametogenesis.

. The validation of our approach provided by the phenotype of Bendz and Usp44
mutant mice suggests that other relevant genes for mammalian gametogenesis are

among the list of presumed genes studied.

Using our approach, we successfully identified two novel meiotic genes, Bend2
and Usp44, essential for mouse fertility, thus providing new insights into

understanding and diagnosing human infertility.

. BEND2 is highly expressed in nuclei of spermatogonia and spermatocytes from
pre-leptotene to early pachytene stage. This expression is independent of either

DSB formation or completion of recombination.

BEND:2 is dispensable for completing spermatogenesis. However, the deletion of

BEND2 causes increased apoptosis in testicular cells.

. BEND2 is required for establishing a normal ovarian reserve. The deficiency of
BEND2 leads to a significant loss of primordial follicles and primary ovarian

insufficiency in adult mice.

BEND?2 is dispensable for completing synapsis in both spermatocytes and oocytes.

However, meiotic prophase progression is altered in the absence of BEND2.

. BEND2 is required for sufficient DSB repair. In the absence of BEND2, unrepaired

DSBs persist since pachytene in spermatocytes and oocytes. However, the early

recombination process is mainly unaffected.
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10.

11.

12.

13.

BEND?2 is indispensable for normal CO formation in females but not in males.

USP44 is preferentially loaded at synapsed chromosome axes during meiotic
prophase, likely dependent on SPOu-induced DSB formation and DMCi-

mediated homologous interactions.

USP44 is required for male fertility since its deletion causes meiotic arrest in most

seminiferous tubules.

USP44 is required for standard homolog pairing and synapsis in males. In the
absence of USP44, meiotic progression is grossly altered, and only a small

proportion of spermatocytes progress to the diplotene stage.

USP44 is required for homologous recombination in males. Without USP44, most
spermatocytes are arrested at mid-stages of prophase I before entering apoptosis

with persistent DSBs, RPA, and RADsa.
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Supplementary Table 1 Information of candidate genes. List of all the putative novel genes derived from 14 dpp mouse testis, displaying the

code, number of exons, length in base pairs, location, homology, similarity to other proteins, and GO terms associated with the similar protein.

Name | #Exons _.M”Ww_g Location Homology Similarity GO TERMS
17:22772621- All animals N .
002P1 3 9682 22782303 (low coverage) Zinc finger protein 271
. Zinc finger protein
17:22285251- All animals . - .
010P1 7 34877 22320128 (low coverage) 761;Zinc N_wﬂmmmﬂ protein
01002 , sag77 17:22285251- Al animals wmw_.wﬂmnsmmm_\.ﬂ_‘wwmmﬁﬂ_s DNA binding, transcription, DNA-templated, _\mmc_wﬂm”uh%mm:m:mn:v:o? DNA-templated, nucleus, metal ion
22320128 (low coverage) !
845
012P1 1 329 :wwwwwwmo. _/\_N_Mm%_w_m Zinc finger protein 709
17:17005247- All animals e .
014P1 4 35535 17040782 (low coverage) Zinc finger protein 709
vesicle organization, proteasome-mediated ubiquitin-dependent protein catabolic process, nucleolus, cytoplasm,
17:3311406- All animals CD2-associated plasma Bmavasﬁ n<8.mo_~ _.oqoﬁm.m: binding, m:a.oe\:n vesicle, 3m.mm:<m _‘mmc_m:o: om:m:&oqi:m m:ws:: factor
017P1 1 2825 X betal production, cell migration, filamentous actin, ruffle, regulation of actin cytoskeleton reorganization, cell-cell
3314231 (low coverage) protein ) . . ) . . . R
junction, cell cortex, perinuclear region of cytoplasm, positive regulation of protein localization to nucleus,
regulation of receptor-mediated endocytosis, cell-cell adhesion, mitotic cell cycle
018P1 1 302 17:33148024- Rodents Zinc finger protein 124 DNA binding, transcription, DNA-templated, _ﬁmmc_mﬁ.mg of transcription, DNA-templated, nucleus, metal ion
33148326 binding
16:24379363- All animals BMP-2-inducible regulation of bone mineralization, ATP binding, nucleus, regulation of catalytic activity, protein kinase activity,
020P1 1 1738 L . X . X L
24381101 (low coverage) protein kinase protein serine/threonine kinase activity
regulation of protein stability, membrane, positive regulation of phosphatidylinositol 3-kinase activity, regulation
of protein kinase activity, positive regulation of pseudopodium assembly, filopodium, regulation of protein
catabolic process, cardiac conduction system development, plasma membrane, cytosol, microtubule organizing
center, protein binding, GTP binding, midbody, establishment of cell polarity, secretory granule, regulation of
exocytosis, keratinocyte development, neuron projection, hair follicle morphogenesis, neuronal cell body,
establishment of Golgi localization, positive regulation of neuron apoptotic process, regulation of protein
heterodimerization activity, positive regulation of intracellular protein transport, actin filament branching,
022P1 1 589 7:11845107- All animals Cell division control epithelial cell-cell adhesion, regulation of filopodium assembly, mitogen-activated protein kinase kinase kinase
11845696 protein 42 homolog binding, keratinization, negative regulation of protein-containing complex assembly, multicellular organism
growth, spindle midzone, Golgi membrane, sprouting angiogenesis, actin filament bundle assembly, organelle
transport along microtubule, canonical Wnt signaling pathway, epithelial-mesenchymal cell signaling, apical part
of cell, positive regulation of peptidyl-serine phosphorylation, hair follicle placode formation, establishment or
maintenance of apical/basal cell polarity, heart contraction, obsolete GTP catabolic process, positive regulation of
DNA replication, mitotic spindle, submandibular salivary gland formation, GTPase activity, positive regulation of
hair follicle cell proliferation, neuron fate determination, positive regulation of substrate adhesion-dependent cell
spreading, adherens junction organization, positive regulation of JNK cascade, positive regulation of synapse




structural plasticity, regulation of attachment of spindle microtubules to kinetochore, response to glucose, actin
filament organization, cellular protein localization, Golgi organization, nuclear migration, regulation of mitotic
nuclear division, negative regulation of gene expression, positive regulation of gene expression, positive
regulation of cytokinesis, small GTPase mediated signal transduction, filopodium assembly, positive regulation of
catalytic activity

7:43257525- All animals . . core promoter sequence-spe DNA binding, chromatin binding, transcription, DNA-templated, cell
025P1 6731 43264256 (low coverage) Zinc finger protein 431 differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation
029P1 1997 7:7100330- Mostly Zinc finger protein 37 DNA binding, Qmsmnzv.:o? Uz>.83.u_m89 regulation of transcription, DNA-templated, 3:29._9 zinc ion binding,

7102327 Mammals multicellular organism development, germ cell development, spermatogenesis
neural tube development, L-serine metabolic process, L-serine biosynthetic process, threonine metabolic process,
7.4909038- Mostly D-3-phosphoglycerate m_cﬁmB._.:m Bmﬁmwo__n process, glycine Bmﬁmcn__o.USom.mw phosphoglycerate er,\o_ﬂomm.:mmw activity, G1 to GO
033P1 428 transition, spinal cord development, NAD binding, glial cell development, neuron projection development,
4909466 Mammals dehydrogenase . . B . . . . .
neurogenesis, gamma-aminobutyric acid metabolic process, regulation of gene expression, taurine metabolic
process
Zinc finger and SCAN chromosome, telomeric region, DNA binding, negative regulation of mitotic recombination, transcription, DNA-
7:11979393- Mostly . L . - - e
036P1 9376 domain containing templated, regulation of transcription by RNA polymerase Il, cytoplasm, nucleus, DNA-binding transcription factor
11988769 Mammals . L . L - ’ . . -
protein 4C activity, stem cell differentiation, telomere maintenance via telomere lengthening, metal ion binding
046P1 15820 7:6976337- Mus musculus | Zinc finger protein 264 DNA binding, transcription, DNA-templated, _\mmc_mﬂ.mo:. of transcription, DNA-templated, nucleus, metal ion
6992157 binding

7:24687897- -
060P1 7361 24695258 Mus musculus CD177 antigen

7:24687897- Rattus . . . .
060P2 7361 24695258 norvergicus CD177 antigen anchored component of membrane, plasma membrane, leukocyte migration, blood coagulation

7:24687897- .
060P3 7361 24695258 Mus musculus CD177 antigen

7:102119400- Mostl Nuclear pore complex
062P1 7611 v . P P DNA replication, nucleus, nucleoplasm, structural constituent of nuclear pore, peptide binding, nuclear inclusion

102127011 Mammals protein Nup98-Nup96 . R .
body, obsolete protein import into nucleus, docking, nuclear membrane, nuclear pore complex assembly, mRNA
062P2 7611 7:102119400- Mostly Nuclear pore complex transport, nuclear periphery, kinetochore, nuclear pore nuclear basket
102127011 Mammals protein Nup98-Nup96 ! ! ’
064P1 12361 | 76343668 Allanimals | 7 finger protein 582 . -, ‘ - .
6356029 (low coverage) DNA binding, transcription, DNA-templated, regulation of transcription, DNA-templated, nucleus, metal ion

7:6343668- All animals L ) binding

064P2 12361 6356029 (low coverage) Zinc finger protein 582
A ill -
7:128040805- Mostly _‘Bma._ © ﬂmmmmﬁ positive regulation of transcription by RNA polymerase Il, integral component of mitochondrial outer membrane,
066P1 2082 containing X-linked o X .
128042887 Mammals protein 3 protein binding, cellular protein localization
1432 - s . DNA binding, iption, DNA- B i iption, DNA- ) ) i
067P1 167 7:43264906 Mostly Zinc finger protein 120 NA binding, transcription, DNA-templated :wmc_mﬁ._o:. of transcription, DNA-templated, nucleus, metal ion
43265373 Mammals binding
neuron projection extension, activation of phospholipase D activity, axon hillock, cell leading edge, cytoplasm,
endosome, plasma membrane, cytosol, microtubule organizing center, protein binding, ATP binding, nuclear
068P1 8236 7:27880839- All animals Protein kinase C zeta envelope, nucleus, establishment of cell polarity, protein kinase C signaling, peptidyl-serine phosphorylation,
27889075 type positive regulation of interleukin-4 production, positive regulation of T-helper 2 cell differentiation, negative

regulation of apoptotic process, actin cytoskeleton reorganization, cell migration, inflammatory response, apical
plasma membrane, nuclear matrix, positive regulation of NF-kappaB transcription factor activity, protein




phosphorylation, negative regulation of protein-containing complex assembly, negative regulation of peptidyl-
tyrosine phosphorylation, positive regulation of ERK1 and ERK2 cascade, membrane raft, zinc ion binding, insulin
receptor signaling pathway, positive regulation of cell population proliferation, negative regulation of hydrolase
activity, protein heterooligomerization, protein kinase activity, protein serine/threonine kinase activity, protein
kinase C activity, positive regulation of cell-matrix adhesion, vesicle transport along microtubule, apical cortex,
myelin sheath abaxonal region, positive regulation of excitatory postsynaptic potential, membrane
hyperpolarization, long-term synaptic potentiation, protein localization to plasma membrane, cell-cell junction,
bicellular tight junction, cell cortex, potassium channel regulator activity, positive regulation of T-helper 2 cell
cytokine production, perinuclear region of cytoplasm, positive regulation of glucose import, microtubule
cytoskeleton organization, positive regulation of insulin receptor signaling pathway, negative regulation of insulin
receptor signaling pathway, activation of protein kinase B activity, long-term memory, protein-containing
complex, positive regulation of interleukin-5 production, positive regulation of interleukin-13 production, positive
regulation of interleukin-10 production

14:54692729- Mostly Leishmanolysin-like membrane, cytoplasm, lipid droplet, metalloendopeptidase activity, focal adhesion, cell adhesion, metal ion
070P1 11 4792 . - N
54697521 Mammals peptidase binding, mitotic cell cycle
071P1 1 2782 14:61557070- All animals Proteasome subunit proteasome core complex, nucleus, proteasome core complex, alpha-subunit complex, ubiquitin-dependent
61559852 alpha type-2 protein catabolic process, threonine-type endopeptidase activity, P-body, response to virus
8:129284441- Mostly . . DNA binding, transcription, DNA-templated, regulation of transcription, DNA-templated, nucleus, metal ion
072P1 1 329 129284770 Mammals Zinc finger protein 120 binding
preribosome, large subunit precursor, rRNA processing, nucleolus, protein binding, nucleus, nucleoplasm, PeBoW
. complex, ribosome biogenesis, ribonucleoprotein complex binding, regulation of cell cycle, protein localization to
8:83477471- All animals . . X . R L. . .
073P1 1 551 83478022 (low coverage) Pescadillo homolog organelle, cell population proliferation, maturation of LSU-rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S
3 rRNA, LSU-rRNA), maturation of 5.8S rRNA from tricistronic rRNA transcript (SSU-rRNA, 5.8S rRNA, LSU-rRNA),
condensed chromosome, nucleolus organization
8:129283469- All animals s . core promoter sequence-specific DNA binding, chromatin binding, transcription, DNA-templated, cell
079P1 1 812 Zinc finger protein 431 ! ’ ’ !
129284281 (low coverage) inctinger p : differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
080P1 4 19720 8:129263722- All animals Zinc finger protein 431 regulation of DNA-binding transcription factor mo:s?‘ 3mmm:<w regulation of transcription by RNA polymerase Il,
129283442 (low coverage) metal ion binding
8:111748507- L )
083P1 3 6181 111754688 Mus musculus | Zinc finger protein 431
8:69560509- Mammals & . integral component of membrane, corticospinal tract morphogenesis, cytoplasm, plasma membrane, calcium ion
086P1 4 24827 Cadherin-11
69585336 birds, fishes adherin binding, homophilic cell adhesion via plasma membrane adhesion molecules
089P1 1 376 19:37784217- Mammals & 26S protease protein catabolic process, cytoplasm, ATP binding, nucleus, ATP hydrolysis activity, obsolete ATP catabolic
37785093 birds, fishes regulatory subunit 4 process, proteasome accessory complex, TBP-class protein binding
i Required for meiotic
091P1 1 1765 19:12905227- _<_m3.3m_m & nuclear division mitochondrion, translation
12906992 birds )
protein 1 homolog
Uncharacterized
19:40748788- Mostly .
094P1 13 41692 40790480 Mammals protein C100rf131
homolog
Uncharacterized
19:40748788- Mostly .
094P2 13 41692 40790480 Mammals protein C100rf131

homolog




Coiled-coil and C2

096P1 3 7548 19:40821650- Mostly domain-containing
40829198 Mammals K S . .
protein 2A m assembly, cytoplasm, cytoskeleton, protein binding, MKS complex, ciliary transition zone, smoothened
iled-coi ignali th
096P2 3 7548 | 1°:40821650- Mostly %%L_Jwﬂzmmn_v_zmﬁmwan% igneng patY
40829198 Mammals . &
protein 2A
Coiled-coil and C2
105P1 3 3527 160P2 Mus musculus domain-containing
protein 2A
Coiled-coil and C2
105P2 3 3527 160P2 Mus musculus domain-containing
protein 2A
1:191939937- integral component of membrane, structural molecule activity, virion membrane, viral envelope, host cell plasma
109P1 1 590 .Hmpmhomww Mus musculus Glycoprotein 55 membrane, viral capsid, virion attachment to host cell, fusion of virus membrane with host plasma membrane,
host cell endoplasmic reticulum membrane
1:181576524- Mostly Dynein heavy chain cytoplasm, microtubule, ATP binding, dynein complex, cilium, microtubule motor activity, microtubule-based
119P4 25 67109
181643633 Mammals 14, axonemal movement
134p1 4 21478 11:121903898- All animals Zinc finger protein 431 . noz.m u._‘o_.:oﬂm_‘ sequence-spe C oz> binding, n_ioBm.&: w__‘a_:@ transcription, Uz.>.83m_mﬂm9 cell .
121925376 (low coverage) differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
134p2 4 21478 11:121903898- All animals Zinc finger protein 431 regulation of DNA-binding transcription factor mn:<:<\. smmm._:<w regulation of transcription by RNA polymerase I,
121925376 (low coverage) metal ion binding
11:105034974- . .
136P1 11 23340 105058314 Mus musculus | Zinc finger protein 431
. Zinc finger protein
11:121940152- All | s )
142P1 2 16607 animars 431;Zinc finger protein core promoter sequence-specific DNA binding, chromatin binding, DNA binding, transcription, DNA-templated,
121956759 (low coverage) X o . . , S .
658 regulation of transcription, DNA-templated, cell differentiation, histone deacetylase binding, nucleus, negative
) Zinc finger protein regulation of osteoblast differentiation, negative regulation of DNA-binding transcription factor activity, negative
142P3 2 16607 11:121940152- All animals 431;Zinc finger protein regulation of transcription by RNA polymerase I, DNA-binding transcription factor activity, metal ion bindin
121956759 (low coverage) ! mmmm P g P 4 poly ! & v g
151p1 1 455 17:33147379- Mostly Zinc finger protein 844 DNA binding, transcription, DNA-templated, _ﬂmmc_mﬁ._OJ of transcription, DNA-templated, nucleus, metal ion
33147834 Mammals binding
16:98059784- All animals
154P1 4 22 Zinc fi in431
5 658 08082442 (low coverage) inc finger protein 43
16:98059784- Mostly s . core promoter sequence-specific DNA binding, chromatin binding, transcription, DNA-templated, cell
154P2 4 22658 Zinc finger protein 431 ! ’ ’ !
98082442 Mammals gerp differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
160P1 4 16453 18:90579618- All animals Zinc finger protein 431 regulation of DNA-binding transcription factor mnz<:<,‘ smmm.;?.m regulation of transcription by RNA polymerase Il,
90596071 (low coverage) metal ion binding
18:90579618- All animals
160P2 4 16453 Zinc fi tein 431
90596071 (low coverage) incinger protein
1:181576524- Mostly Dynein heavy chain cytoplasm, microtubule, ATP binding, dynein complex, cilium, microtubule motor activity, microtubule-based
160P2 25 67109
181643633 Mammals 14, axonemal movement
18:38359214- perikaryon, cytoplasm, mitochondrion, rough endoplasmic reticulum, protein binding, ATP binding, manganese
161P1 2 7861 : All animals Glutamine synthetase ion binding, glutamate binding, glutamine biosynthetic process, glutamate metabolic process, glutamate

38367075

decarboxylase activity, glutamate-ammonia ligase activity, axon terminus, protein homooligomerization, cell




population proliferation, positive regulation of epithelial cell proliferation, glial cell projection, cellular response to
starvation, magnesium ion binding, positive regulation of synaptic transmission, glutamatergic, response to
glucose, positive regulation of insulin secretion, cell body, protein-containing complex

18:84792800- Mostly Uncharacterized
162P1 27228 84820028 Mammals protein C180rf63
165P1 213 12:18648570- Mostly Zinc finger protein 120 DNA binding, transcription, DNA-templated, ﬁmmc_mw_o:. of transcription, DNA-templated, nucleus, metal ion
18648983 Mammals binding
core promoter sequence-specific DNA binding, chromatin binding, transcription, DNA-templated, cell
12:22584104- All animals s . differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
169P1 1439 22585543 (low coverage) Zinc finger protein 431 regulation of DNA-binding transcription factor activity, negative regulation of transcription by RNA polymerase II,
metal ion binding
12:22867994- All animals
170P1 1523 Zinc fi tein 709
22869517 (low coverage) inc finger protein DNA binding, transcription, DNA-templated, regulation of transcription, DNA-templated, nucleus, metal ion
12:21878703- All animals L i binding
171P1 2252 21880955 (low coverage) Zinc finger protein 120
12:20457757- Mostly Hippocalcin-like L L
172P1 2506 20460263 Mammals protein 1 calcium ion binding
core promoter sequence-specific DNA binding, chromatin binding, transcription, DNA-templated, cell
12:19975735- All animals e . differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
174P1 14 Zinc fi 431
3 19976049 (low coverage) inc finger protein 43 regulation of DNA-binding transcription factor activity, negative regulation of transcription by RNA polymerase II,
metal ion binding
175p1 413 12:22869607- All animals Zinc finger protein 700 DNA binding, transcription, DNA-templated, _\mmc_mﬂ._o:. of transcription, DNA-templated, nucleus, metal ion
22870020 (low coverage) binding
176P1 2031 12:19406041- All animals Zinc finger protein 658 DNA binding, transcription, _uz>.ﬁm33_mﬁm.n_, regulation o* :.m:mn_._n,.:o:. ._uz.>.ﬂm33_mﬁm9 nucleus, DNA-binding
19410072 (low coverage) transcription factor activity, metal ion binding
177P1 329 12:23782047- All animals Zinc finger protein 120 DNA binding, transcription, DNA-templated, _ﬁmmc_mﬁ._oqd of transcription, DNA-templated, nucleus, metal ion
23782376 (low coverage) binding
178P1 1607 12:24213899- All animals Zinc finger protein 160 DNA binding, transcription, DNA-templated, _ﬂmmc_mgo: oﬁ_‘mamn_‘_n:o? DNA-templated, nucleus, hemopoiesis,
24215506 (low coverage) metal ion binding
fatty acid biosynthetic process, lipid metabolic process, biotin carboxylase activity, mitochondrion, cytosol,
180P1 2231 12:10156001- All animals Acetyl-CoA protein binding, ATP binding, acetyl-CoA metabolic process, lipid homeostasis, protein homotetramerization,
10158232 carboxylase 1 tissue homeostasis, acetyl-CoA carboxylase activity, malonyl-CoA biosynthetic process, metal ion binding, protein
metabolic process
12:18648990- All animals s . core promoter sequence-specific DNA binding, chromatin binding, transcription, DNA-templated, cell
181P1 1019 Zinc finger protein 431 ! ’ ’ !
18650009 (low coverage) inctinger p : differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
185P1 1253 12:22724964- All animals Zinc finger protein 431 regulation of DNA-binding transcription factor moz<:<,‘ smmm.;?.m regulation of transcription by RNA polymerase II,
22726217 (low coverage) metal ion binding
12:24215513- i L . DNA binding, iption, DNA- , i iption, DNA- ) ) i
186P1 213 4215513 All animals Zinc finger protein 700 NA binding, transcription, DNA-templated :wmc_mﬁ._o:. of transcription, DNA-templated, nucleus, metal ion
24215926 (low coverage) binding
12:77129105- L .
188P1 62611 77191716 Mus musculus | Zinc finger protein 700
12:77129105-
188P2 62611 Mus musculus | Zinc finger protein 700

77191716




fatty acid biosynthetic process, lipid metabolic process, biotin carboxylase activity, mitochondrion, cytosol,

12:10154850- . Acetyl-CoA protein binding, ATP binding, acetyl-CoA metabolic process, lipid homeostasis, protein homotetramerization,
190P1 1076 All animals . ! L . . . s .
10155926 carboxylase 1 tissue homeostasis, acetyl-CoA carboxylase activity, malonyl-CoA biosynthetic process, metal ion binding, protein
metabolic process
191P1 1537 12:21992931- Mostly Zinc finger protein 700 DNA binding, transcription, DNA-templated, ﬁmmc_mw_o:. of transcription, DNA-templated, nucleus, metal ion
21994468 Mammals binding
12:18871742- All animals . . DNA binding, transcription, DNA-templated, regulation of transcription, DNA-templated, nucleus, DNA-binding
193pP1 4255 18875997 (low coverage) Zinc finger protein 658 transcription factor activity, metal ion binding
194p1 767 12:20322022- All animals Zinc finger protein 120 DNA binding, transcription, DNA-templated, ﬂmmc_mﬁ._o:. of transcription, DNA-templated, nucleus, metal ion
20322789 (low coverage) binding
core promoter sequence-specific DNA binding, chromatin binding, transcription, DNA-templated, cell
12:19861064- All animals L . differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
195P1 6682 19867746 (low coverage) Zinc finger protein 431 regulation of DNA-binding transcription factor activity, negative regulation of transcription by RNA polymerase II,
metal ion binding
12:22585550- All animals
196P1 2 Zinc fi in 12
96 329 22585879 (low coverage) inc finger protein 120
197p1 299 12:20321368- Mostly Zinc finger protein 120 DNA binding, transcription, DNA-templated, _\mmc_mﬂ._o:. of transcription, DNA-templated, nucleus, metal ion
20321667 Mammals binding
12:23780601- Mostly N .
198P1 1439 23782040 Mammals Zinc finger protein 709
199P1 1814 | 12:24337167- | Allanimals o G or brotein 431 . o o o
24338981 (low coverage) core promoter sequence-specific DNA binding, chromatin binding, transcription, DNA-templated, cell
12:23143970- Mostly L . differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
200P1 4810 23148780 Mammals Zinc finger protein 431 regulation of DNA-binding transcription factor activity, negative regulation of transcription by RNA polymerase II,
12:19976053- All animals metal ion binding
201P1 1271 Zinc fi in431
0 19977324 (low coverage) inc finger protein 43
202pP1 299 12:22726338- Mostly Zinc finger protein 700 DNA binding, transcription, DNA-templated, _.mmc_mﬁ._o:. of transcription, DNA-templated, nucleus, metal ion
22726637 Mammals binding
core promoter sequence-spe DNA binding, chromatin binding, transcription, DNA-templated, cell
12:19301346- Mostly . . differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
204P1 6835 19308181 Mammals Zinc finger protein 431 regulation of DNA-binding transcription factor activity, negative regulation of transcription by RNA polymerase II,
metal ion binding
12:23929820- All animals . X .
206P1 329 23930149 (low coverage) Zinc finger protein 120
12:21671882- Mostl DNA bindi ipti DNA- | lati f ipti DNA- | | li
2071 326 67188 ostly Zinc finger protein 120 binding, transcription, templated, regula ; OJ of transcription, templated, nucleus, metal ion
21672708 Mammals binding
12:19975399- Mostly N .
208P1 299 19975698 Mammals Zinc finger protein 120
core promoter sequence-specific DNA binding, chromatin binding, transcription, DNA-templated, cell
12:23928374- All animals . . differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
2 1 1 YA 1
09p 439 23929813 (low coverage) inc finger protein 43 regulation of DNA-binding transcription factor activity, negative regulation of transcription by RNA polymerase I,
metal ion binding
210P1 2703 15:3217049- Mammals & RNA-binding protein RNA binding, transcription, DNA-templated, regulation of transcription, DNA-templated, cytoplasm, plasma
3219752 aligator EWS membrane, identical protein binding, protein binding, nucleus, nucleotide binding, zinc ion binding




212P1 3 9490 Hmpwwwwwwwo. Mus musculus xz>._om3M/_\Gm protein
216P2 2| 73971 | X:140361491- | Allanimals %ﬂmwﬂﬂ.wmmﬁwmw:m eytoskeleton
140435462 (low coverage) protein 3
219P1 1 5982 x”NNNNNNM%W%wm. Mus musculus mmh.www_wwmww%mwwmmm_s zinc ion binding
222P1 5 16146 x”mmmmwmmwwu%%mo. soEMmﬂwMMMHm +1 | Zinc finger protein 449
X-56277090- Rattus DNA binding, transcription, DNA-templated, nucleus, DNA-binding transcription factor activity, metal ion binding
222P2 5 16146 .mmwmwwwm 30_.<m_.mmhn:m +1 | Zinc finger protein 449
251P1 7 10437 xwoomwm%%wm%- :OWMMM . n_acﬂw_wmﬂs_a
251P10 7 10437 x%oohwm%%wwu%. :o”whmwmncm QR:HHM.MNO_E
251P11 7 10437 x%oohum%%%h%. :ow,”“m:w QR:HHM__.MNO_E
X:101695773- R : -
1L ’ 10437 Hoozm%mmﬁ% :o:wmﬁMmmocw DR:HHM.MNO_S
s |1 [ a0 | TG | s |
| 7[00 | ST | s | e
251P15 7 10437 x"HHOOHWm%mmMN%. :ow,whwwocm QR:HMNMMNo_ﬁm
2>1p16 ’ 10437 x%%h%%%wﬂ%. :ow,wmﬂﬂwocw QR:HHMMS@ cell surface
X:101695773- R . -
> ’ 10437 Hoozm%mmﬁ% :o:wmﬁﬂwocw D_‘ocHMNMMNo;m
s | 1| 0o | TG | s | e
251P19 7 10437 x"HHQOHHNm%%NwHw%. :ow,w%wwncm QR:H.HMMNO_Hm
251P2 7 10437 x"HHOOHme%mmMN%. :owﬂ“ﬁ& QR:HHM.MNO_Hm
251P20 7 10437 x”HHOOHme%mmMN%. :oMWmﬁHMWoCm n:ocwwﬂmﬁmmo;m
:101 - i :
e |7 |0 | R | s |
251P22 7 10437 x%oo%um%%%h%. :o”w%,mhwocm n__‘nc”MNM‘MNo_S




X:101695773- Rattus Circumsporozoite
251p23 7 10437 101706210 norvergicus protein
X:101695773- Rattus Circumsporozoite
251p24 7 10437 101706210 norvergicus protein
X:101695773- Rattus Circumsporozoite
251P25 7 10437 101706210 norvergicus protein
X:101695773- Rattus Circumsporozoite
251P26 7 10437 101706210 norvergicus protein
X:101695773- Rattus Circumsporozoite
251P3 7 10437 101706210 norvergicus protein
X:101695773- Rattus Circumsporozoite
2514 7 10437 101706210 norvergicus protein
X:101695773- Rattus Circumsporozoite
251P5 7 10437 101706210 norvergicus protein
X:101695773- Rattus Circumsporozoite
251p6 7 10437 101706210 norvergicus protein
X:101695773- Rattus Circumsporozoite
251p7 7 10437 101706210 norvergicus protein
X:101695773- Rattus Circumsporozoite
251P 7 10437
>1p8 043 101706210 norvergicus protein
X:101695773- Rattus Circumsporozoite
251P 7 10437
>1P9 043 101706210 norvergicus protein
Rattus
X:161332234- . BEN domain-
255P1 8 34017 161366251 soEm“m_\._.n:m 1 containing protein 2
Rattus
4:129928611- ) SPOC domain- o . . -
260P1 1 1687 129930298 soEm“ﬂn:m +1 containing protein 1 transcription, DNA-templated, negative regulation of phosphatase activity
2:68561621- POTE ankyrin domain
273P1 6 17150 68578771 Rodents family member A
2:68561621- POTE ankyrin domain
273P2 6 17150 68578771 Rodents family member A
. . RNA polymerase-
303P1 11 | 18213 | 217°468476- All animals associated protein
75486689 (low coverage) LEO1
Whnt signaling pathway, positive regulation of transcription by RNA polymerase Il, mRNA polyadenylation,
RNA polymerase- L N . . .
9:75468476- ) . transcription, DNA-templated, nucleolus, protein binding, nucleus, stem cell population maintenance, histone H2B
303P10 11 18213 Mammals associated protein R o . ) . T R L. . .
75486689 LEO1 ubiquitination, spinal cord oligodendrocyte cell differentiation, melanocyte differentiation, negative regulation of
RNA ool myeloid cell differentiation, positive regulation of transcription elongation from RNA polymerase Il promoter,
303P11 1 18213 9:75468476- All animals mmmOoWNMQBmﬂMﬁmmm_s Cdc73/Pafl complex, positive regulation of mRNA 3'-end processing, endodermal cell fate commitment, neural
75486689 (low coverage) _.moH_u crest cell development, xanthophore differentiation, glial cell development, histone monoubiquitination,
embryonic cranial skeleton morphogenesis, heart development
9:75468476- RNA polymerase-
303P2 11 18213 75486689 Mammals associated protein

LEO1




. . RNA polymerase-
303P3 11 18213 9:75468476- Allanimals associated protein
75486689 (low coverage)
LEO1
) RNA polymerase-
303P4 11 18213 9:75468476- Mammals associated protein
75486689
LEO1
. RNA polymerase-
303P5 11 18213 9:75468476 Mammals associated protein
75486689
LEO1
. RNA polymerase-
303P6 11 18213 9:75468476- Mammals associated protein
75486689
LEO1
. RNA polymerase-
303P7 11 18213 9:75468476 Mammals associated protein
75486689
LEO1
. . RNA polymerase-
303P8 11 | 18213 | 9175468476 All animals associated protein
75486689 (low coverage)
LEO1
. RNA polymerase-
303P9 11 18213 9:75468476- Mammals associated protein
75486689
LEO1
9:56027491- . E3 ubiquitin-protein integral component of membrane, cytoplasm, microtubule organizing center, protein binding, protein
P1 1 1 All | ! / ! !
305 3510 56031001 animats ligase RNF19A ubiquitination, ligase activity, zinc ion binding
9:122903236- All animals
310P1 1 11097 Zinc fi tein 660
122914333 (low coverage) inctinger protein DNA binding, transcription, DNA-templated, regulation of transcription, DNA-templated, nucleus, metal ion
13:65249837- Mostly L . binding
319P1 1 365 65250202 Mammals Zinc finger protein 20
13:74505897- All animals . . .
321P1 3 16581 74522478 (low coverage) Zinc finger protein 431
321p2 3 16581 13:74505897- All animals Zinc finger protein 431 . ooﬁ v.ﬂoBo,.Hmﬂ mmncm:nm.mumn:ﬂ_o. _u_./_> binding, %33,‘\”;_3 U_sa_:m, transcription, Uz>.ﬂm3n_m,‘nm9 cell .
74522478 (low coverage) differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
323p1 5 13479 13:74550898- All animals Zinc finger protein 431 regulation of DNA-binding transcription factor mo:s?. 3mmm:<.m regulation of transcription by RNA polymerase Il,
74564377 (low coverage) metal ion binding
13:65337385- Mostly s .
324P1 1 305 65337690 Mammals Zinc finger protein 431
13:81826068- L .
325P1 4 13777 31839845 Mus musculus | Zinc finger protein 431
327P1 4 19570 13:62665774- Allanimals Zinc finger protein 431 Lo o L
62685344 (low coverage) core promoter sequence-spe DNA binding, chromatin binding, transcription, DNA-templated, cell
13:62665774- All animals L . differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
3272 4 19570 62685344 (low coverage) Zinc finger protein 431 regulation of DNA-binding transcription factor activity, negative regulation of transcription by RNA polymerase II,
13:74603075- All animals metal ion binding
1 1521 Zi i i 1
333p 5 5210 74618285 (low coverage) inc finger protein 43
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13:74603075- All animals s .
333P2 15210 74618285 (low coverage) Zinc finger protein 431
13:49762460- Mostly Sperm motility kinase s . . . . -
341P1 6462 49768922 Mammals X ATP binding, protein serine/threonine kinase activity
345p1 761 13:65249008- All animals Zinc finger protein 120 DNA binding, transcription, DNA-templated, regula ._o:. of transcription, DNA-templated, nucleus, metal ion
65249769 (low coverage) binding
13:49820663- Sperm motility kinase L . . . . -
346P1 8287 49828950 Rodents X ATP binding, protein serine/threonine kinase activity
core promoter sequence-specific DNA binding, chromatin binding, transcription, DNA-templated, cell
10:130573979- All animals . . differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
347P1 3061 130577040 (low coverage) Zinc finger protein 431 regulation of DNA-binding transcription factor activity, negative regulation of transcription by RNA polymerase II,
metal ion binding
— -
10:93850061- . c_u_.ac;_: carboxy proteasome-mediated ubiquitin-dependent protein catabolic process, nucleus, regulation of mitotic cell cycle
355P1 8108 All animals terminal hydrolase 44 X . X . .. Lo L o
93858169 (Uspdd) spindle assembly checkpoint, cysteine-type peptidase activity, zinc ion binding, mitotic cell cycle
356P1 674 5:109478138- All animals Zinc finger protein 120 DNA binding, transcription, DNA-templated, ﬂmmc_mﬁ._o:. of transcription, DNA-templated, nucleus, metal ion
109478812 (low coverage) binding
5:110076130- All animals s . core promoter sequence-specific DNA binding, chromatin binding, transcription, DNA-templated, cell
361P1 18312 Zinc finger protein 431 ! ’ ! !
110094442 (low coverage) inctingerp : differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
361p2 18312 5:110076130- All animals Zinc finger protein 431 regulation of DNA-binding transcription factor mo:s?. 3mmm:<w regulation of transcription by RNA polymerase Il,
110094442 (low coverage) metal ion binding
5:109479106- L . DNA binding, transcription, DNA-templated, regulation of transcription, DNA-templated, nucleus, metal ion
362P1 311 109479417 Zinc finger protein 497 binding
5:49787426- . X
364P1 92821 49880247 Mus musculus | Zinc finger protein 497
368P1 19178 5:109866698- All animals Zinc finger protein 431 . ooﬁ v.ﬂoBo,.Hmﬂ sequence-speci o _u_./_> binding, %33,‘\”;_3 U_sa_:m, transcription, Uz>.ﬂm3n_m,‘nm9 cell .
109885876 (low coverage) differentiation, histone deacetylase binding, nucleus, negative regulation of osteoblast differentiation, negative
368P2 19178 5:109866698- All animals Zinc finger protein 431 regulation of DNA-binding transcription factor mo:s?‘ 3mmm:<w regulation of transcription by RNA polymerase Il,
109885876 (low coverage) metal ion binding
5:136205011-
369P1 374 Mus musculus IgE-binding protein DNA integration, nucleic acid binding, viral process

136205385
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Supplementary Table 2 Genomic sequences of Bendz and Usp44 mutants. Genomic sequences spanning two gRNAs in Bend2 and Usp44 wild

type and mutations are displayed. The marks indicate bases from gRNA1 (red), gRNA2 (purple), and insertions (underlined).

Bend2 Genomic sequence Usp44 Genomic sequence
ACTTATGCAGCCTGCTACTTGGCTAATGTGATATTCTCTGAGGAAA AGCAACCTAGACCTAATCTATGGCGAACTTTCTTCCCTTGATTCT
TTCTGCTTTTGAACTCAATTGGTAACCGTACTTCACGTTGCATATTA GAAGTGTCACTTGCTTTTGTTCCTAGATGGTCAGGACGTAATAA
ATGGATCAAAACAAAATGTCAGCAATAAGAGGTATGTAAAGTTAA CCGAGAGAAGATTGGTGTTCATGTTGTCTTTGAGGAAACCTTA

Wild type CTAAGGACTTTTATTTTTATCATTATTTGGTGATTTAATGAATGTTG Wild type AACATGGAGCCTTATTGCTGCAGGGAGACCCTGAACGCTCTCA
TTGGCAGTTTAAAGGGAATGATGATGATGATGTCTGTGAGTTTTA GACCAGAGTGCTTTCTCTATAATTTATCTGCTGTCGTAATTCACC
GAAATATTCCTTGTACTGGATAATACTGATTTTTACCATCTAATGA ATGGAAAAGGATTTGGCTCAGGACACTACACTGCCTACTGCTA
TGCATCTAATTTTAACATCTAATGATGTTATAGCTCTTAAAAGAGT CAATTCCGAAGGAGGTAGAGCTGAGAAAACCAAGTTTATCTTG
AAAGCTTTTTCTTACACTAGTGGACTAAGACCAGCCTTATTGACCA GGTTAGACT

B39 ACTCA U2/uU33/U34 AGCAACCTAGACCTATCTTGGGTTAGACT
BAS AAGTAGCTAAGTTGGTAATGTCTGTGAGTTTTAGAAATATTCCTTG
TACTGGATACCA
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