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Title

Characterising human gametogenesis arrest from gene to protein

Abstract

Infertility is considered a global public health issue since it affects more than 50 million couples
worldwide. Current assisted reproductive technologies (ARTs) have minimal requirements for
gametes that are competent for fertilisation and subsequent embryo development. In cases
where genetic abnormalities lead to arrested gametogenesis and the production of immature,
defective or degraded gametes, treatment is not usually possible. Identifying the molecular
causes of these types of infertility is crucial for developing new strategies to treat affected
couples. Moreover, these patients represent a unique opportunity to discover new actors of
oogenesis and spermatogenesis and to decipher the molecular pathways involved in the

production of competent gametes.

Genetic analysis of cohorts of infertile patients with shared ancestry can allow the identification
of inherited genetic variants as possible causal factors. Using whole exome sequencing, we
identified a homozygous pathogenic variant of the gene PATL2 in a cohort of patients with a
phenotype of arrested oogenesis due to Oocyte Maturation Deficiency (OMD). OMD is a rare
pathology characterised by the recurrent ovulation of immature oocytes. PATL2 encodes an
oocyte ribonucleoprotein whose amphibian orthologue had been shown to be involved in oocyte
translational control and whose function in mammals was poorly characterised. We also
identified a pathogenic variant of the gene SPINK2 in a familial case of azoospermia. SPINK2
encodes a serine protease inhibitor thought to inhibit acrosin activity during sperm acrosome

formation.

We showed, through generation of Patl2 and Spink2 knockout (KO) mice and Patl2 tagged mice
(the latter using CRISPR-Cas9), that both corresponding proteins play essential respective roles
in gametogenesis. We demonstrated that Patl2 is strongly expressed in growing mouse oocytes
and that its absence leads to the dysregulation of numerous transcripts necessary for oocyte
growth, meiotic maturation and preimplantation embryo development. This was accompanied
by a phenotype of subfertility in KO females in natural mating, a large proportion of ovulated

oocytes lacking a polar body (immature) and/or displaying spindle assembly defects in



immunostaining, and a high rate of oocytes with an aberrant response to fertilisation in IVF
experiments. In Spink2 KO mice, we demonstrated that absence of Spink2 protein, which is
located in the acrosome of maturing and mature spermatozoa, leads to azoospermia with
arrested spermiogenesis and autophagy at the round-spermatid stage. This is plausibly due to
aberrant acrosin activity in the absence of its inhibitor, corroborated by fragmentation and
displacement of the Golgi apparatus and absence of the acrosome as shown through

immunostaining.

We have thus characterised two genetic subtypes of human infertility associated with mutation
of these two genes. In doing so, we have furthered our understanding of the respective roles of
these crucial actors of mammalian gametogenesis, potentially paving the way for improvement

of current ARTs and development of new, personalised therapies.
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Résumé

L'infertilité est considérée comme une préoccupation majeure de santé, touchant a plus de 50
millions de couples mondialement. Les techniques actuelles d’Assistance Médicale a la
Procréation (AMP) ont comme prérequis des gametes aptes a la fécondation et au
développement embryonnaire. Dans les rares cas ou des anomalies génétiques ménent a un
arrét de la gamétogenése et donc a la production de gamétes immatures, défectueux ou
dégradés, un traitement n’est pas possible. Afin d’envisager de nouvelles stratégies de
traitement, il est nécessaire de comprendre les bases moléculaires de ce type d’infertilité. De
plus, ces patients représentent une opportunité unique nous permettant de découvrir de
nouveaux acteurs de I'ovogenése et de la spermatogenése ainsi que de déchiffrer les voies

moléculaires impliquées dans la production de gametes compétentes.

L’analyse génétique de cohortes de patients consanguins peut permettre l'identification de
variantes génétiques héritées comme causes possibles de la pathologie. Nous avons identifié,
par séguencgage exomique, un variant pathogéne du gene PATL2 dans les patientes atteintes
d’un échec de maturation ovocytaire. Cette pathologie, que nous avons appelé la Déficience
Méiotique Ovocytaire (DMO), consiste en I'ovulation récurrent d’ovocytes immatures et non-
fécondables. Le géne PATL2 code une ribonucléoprotéine ovocytaire qui a été impliqué dans la
régulation de la traduction des ARNm maternelles chez I'amphibien. Sa fonction chez les
mammiferes était jusqu’a présent mal caractérisé. Nous avons aussi identifié un variant
pathogene du gene SPINK2, codant un inhibiteur de protéases qui est important pour la

neutralisation de I'acrosine pendant le développement de I'acrosome.

Par la génération de lignées de souris déficientes (KO) pour les genes Patl2 et Spink2, et d’'une
lignée PATL2 « étiquetée » par la méthode CRISPR-Cas9, nous avons montrés que les deux
protéines correspondantes jouent des roéles indispensables dans leurs gamétogéneéses
respectives. Nous avons démontré que Patl2 est fortement exprimé dans I'ovocyte murin en
cours de croissance, et que son absence entraine une dérégulation de nombreux transcrits

essentiels pendant la phase de croissance, de maturation méiotique ou de développement pré-



implantatoire. Les femelles PATL2 KO sont sous-fertiles par accouplement naturel, et lors de la
stimulation hormonale produisent une grande proportion d’ovocytes sans globule polaire
(immatures) et/ou avec des défauts au niveau du fuseau méiotique, mis en évidence par
immunomarquage. De plus, suite a la fécondation in vitro, un grand nombre d’ovocytes PATL2
KO ont répondu de maniere aberrante a la fécondation. Concernant les males SPINK2 KO, nous
avons montré que I'absence de la protéine SPINK2, qui se localise dans I'acrosome, entraine une
azoospermie avec un arrét de la spermiogenése et une autophagie au stade spermatide-ronde.
Cet effet est vraisemblablement d0 a une activité aberrante de I'acrosine en absence de son
inhibiteur, une hypothése soutenue par la fragmentation de I'appareil de Golgi et 'absence de

I’'acrosome, événements observés par immunofluorescence.

Nous avons, donc, caractérisé deux sous-types génétiques d’infertilité humaine associés a la
mutation de ces deux génes. Ce faisant, nous avons approfondi notre compréhension des
fonctions respectives de ces acteurs clés de la gamétogenése chez les mammiferes, ce qui
pourrait ouvrir la voie vers une amélioration des techniques d’AMP actuelles ainsi que le

développement de thérapies alternatives et personnalisées.
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mTOR: mammalian target of rapamycin
MZT: maternal-zygote transition

NGS: next-generation sequencing

NOA: non-obstructive azoospermia
NSN: non-surrounded nucleolus

OATS: oligoasthenoteratozoospermia
OMD: Oocyte maturation/meiotic deficiency
PABP: poly(A)-binding protein

PAP: poly(A) polymerase

PARN: poly(A)-specific ribonuclease
PAS: polyadenylation signal

Patl: protein associated with
topoisomerase |l

PATL1/2: protein associated with
topoisomerase Il-like 1/2

PBE: pumilio binding element

PCOS: polycystic ovary syndrome

PGC: primordial germ cell

POI: primary ovarian insufficiency
PUM: pumilio

RBP: RNA-binding protein

RINGO/Spy: rapid inducer of G2/M
progression in oocytes/speedy

RNP: ribonucleoprotein

SAC: spindle assemble checkpoint

SN: surrounded nucleolus

SPINK2: serine peptidase inhibitor, Kazal
type 2

UTR: untranslated region

WES: whole exome sequencing

WHO: World Health Organisation
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Chapter 1: Female gametogenesis and mRNA regulation

Part A: Oocyte and follicle development

1. The female reproductive system

The internal female reproductive organs are the ovaries, uterus and fallopian tubes. The female

gametes are contained within the ovaries which are the centres of gamete storage and
development as well as crucial endocrine organs. The ovaries release a mature oocyte at
monthly intervals from puberty to menopause. Fertilisation occurs within the Fallopian tubes

and the fertilised egg divides and forms a blastocyst which implants in the endometrium of the

uterus. The uterus also produces secretions that are crucial for allowing sperm progression.
Fallopian tube

/Fallopian tube

Ovary
5 ‘-Endometrium
—*——————Myometrium
Cervix '

~
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Ovarian
—7 follicles

Medullary : Cortical :
region region
Figure 1. Anatomy of the female reproductive tract.

Source: National Cancer Institute (https.//visualsonline.cancer.gov/details.cfm?imageid=8262)
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Oocyte maturation takes places within ovarian follicles, which are the functional units of the
ovary. The follicle forms many functions important for oocyte development, forming a protective
barrier, creating an internal environment favourable to oocyte growth and co-ordinating the
development of the oocyte with external signals. The somatic granulosa cells and developing
oocyte are in constant cross-talk though transzonal projections or ‘gap junctions’ in the zona

pellucida. The granulosa cells are also responsible for the production of oestrogen.

MEMBRANA GRANULOSA _

CELLS THECA INTERSTITIAL CELLS

LLICULAR
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THECA INTERNA—— #.NTHLM( e

LOOSE CONNECTIVE

TISSUE CAPILLARIES

ZONA PELLUCIDA

: CUMULUS OOPHOROUS
v GRANULOSA CELLS

7 A
- THECA EXTERNA
7

g

CORONA RADIATA
GRANULOSA CELLS

BASAL LAMINA

Figure 2. Anatomy of the mature (antral) ovarian follicle.
Source: Erickson, 1983 [1]

1.1. The hypothalamic-pituitary-gonadal axis

The female reproductive system is controlled by the interaction of hormones produced by the
hypothalamus, pituitary gland and ovaries. The hypothalamus secretes gonadotropin-releasing
hormone (GnRH) which stimulates the gonadotropic cells of the anterior pituitary gland to
release follicle stimulating hormone (FSH) and luteinising hormone (LH). FSH stimulates follicular
cell proliferation in the ovary and the maturing follicles in turn secrete estradiol. LH triggers
ovulation and the development of the corpus luteum, which in turn secretes progesterone
necessary to prepare the endometrium for implantation. The ovary also produces hormones
Inhibin A and B which act at different times during the menstrual cycle to regulate secretion of
FSH allowing for ovulation of a single mature oocyte [2]. This complex feedback system is

summarised in Figure 3.
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Figure 3. Hormonal control of the female reproductive cycle.
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Effects on uterus

-

The hypothalamic-pituitary-gonadal axis and follicular phases. Arrows indicate positive feedback

and bars indicate negative feedback. Source: Adapted from University of Washington

(https.//courses.washington.edu/conj/bess/female/female.html)
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2. Oogenesis and folliculogenesis: co-ordinated molecular and

cellular events

Folliculogenesis describes the development of the ovarian follicle. Beginning in utero,
folliculogenesis can be divided into gonadotropin-independent and gonadotropin-dependent
stages (Figure 4). The first stage is characterised mainly by oocyte growth and differentiation

and the second stage by dramatic follicular growth.

Gonadotropin-independent Gonadotropin-responsive Gonadotropin-dependent
Early antral Graafian/
follicle Pre-ovulatory follicle
PGCs/ Secondar
P ; i Y
oogonia Germ cell cyst Primordial Prlmary follicle
follicle follicle
g —e—9® ®
@ mitosis meiosis activation
Meiotic arrest
Pre-granulosa cell 0 Primary oocyte Follicle growth ”
@ Granulosa cell Thecal cell

Figure 4. Ovarian follicle stages.
Stages of mammalian folliculogenesis showing gonadotropin-independent and dependent stages.
Source: Adapted from Piotrowska et al, 2013 [3]

In humans, the process of folliculogenesis from the recruitment of a primordial follicle through
to the pre-ovulatory stage takes almost a year. The gonadotropin-independent stage is the
slowest, taking around 290 days and giving rise to a secondary follicle (class 1, Figure 5). From
here it takes around 60 days to progress to the Graafian follicle stage (classes 2-8, Figure 5) in
response to gonadotropins. The dominant follicle is selected from a group of class 5 stage
follicles towards the end of the luteal phase of the menstrual cycle and takes 20 days to complete
its maturation before ovulation. All other follicles stimulated to mature beyond the secondary
follicle (preantral) stage will undergo atresia (percentages indicated in Figure 5) [4,5]. Only
around 1% (300-400) of the oocytes present in the ovary at puberty will reach ovulatory state

[6].
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Figure 5. Chronology of human folliculogenesis.

Timeline of the steps from primordial follicle recruitment, dominant follicle selection, and
ovulation. Follicles are labelled to indicate developmental stage, size, and percentage lost through
atresia. D: days, gc: granulosa cell (number). Source: Gougeon, 1986 [7]

2.1. Primordial follicle formation

In humans, oogonia form between weeks 6-10 of gestation from a cluster of ~100 primordial
germ cells which migrate to the genital ridge. The oogonia proliferate exponentially via mitosis
such that their number increase from ~600 000 at 8 weeks to 6-7 million at 20 weeks (Figure 6)
thus colonising the ovary. After this stage, the number of oogonia begins to decrease due to
depletion through apoptosis. Oogonia promptly begin to enter meiosis from around week 10,
becoming oocytes. They arrest meiosis at the diplotene stage of prophase | and are encapsulated
in primordial follicles from around week 15 until birth. A newborn ovary contains around 1
million oocytes, of which only around 3-400 000 remain by puberty. The reason for this large-
scale depletion remains unclear, although it has been hypothesised to be a meiosis quality
control mechanism or linked to insufficient growth/survival factors from neighbouring somatic
cells. Germ cell survival and apoptosis have been shown to be controlled by a balance of proteins

encoded by the Bcl-2 apoptosis-regulator gene family in mice [6,8,9].
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Figure 6. Germ cell number evolution from in utero development to menopause.
mo: month. W: week. Source: Oktem and Urman, 2010 [6]

As oogonia divide by mitosis they form clusters known as germline cysts, which enter meiosis in
a synchronous fashion. Entry into meiosis and the end of the oogonial stage are marked by
premeiotic DNA synthesis, at which time oogonia become known as primary oocytes. The gene
Stra8 (Stimulated By Retinoic Acid 8) has been shown to be crucial for this transition in mice [10].
Cyst breakdown and primordial follicle formation are co-ordinated by Notch signalling and in
mammals require the oocyte-specific transcription factors FIGLA (Factor in the germline alpha),
NOBOX (Newborn ovary homeobox gene) and germ-cell-specific LHX8 (LIM Homeobox 8) and
SOHLH1/2 (Spermatogenesis and oogenesis specific basic helix-loop-helix 1/2), which activate
transcription of numerous oocyte-specific genes including growth and differentiation factor 9
(GDF9), bone morphogenetic protein 15 (BMP15), and zona pellucida genes 1-3 (ZP1-3) [11-
13]. In mice, FIGLA, NOBOX and LHX8 persist during oocyte growth while expression of FOX03,
SOHLH1 and 2 is more confined to primordial and smaller primary follicles. FOXL2 (Forkhead box
L2) is a granulosa cell transcription factor that is expressed throughout follicular development
and is necessary for the organisation of somatic cells around oocytes to form primordial follicles

[14,15].
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2.2. Primordial follicle activation

In mammals, primordial follicles make up the ovarian reserve and consist of a primary oocyte
surrounded by a single layer of flattened granulosa cells contained within a basal lamina. They
have limited contact with the endocrine system since they do not have an independent blood
supply [4]. Primordial follicles, which are around 25um diameter in humans, remain in a dormant
state with oocytes arrested at the diplotene stage of prophase | until being activated to grow.
The recruitment of primordial follicles begins soon after their formation at the foetal stage and

continues until the follicular reserve is exhausted around menopause.

The mechanism by which primordial follicles are recruited to mature remains somewhat
mysterious. Only recently has light been shed on this process through the study of transgenic
mouse models, and there is substantial evidence that follicular activation as well as development
are to an extent governed by an intrinsic oocyte programme, and that the oocyte is likely the
dominant factor in determining its own differentiation and that of its surrounding granulosa cells
[16]. Dormancy and activation are likely controlled by a balance of inhibitory and stimulatory
signals from the oocyte itself as well as the pre-granulosa cells, surrounding follicles and stromal

cells and endocrine factors.

One of the major signalling pathways co-ordinating primordial follicle dormancy/activation in
mammals is the oocyte PI3K/PTEN pathway activated by granulosa cell-secreted Kit ligand (KL)
and growth factors (Figure 7). Several members of the PI3K pathway have been associated with
phenotypes of premature and irreversible follicle activation and diminishment of the ovarian
reserve in mouse studies including Pten (phosphatase and tensin homologue deleted on
chromosome 10), Foxo3a (forkhead box O3A) and Tsc1/2 (Tuberin/tuberous sclerosis complex)
[17-20]. Granulosa cells produce KL in response to oocyte-secreted growth factors. KL activates
receptor protein tyrosine kinase (RPTK) on the oocyte surface and triggers the PI3K cascade,
leading to phosphorylation and inactivation of FOXO3 and TSC1/2. FOXO03 is a transcription
factor that promotes transcription of cell cycle arrest genes and TSC1/2 negatively regulates the
MTOR pathway. The mTOR pathway is activated, promoting protein translation and follicle

activation (Figure 7) [21].
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Figure 7. The PI3K/PTEN/AKT and TSC/mTOR pathways in primordial follicle arrest and activation
(mouse).

Ligands (e.g. KIT) and growth factors activate membrane receptor tyrosine kinase and activate
PI3K (phosphatidylinositol 3-kinase), leading to increased PIP3 (phosphatidylinositol (3,4,5)-
triphosphate) levels. PIP3 recruits serine/threonine kinase AKT to the membrane which is
phosphorylated and activated and in turn phosphorylates FOXO3a (forkhead box O3A) which is
inactivated and translocated from the nucleus to the cytoplasm. TSC1/2 (tuberin/tuberous
sclerosis complex 1,2), negative regulator of mMTORC1 (mammalian target of rapamycin complex
1) also becomes phosphorylated and inactivated via AKT. PTEN (phosphatase and tensin
homologue) is a negative regulator of the PI3K pathway. Source: Sdnchez and Smitz, 2012 [21]

In mammals, Anti-Mullerian hormone (AMH) secreted by growing neighbouring follicles have a
negative paracrine regulatory effect on activation [4]. SOHLH1, SOHLH2, and FIGLA appear to
play a role in primordial follicle survival and activation through regulation of critical downstream
genes [12]. Similarly, LHX8 and NOBOX control the expression of several genes regulating follicle
development, including GDF9 and BMP15. GDF9 and BMP15 as well as mesenchymal-cell-
secreted BMP-4 and 7 are transforming growth factor-beta (TGF-B) ligands that play an
important role in follicular activation amongst other stages of folliculogenesis [22]. Lastly,
androgen-promoted expression of insulin-like growth factor (IGF-1) and its oocyte receptor have

been shown to promote follicle activation and growth in primates [23].
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2.3. Preantral follicle development

Upon recruitment, the flattened pre-granulosa cells of the mammalian primordial follicle
become cuboidal. A primary follicle is defined by the presence of at least one cuboidal granulosa
cell in a single layer surrounding the oocyte. The oocyte also begins to grow and differentiate,
marked by a progressive increase in mRNA synthesis. Zona pellucida genes are expressed
(through action of FIGLA and NOBOX) and ZP glycoproteins are secreted, polymerising at the
oocyte surface to eventually surround the oocyte, forming an extracellular coat that plays a vital
role during oogenesis and in fertilisation and preimplantation development [1,24]. As the zona
pellucida forms, granulosa cells extend cytoplasmic transzonal projections which connect with
oocyte microvilli (as well as each other) forming gap junctions. Gap junctions are formed of
connexin (Cx) proteins, with oocytes primarily synthesising Cx37 and granulosa cells synthesising
Cx43 [25]. These intercellular channels intimately link the oocyte and granulosa cells by providing
a substantial surface area for diffusion of metabolites, ions, and signalling molecules [26]. This
communication allows for co-ordinated development of the follicle and oocyte and is essential

for successful oogenesis and ovulation [27].

In humans, the granulosa cells start expressing FSH receptors from the primary follicle stage as
a result of stimulation from FSH, activin, CAMP and TGF [28]. Despite this early expression of FSH
receptors, primary follicles are not thought to be sensitive to cyclic FSH fluctuations within the
physiological range (they lack an independent vascular system), however it is possible that they

are affected by abnormally high plasma FSH levels (i.e. induced ovulation or age-related).

In response to stimulation from the oocyte-derived growth factors GDF9 and BMP15, granulosa
cells proliferate to form multiple layers in a stratified epithelium [29]. At this stage the follicle is
considered a secondary follicle. The theca assembles from stroma-like cells around the basal
lamina, eventually forming two distinct layers: the theca interna and theca externa. Theca
development is accompanied by vascularisation, connecting the follicle to nutrients and
hormones and transporting waste and secreted products. Certain stromal cells in the theca
interna differentiate into steroidogenic theca interstitial cells, expressing LH receptors, likely in
response to LH exposure from the bloodstream. By the end of the secondary follicle stage, all

granulosa cells express FSH receptors. The follicle thus becomes gonadotropin responsive.
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2.4. Oocyte growth

The preantral follicle period is accompanied by dramatic oocyte growth during which the human
oocyte increases from ~30 um to ~120 um in diameter, increasing its volume around 100-fold
[30]. The oocyte genome is reactivated upon recruitment and the oocyte enters a phase of
intense transcriptional, translational and metabolic activity which is thought to be promoted by
the oocyte growth factors GDF9 and BMP15 and the granulosa cell Kit ligand [31,32]. During this
time, maternal-specific imprints are established on a locus-by-locus basis through CpG
methylation of DNA regulatory sequences [33]. In mice, this growth phase (lasting 2-3 weeks)
results in a 300-fold increase in RNA content and the rate of protein synthesis increases 38-fold

[34,35].

This growth phase is crucial since once the oocyte resumes meiosis, the condensed chromosome
state prevents transcription of genes as they are required. The absence of transcriptional activity
lasts until embryonic genome activation (EGA), occurring at the late 2-cell stage in mice and 4-8
cell stage in humans (Figure 8) [36]. The oocyte must therefore synthesise in advance all material
necessary to satisfy its mRNA and protein requirements for growth and differentiation as well as
for meiotic maturation, response to fertilisation, the maternal-to-zygote transition (MZT) and

the first embryonic divisions.
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Figure 8. Transcriptional activity during the stages of oocyte growth, meiotic maturation and

transcriptional
activity

early embryogenesis (mouse).
GVBD: Germinal vesicle breakdown, EGA: Embryonic genome activation. Source: Adapted from
Clarke et al, 2012 [37]
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The oocyte completes its growth by the end of the preantral stage and is maintained in meiotic
arrest by its follicular environment [38]. It was previously believed that this negative control is
achieved through entry of cAMP (cyclic adenosine monophosphate) into the oocyte from
granulosa cells via gap junctions. It has since been shown in mice that cAMP is produced by the
oocyte itself, stimulated by GPR3 (a constitutively active G protein-coupled receptor), and it is
instead cyclic GMP that passes across the gap junctions from granulosa cells. cGMP helps
maintain meiotic arrest by inhibiting phosphodiesterase 3A (PDE3A)-mediated cleavage of cAMP
[39,40]. cAMP prevents meiotic resumption by blocking the cascade leading to activation of the

Maturation Promoting Factor (MPF) (Figure 11) [41].

2.5. Follicle maturation and ovulation

Gonadotropin stimulation triggers the secondary follicle to develop into an antral follicle. The
antral follicle is characterised by the presence of the fluid-filled cavity known as the antrum. This
follicular fluid is composed of plasma exudate combined with secretions from the oocyte and
granulosa cells [42]. The antrum forms by a process known as cavitation, whereby fluid-filled
spaces form between granulosa cells, swelling to form a single cavity at one pole of the oocyte.
This has the effect of separating the granulosa cells into mural granulosa cells that surround the
antrum, and cumulus oophorus cells that surround the oocyte. Evidence in mice shows that
cavitation occurs in response to intrinsic signalling, with essential roles found for granulosa-cell

derived KIT ligand and activin as well as oocyte-derived Cx37 [27,43].

The further growth and differentiation of the follicle into a mature or Graafian follicle is
stimulated by FSH, which diffuses into the antrum from the surrounding blood vessels. Once the
antrum has formed, granulosa cells differentiate to carry out specialised functions according to
their spatial organisation. In mice this differentiation is determined by a concentration gradient
of oocyte-secreted proteins including GDF9 and BMP15 [44]. In monovulatory species, the
continued growth and final maturation of the follicle is dependent on dominant follicle selection.
This is the process a single follicle is selected from the cohort of growing follicles to undergo final
differentiation and acquire the ability for ovulation. In humans, cows and mares, the postulated

mechanism for dominant follicle selection is a transition from FSH to LH-dependence [45].
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Selection is followed by further antral growth and follicular cell proliferation. Non-selected

follicles undergo atresia.

Ovulation requires the collective actions of endocrine, immune and intraovarian paracrine
signalling, including signals from the oocyte itself. Following the LH surge and shortly before
ovulation, the physical integrity of the cumulus-oocyte complex (COC) is weakened and the gap
junctions between the oocyte and neighbouring granulosa cells begin to retract, greatly
decreasing the ionic and metabolic coupling. This phenomenon, known as cumulus cell
expansion, occurs in response to LH-stimulated IL1 secretion from the thecal cells and oocyte-
secreted GDF9 and BMP15 via pathways such as SMAD2/3 (Sma- and Mad-related protein 2/3)
as shown in mice [46]. Amongst other effects, cumulus cell expansion facilitates the detachment
of the COC from the follicle and influences the capacity of sperm to penetrate the cumulus cell
barrier. In mice, LH also stimulates mural granulosa cells to secrete EGF (epidermal growth
factor)-like ligands that transduce the ovulation signal to the cumulus cells, and other factors
which become part of the cumulus cell matrix. Cumulus cells produce PGE2 which enhances their
own signalling cascades via CAMP accumulation. The oocyte modulates the follicle’s response to
the ovulation signal via GDF9, BMP15 and BMP6 secretion (Figure 9) [47]. This signalling
ultimately results in rupture of the follicle and release of the COC into the ampulla where it may

be fertilised.
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Figure 9. Signalling pathways and mediators of ovulation (mouse).

[L-1: interleukin-1, InsL3: insulin-like peptide 3, Egf-L: EGF-like ligands, IlI: inter--trypsin inhibitor,
PGE2: prostaglandin E2 .Source Williams and Erickson, 2012 [4]
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2.6. Meiotic maturation and developmental competence

a) Final growth phase and transcriptional silencing

During follicular growth, the oocyte remains in meiotic arrest with decondensed,
transcriptionally active chromosomes. In this state of meiotic arrest, it is known as a germinal
vesicle (GV) oocyte, referring to its visible nucleus. In the final stages of folliculogenesis, the
oocyte gains the competence to resume meiosis. This capacity is accompanied by extensive
chromatin rearrangement and gradual transcriptional silencing. In many mammalian species,
chromatin condenses in small heterochromatin clusters which attach to the nucleolus [33]. In
mice, the decondensed chromatin state, known as NSN for non-surrounded nucleolus, is more
commonly found in preantral follicle oocytes, and the condensed SN (surrounded nucleolus)
state becomes more prevalent in antral follicles of increasing diameter (Figure 10). This change,
correlated with transcriptional silencing, is associated with meiotic competence [48]. The
mechanisms involved in this large-scale remodelling are not fully understood, however histone
methylation and acetylation play a key role, and there is evidence to show that it may be
modulated by the surrounding cumulus granulosa cells [49]. Acquisition of meiotic competence
also involves the formation of cytoplasmic microtubule-organising centres (MTOCs) in

preparation for spindle assembly [50].

Non-Surrounded Nucleolus Surrounded Nucleolus
(NSN) (SN)

Large-Scale

w

Chromatin Remodeling

Figure 10. Chromatin configuration remodelling in mouse GV oocytes.

Representative micrograph of NSN and SN chromatin configurations. Hoechst 33248-stained DNA
is shown in red. Arrowheads indicate heterochromatin and stars indicate nucleoli. Source: De la
Fuente, 2006 [33]
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Despite reaching meiotic competence, oocytes will only resume meiosis if removed from the
prohibitive follicular environment [51]. This inhibition of meiotic resumption acts to ensure that
the oocyte completes the additional stages of maturation and differentiation required to gain
full developmental competence. These final cellular events and their regulation are
comparatively poorly understood; however, it is known that they must take place in a co-
ordinated manner in order to support correct meiotic completion, fertilisation, genome

reprogramming, DNA replication and EGA.

b) Germinal Vesicle Breakdown (GVBD) and nuclear and cytoplasmic maturation

Cumulus expansion reduces oocyte exposure to cGMP from the granulosa cells. The LH surge
also induces swift changes in mural granulosa cells which ultimately lead to decreased cGMP
production. This results in an outflow of cGMP from the oocyte leading to activation of PDE3A
and rapid inhibition of cAMP. In mice, this consequentially inactivates Protein kinase A (PKA),
dephosphorylating CDC25 and WEE2 (key regulators of CDK1) and activating the maturation
promoting factor (MPF, composed of CDK1 and cyclin B1) (Figure 11) [50,52]. The oocyte

therefore undergoes germinal vesicle breakdown (GVBD) and re-enters meiosis.

The mammalian oocyte meiotic spindle assembles in the absence of centrioles through a poorly
understood mechanism likely driven by MTOCs. It had been demonstrated that MTOCs originate
from a microtubule network that extends across the GV oocyte cytoplasm and that migrate
towards the chromosomes at GVBD [53]. A recent competing theory suggest that the
chromosomes themselves initiate microtubule nucleation [54]. The bipolar spindle forms over
several hours by microtubule polymerisation and stabilises during metaphase progression. The
chromosomes align along its equatorial plate such that homologous kinetochores are attached
to microtubules from opposite poles [55]. Finally, the spindle assembly checkpoint (SAC) is

activated, allowing the cycle to progress to anaphase.

In the first division, homologous chromosomes that had remained joined throughout the GV
stage are finally separated while sister chromatids remain joined. This is achieved thanks to the
protein Shugosin which prevents Cohesin phosphorylation between sister chromatid
kinetochores [56]. Telophase ensues and the spindle migrates to (or is already located close to
according to competing theories [57,58]) the oocyte cortex inducing the formation of a cortical

actomyosin domain. Asymmetric division occurs in order to minimise loss of cytoplasm.
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Figure 11. Oogenesis meiotic events and key mediators (mouse).

MPF (Maturation promoting factor) plays a pivotal role in meiotic progression during which its
expression oscillates and is critically regulated by APC/C (anaphase-promoting
complex/cyclosome). Double red lines indicate natural meiotic arrest points. GPR3: G-protein
coupled-receptor 3, PKA: protein kinase A, PDE3: Phosphodiesterase 3, SAC: spindle assembly
checkpoint, MAPK: Mitogen-Activated Protein Kinase. Source: Beall et al, 2010 [52]
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Polar body extrusion (PBE) represents completion of the first meiosis and the oocyte promptly
enters meiosis Il, forming the second meiotic spindle in a subcortical position (and a second polar
actomyosin domain). At this stage (metaphase Il or Mll), the oocyte once again arrests meiosis
until the event of fertilisation. The oocyte is ovulated at this stage and considered fully ‘mature’

and fertilisable (Figure 12).
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Figure 12. Mammalian oocyte nuclear maturation events.

‘C’ nomenclature refers to DNA content. 4C denotes 2N chromosome number and chromosomes
consisting of two chromatids. 2C denotes 1N chromosome number with chromosomes consisting
of two chromatids. 1C denotes 1IN chromosome number with chromosomes consisting of single
chromatids. The cortical actomyosin domain is shown in red. Source: Li and Albertini, 2013 [59]

Nuclear maturation is accompanied by a dramatic reorganisation of the oocyte cytoplasm and
the movement of organelles such as the Golgi apparatus, mitochondria, endoplasmic reticulum
and vesicles. Mitochondria, for example, relocate around the forming spindle, which is thought
to be a requirement to satisfy ATP demands for this high-energy process [60]. Despite being
considered important for developmental competence, the exact functions of many of these

rearrangements are not entirely understood.

To be developmentally competent, correct chromosome alignment, segregation and trafficking
is crucial. For this to be possible, the molecular components of the meiotic machinery must be
present in sufficient concentrations, and this relies on an undisrupted translational programme.
Defects at this stage result in aneuploidy and/or developmental arrest. It is not impossible that
maternal age-related increase in aneuploidy may be related to a disruption in the translational

programme affecting chromosome cohesion and spindle stability.
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3. Oocyte response to fertilisation and the maternal-to-zygote

transition

The oocyte itself plays a significant role in fertilisation as illustrated in Figure 13. For fertilisation
to be possible, the cumulus matrix/zona pellucida environment must be receptive to sperm
recognition and penetration, and facilitative of the sperm acrosome reaction. Crucial roles of the
mammalian oocyte include 1) mediating sperm-egg adhesion through surface receptor proteins
such as CD9 [61], GPI (Glycosyl-phophatidyniositol) and Juno (sperm membrane lzumo receptor
[62]), 2) drawing the sperm into the oocyte via microvilli elongation and actin polymerisation

and 3) preventing polyspermy.

Figure 13. The 6 stages of successful fertilisation.

1) Sperm penetration of expanded cumulus cells. 2) Sperm recognition of the zona pellucida: a)
sperm bind an N-terminal of ZP2, b) undergo the acrosome reaction and c) penetrate the zona
pellucida. 3) Sperm-oocyte fusion: sperm bind the oolema through interactions with microvilli and
membrane proteins (a) and form a fusion pore (b). 4) Oocyte activation leading to the cortical
granule reaction, polyspermy block and completion of the second meiosis. 6) Pronuclei formation
and migration. Source: Swain and Pool, 2008 [63]

Polyspermy block is achieved through a combination of mechanisms. Following fertilisation,
Juno is shed from the oocyte membrane and the cortical reaction occurs in which cortical

granules are exocytosed leading to zona hardening (in response to calcium waves from the
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endoplasmic reticulum) [64]. Cortical granules are derived from Golgi complexes during oocyte
growth [65]. Ovastacin, a cortical granule metalloendoprotease encoded by Ast/, lyses the ZP2
binding site and prevents further sperm binding the 2-cell embryo [66]. Through sperm and
oocyte mediators, fertilisation activates the oocyte to reinitiate and complete meiosis 2,
segregating sister chromatids and extruding the second polar body to leave a haploid maternal

nucleus.

Upon fertilisation, extensive epigenetic reprogramming of the maternal and paternal genomes
takes place to establish a state of zygotic totipotency. This genome-wide chromatin
reprogramming is mainly due to unknown maternal factors [67]. While the paternal genome is
rapidly demethylated, the maternal genome is protected and demethylated in stages [68]. This
differential demethylation is regulated by maternal factors (e.g. DPPA3/Stella, Developmental
Pluripotency Associated 3 [69,70]) which act to preserve the methylation of maternal imprinted
regions, allowing parent-of-origin-specific gene expression. The compact protamine-associated
sperm chromatin is unpacked by oocyte factors and the protamines replaced with maternal
histones. De novo nucleosome assembly is dependent on the oocyte-derived histone variant
H3.3 chaperone complex HIRA [71] and is essential for pronuclear formation and the first
cleavage. The nuclear envelope reforms, incorporating nuclear pore complexes and lamins
through the activity of oocyte protein kinases and phosphatases. The female pronucleus, which
forms adjacent to the second polar body, migrates towards the larger, central male pronucleus

and they eventually fuse [72].

These events are followed by a regulated transfer of developmental control entailing the
necessary degradation of maternal transcripts and proteins and new transcription from the
parental genomes, or embryonic genome activation (EGA). EGA occurs in two waves: a minor
EGA during the late pronuclear stage and a major EGA at a species-dependent stage (2-cell stage
in mice and 4-8-cell stage in humans) [73]. In zebrafish, it was shown that 269 genes were directly
activated in the minor EGA mediated by the maternal transcription factors Nanog, Oct4 and
SoxB1 [74]. In mammals, minor EGA is essential for embryo cleavage and occurs in a time-
dependent manner following fertilisation according to an internal mechanism that has been
called the zygotic clock (Figure 14). In mice, major EGA is dependent on both minor EGA and the
first cleavage event and is necessary for progression to the 4-cell stage. Its initial repression is

mediated by chromatin compaction combined with deficiency of the transcriptional machinery
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at this stage [75]. Several models exist regarding the mechanism of major EGA initiation,
including the ‘dilution’ of maternal repressive factors relative to nuclear material through
subsequent divisions, or the translation of maternal activating factors according to a ‘maternal

clock’ which accumulate to a certain threshold level [73].
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Figure 14. The maternal-to-zygote transition and minor and major EGA (mouse).

Time scale is hours post hCG-injection. Blue bars indicate transcription, events associated with
the paternal pronucleus are indicated in green, the maternal pronucleus in yellow, and zygotic
nuclei in red. (Aphidicolin is a specific inhibitor of replicative DNA polymerases which arrests
development at the beginning of S-phase but does not prevent minor EGA). Source: Nothias et al,
1995 [75]

This complex chain of events leading up to EGA relies heavily on maternal factors transcribed
during oocyte growth. The oocyte provides the environment in which the newly formed
embryonic genome activates its developmental programme and thus is an essential factor in the
embryo’s developmental success. It is for this reason that a truly developmentally competent
oocyte must have undergone not only faithful meiotic maturation but also adequate cytoplasmic

preparation.
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Part B: Post-transcriptional gene regulation in the oocyte

1. Gene expression and regulatory mechanisms

For correct and timely function, each cell regulates the expression of its genes to suit its specific
protein requirements at any given moment. These requirements are dictated by cell type and
evolve in response to extracellular cues. A cell can execute gene regulation at a number of stages
along the protein production pathway: 1) at the transcription level, via transcription factors and
chromatin accessibility, 2) at the mRNA level by controlling the processing, storage, translation
and degradation of transcripts and 3) at the protein level, where protein activity can be
modulated via post-translational modifications or degradation (Figure 15).
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Figure 15. The eukaryotic protein production machinery and levels of gene expression control.
Source: Alberts et al, 2002 [76]

The most prominent form of regulation for the majority of genes is executed at the level of
transcriptional control [76]. Transcription factors bind to accessible DNA regulatory sequences
upstream of the gene near the site of transcription initiation through DNA-binding motifs and
act as switches, turning on or off transcription through recruitment of the transcription
machinery. Messenger transcripts then typically exist transiently, with eukaryotic transcript half-
lives ranging from several minutes to several days [77]. In growing mouse fibroblast cells, the
median average half-life was shown to be 9 hours for mRNA compared to 46 hours for proteins
(Figure 16A) [78]. Protein expression depends on mRNA abundance (Figure 16D, and mRNA
abundance is determined by the balance of rates of transcription and decay. Factors that
influence mRNA synthesis, stability and association with the translation machinery thus have an

important impact on protein expression.
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Figure 16. mRNA and protein levels and half-lives in non-synchronised NIH3T3 mouse fibroblasts.
Histograms of mRNA (blue) and protein (red) half-lives (a) and levels (b). Proteins were on average
5 times more stable and 2800 times more abundant than mRNAs and spanned a higher dynamic
range. c) Correlation of mRNA and protein half-lives (none) and d) levels (significant). Source:
Schwanhdusser et al, 2011 [78]

Post-transcriptional regulation is an essential component of the cell’s ability to regulate protein
expression as it represents a secondary layer of control that is independent from the
transcription machinery. This type of regulation allows for rapid response to external stimuli [79]
and becomes the prominent form of regulation in cases where transcription is not possible, i.e.
due to compact/inaccessible chromatin. Post-transcriptional regulation can be global, through
modulation of key components of the protein synthesis machinery, but it can also be RNA-
specific, through the presence of cis-regulatory elements typically within the 3’UTR of the mRNA
sequence. Such sequences are recognised by trans-acting RNA-binding proteins (RBPs) which are

capable of recruiting or preventing recruitment of the key machineries.
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1.1. Ribonucleoproteins and mRNA regulation

Throughout an mRNA’s lifetime, its movements and fate are governed by the proteins and other
molecules that bind to it. An mRNA molecule is constantly bound by a multitude of RNA-binding
proteins (RBPs) that are necessary for facilitating intracellular transport, entry to and exit from
translational activity, and recruitment of or protection from the cell’s degradation machinery
(Figure 17). For this reason, it is better to refer to the synthesis and movement of messenger
ribonucleoprotein (RNP) particles. RBPs typically bind to elements within the mRNA sequence,
often located in the 3" UTR, through RNA-binding domains. Several such domains have been
characterised, including zinc-finger (Znf), RNA recognition motif (RRM) and K homology (KH)
domains. The affinity of these binding interactions is usually relatively low and the recognised

sequence variable, leading to a range of possible affinities and interactions [80].

2.1 capping
s

2.2 pre-mRNA splicing

2.6 translation ‘ ‘
[ RBP RBP
1 '

mature mRNA

polypeplide chain RNA binding
2.5 mRNA stability proteins

2.2 3" end cleavage
and polyadenylation

AAAN

l \ REPLREP,
_—'X\Au AAAN

degradation stabilisation l
24 IURNA Sxport P AN

RBP N\An I

nucleus

~ cytoplasm

RBP ‘RBP

Figure 17. The diverse roles of RNA binding proteins in post-transcriptional control.
Source: Sutherland et al, 2015 [81]
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1.2. The journey of a messenger RNA guided by bound proteins

a) Synthesis and processing of pre-mRNA

In eukaryotes, protein-coding genes with accessible promoter regions are transcribed by RNA
polymerase Il, which is recruited and bound to the promoter through transcription factors [82].
The polymerase synthesises a pre-mRNA molecule from the DNA template in the 5 to 3’
direction until beyond the gene’s stop codon. During elongation, the 5’ end of the RNA molecule
receives a 7-methylguanosine cap which prevents degradation by exonucleases and is bound by
the nuclear cap-binding complex (CBC). In humans, the protein CPSF (cleavage and
polyadenylation specificity factor) binds the AAUAAA sequence (also known as the
polyadenylation signal or PAS) in the 3’ UTR as part of a complex that includes Poly(A)
Polymerase (PAP). CPSF cleaves the transcript ~10-30 nucleotides after the PAS sequence,
releasing the pre-mRNA and defining its end terminus [83]. PAP catalyses the addition of adenine
bases to the 3’ terminus forming the 3’ poly-A tail of around 200 adenine nucleotides. This serves
to protect the transcript from degradation and plays a major role in the regulation of translation
initiation. Poly(A)-binding protein (PABP) binds to the poly(A) tail, protecting it from
exonucleases. Non-coding introns are removed in a sequence-specific mechanism by the
spliceosome. The mature messenger RNA and its associated proteins, forming a
ribonucleoprotein (RNP) complex, can then be exported from the nucleus to the cytoplasm

through recognition of the CBC by nuclear pore complexes [84].

b) Translation and decay

Once in the cytoplasm, the nuclear CBC is replaced by the cytoplasmic cap-binding complex,
elF4F, comprising eukaryotic translation initiation factors elF4E (cap-binding), elF4G and elF4A.
elF4F binds the 40S ribosomal subunit via elF3. elF4G associates with PABP, creating a pseudo-
circular structure that favours efficient translation and protects the mRNA from degradation
(Figure 18). Another initiation factor, elF2 with bound GTP, recruits eukaryotic initiator tRNA
(Met-tRNAI) to the 40S ribosomal subunit forming the pre-initiation complex. This complex
locates and delivers Met-tRNAi to the AUG start codon, which with the aid of additional factors
and GTP hydrolysis, recruits the 60S ribosomal subunit and assembles the full ribosome to begin
translation [85,86]. mRNAs containing a premature stop codon are degraded with equal

probability during each subsequent round of translation via nonsense-mediated decay [87].
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Figure 18. Translation initiation in eukaryotes.

The closed-loop, cap-dependent translation initiation model. Proteins in shades of green form the
43S complex and in blue the elF4F complex. elF: eukaryotic translation initiation factor. PABP:
poly(A) binding protein, M: methionine, GTP: Guanosine-5'-triphosphate. Source: Own work
(created using BioRender)

A long poly(A) tail is correlated with translational efficiency. Deadenylation slows translation
and, in most cell types, initiates mRNA degradation by disrupting the translation initiation
complex and exposing the 5’ end to decapping enzymes. Deadenylation and exoribonuclease
degradation is the pathway by which most mRNAs undergo decay. It is thought that first the
PAN2/3 (poly(A)-nuclease) complex shortens the poly(A) tail to around 80 residues, after which
the CCR4-NOT complex or PARN (Poly(A)-specific ribonuclease) takes over and removes most or
all of the remaining tail [88]. Deadenylation is followed either by 3’ to 5’ degradation by the
cytoplasmic exosome or association of the ring-shaped Lsm1-7 complex to the 3’ end which
induces decapping by Dcplp/Dcp2p [89]. Decapping leaves the mRNA molecule vulnerable to 5’
to 3’ degradation by the exoribonuclease XRN1 [90]. mRNAs can also undergo decay via
endonucleolytic degradation through sequence-specific cleavage by the RNA-induced silencing
complex (RISC) associated with small interfering RNA (siRNA). The presence of certain AU-rich

elements (AREs) in the 3’ UTR signals rapid degradation through specific binding proteins [91].

c) P-bodies and stress granules

The above described mRNA decay and interference machinery as well as translationally inactive
mMRNAs tend to concentrate in discrete cytoplasmic foci known as P-bodies (processing bodies).
P-bodies are membrane-less organelles that are sites of translational repression, mRNA
degradation and also mRNA storage, since mRNAs can subsequently return to translation [92].

They are phase-separated (liquid-liquid) RNP granules that present as droplets of around 0.5 um
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(Figure 19). The role of P-bodies as sites of RNA decay or storage has been a subject of debate,
however it is now thought that the primary function of P-bodies is the co-ordinated storage of
regulatory mRNAs grouped by function, or ‘regulons’. The group of mRNAs that locates to P-
bodies is particular in that they tend to have intrinsically low translation rates (lower polysome
association and protein yield) [93]. P-bodies could then act to physically separate mRNAs
requiring tight control and co-ordinated expression from those that are efficiently translated
[94]. Mammalian proteins that localise to P-bodies and those that are instrumental in P-body
assembly or essential structural components are listed in Table 1. Another type of somatic RNP
granule are stress granules, which appear in response to environmental stress and contain
mRNAs that are halted in translation initiation. They have a number of proteins in common with

P-bodies such as CPEB1, DDX6 and elF4E [95].

GFP-LSM14A

Figure 19. P-bodies labelled with GFP-LSM14A in HEK293 cells
The white arrow indicates a P-body. DAPI-stained nuclei are in blue. Scale bars: 10 um. Source:
Hubstenburger et al, 2017 [94]

Protein Function Protein Function

XRN1 5' decay PAT1B* Repression/decay
DCP2 5’ decay DDX6** Repression/decay
EDC3 5’ decay 4E-T** Repression/decay
EDC4* 5’ decay LSM14A/RAP55** Repression/decay
PAN3* Deadenylation LSM14B Repression/decay
CCR4* Deadenylation CPEB1* Repression
LSmM1* 5’ decay GW182* miRNA pathway
LSM4* 5' decay

Table 1. Mammalian proteins that localise to P-bodies

1 star: P-bodies disappear after respective protein silencing by siRNA. 2 stars: P-bodies cannot
reform after respective protein knockdown even after treatment with P-body enhancing agents.

Source: Standart and Weil, 2018 [93]
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2. Regulation of gene expression and mRNA storage in the
oocyte

2.1. Oocyte RNPs and the specific requirements of the oocyte

Oocytes have particular requirements when it comes to gene regulation owing to the condensed
chromatin state that is established at the end of the growth phase. Regulation cannot be
executed at the transcription level since transcription is effectively silenced from the late GV
stage until EGA following fertilisation. Gene expression control is therefore transferred from the
nucleus to the cytoplasm, from transcriptional regulation to translational regulation (Figure 20).
The unique challenge of the oocyte is the synthesis and preservation of all transcripts necessary
for and during the complex processes of meiotic maturation, sperm processing, nuclear
reprogramming, and EGA initiation as well as their timely and selective translation and
degradation. To meet these requirements, a number of specialised RNPs exist (Table 2), making
up a specialised and multi-layered mRNA processing system. The fine regulation of mRNA
translation combined with the controlled post-translational modification and degradation of
proteins allows the oocyte to modulate the abundance of active factors in a temporal and spatial

manner.

The oocyte environment is a particularly stable one, with a very low intrinsic decapping rate.
Maternal oocyte mRNAs have an average half-life of around 2 weeks in growing mouse oocytes
[96,97]. It is estimated that 30-45% of the mRNAs transcribed during vertebrate oocyte growth
are translationally repressed until meiotic maturation or fertilisation [98]. These stored mRNAs
are typically deadenylated upon export from the nucleus to the cytoplasm, leaving poly(A) tails
of around 20-40 residues long that are unconducive to translation since PABP and elF4G are
unable to bind [99]. In oocytes, deadenylation is not linked with decapping in the same way as
in somatic cells [95]. The deadenylated state is preserved and the mRNA stabilised by the binding
of specific RBPs until translation is required, at which time the mRNA is derepressed and the
poly(A) tail is restored (Figure 20). This switch is often mediated by phosphorylation of the RBP
as part of a signalling cascade. Some oocyte RBPs have a dual activity, both capable of repressing

and activating/enhancing translation according to their phosphorylation state (Figure 21).
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Figure 20. Nuclear and cytoplasmic post-transcriptional regulation in oocytes

The red box highlights the importance of cytoplasmic events in oocyte mRNA regulation. RBP:
RNA-binding protein, RNP: ribonucleoprotein. The purple block represents coding sequence and
black circle represents the 7-methylguanylate (m7G) cap. Source: own work (created with
BioRender)

The most widely studied model for oocyte transcript dynamics is Xenopus, due to the quantity
of oocyte material that easily be obtained in comparison with mammalian models, and this
model has allowed the characterisation of many RNPs involved in translational control. RBPs
whose mammalian orthologues have been shown to have important roles through mouse KO
studies are listed in Table 2. The most extensively characterised mechanism involves the
cytoplasmic polyadenylation element (CPE) located in the 3’ UTR of many mRNAs and its binding
protein CPEB1. Another involves Pumilio (PUM) proteins that recognise the PUM-binding
element (PBE) [100]. Figure 21 illustrates several key 3’"UTR elements and their corresponding

RBPs and whether they mediate translational repression or activation. Many other oocyte RNPs
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have been identified as playing important roles in oocyte mRNA regulation by mechanisms which
have yet to be fully elucidated, such as Y-box-binding protein MSY2: a global regulator of mRNA
stability and DAZL: which appears to be involved in translational activation by a polyadenylation-

independent mechanism [97,101].

exoribonuclease
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Figure 21. Key 3’'UTR elements, their associated RBPs and control of poly(A) tail length.

3’UTR elements and RBPs mediating polyadenylation and translation activation are shown in
green and those mediating deadenylation and translational repression in red. PAS:
polyadenylation signal, CPSF: cleavage and polyadenylation specificity factor, CPE: cytoplasmic
polyadenylation element, CPEB (CPEB1): CPE-binding protein, PBE: Pumilio-binding element, ARE:
AU-rich element, ARE-BP: ARE-binding protein. Source: Own work (created with BioRender)
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Gene Full Gene Name | RNA- Consensus Associated Mouse Phenotypes Ref
Symbol Binding | Sequence
Domain
CPEB1 Cytoplasmic RRMx2, | UUUUA(A)U | KO: females sterile. Embryonic [102]
polyadenylation | Znf oocyte development suspended at
element binding the pachytene stage of prophase |
protein 1
CPEB4 Cytoplasmic RRMx2, | UUUUA(A)U | KD: oocytes show impaired Ml to MIl | [103]
polyadenylation | Znf transition and absence of first polar
element binding body extrusion
protein 4
DAZL Deleted in RRMx1 UUUG/CUUU | KD: oocytes showed decreased [104]
azoospermia- translation during late meiosis and
like improper spindle assembly
KO: females (and males) sterile
EPABP Embryonic RRMx4 | mRNA KO: females infertile. Impaired [105]
poly(A)-binding poly(A) tail growth and lack of transcriptional
protein silencing in GV oocytes; failed
translation activation in MIl oocytes
LSM14B | LSM Family KD: high proportion of Ml-arrested [106]
Member 14B oocytes
MSI2 Musashi RRMx2 G/AU;3AGU | KO: females showed impaired [107]
homolog 2 folliculogenesis and decrease in
(Drosophila) number of MIl oocytes
MSY2 Y-box-binding CSDx1 UCCAUCA KO: females (and males) infertile [108]
protein 2 with impaired folliculogenesis and
oocyte loss.
PUM1 Pumilio 1 PUMx1 | UGUAX;—4UA | KO: diminished ovarian reserve, [100]
(Drosophila) oocytes showed delayed meiosis
PUM2 Pumilio 2 PUMx1 | UGUAX,,UA | KO: Females of normal fertility, [109]
(Drosophila) possible redundancy with PUM1
ZAR1 Zygote arrest 1 PHD A/UUUA/GU | KO: failed cleavage after fertilisation, | [110]
CuU some blastocysts with impaired EGA
ZARIL Zarl-like PHD A/UUUA/GU | KD: two-cell stage embryonic arrest [111]
cu
ZFP36L2 | mRNA decay Znf CCC | (AUUUA), KO (C57BL/6NTac): embryonic arrest | [112,
activator Hx2 at the two-cell stage 113]
protein ZFP36L2 KO (F3 strain): females anovulatory,
oocytes did not mature
Table 2. Mammalian oocyte RNA-binding proteins with corresponding transgenic mouse

phenotypes.
Source: Adapted from Luong and Conti, 2019 [80]
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RNP complexes represent spatial as well as temporal mRNA regulation, allowing for localised
expression and degradation within the cell. The germ-cell equivalent of somatic P-bodies have
been called ‘germ granules’, referring to cytoplasmic, membrane-less organelles that are unique
to the germline and contain orthologues of somatic P-body proteins such as DDX6, suggesting a
conserved role [114]. In many model organisms (Xenopus, Drosophila, C. elegans and zebrafish),
germ granules are present in oocytes of all stages. In mammals, however, germ granules have
been described to exist only in primordial follicle oocytes of mice under 2 weeks of age [115,116].
One study demonstrated that upon disappearance of germ cell granules or P-bodies in
mammalian oocytes, a new mRNA storage region appears close to the oocyte cortex (Figure 22)

[116].

DDX6

DCP1A

Figure 22. Germ-cell granules or ‘P-bodies’ in young mouse oocytes and a sub-cortical mRNA
storage domain in growing/mature oocytes.

Confocal images of mouse oocytes from 2 dpp and 12 dpp females and NSN and SN GV oocytes,
MIl eggs and cumulus cells from adult females after staining with 18033 (stains EDC4), DCP1A,
and DDX6 antibodies. Diagonal arrowheads depict P-bodies and horizontal arrowheads depict
subcortical aggregates. Dashed lines border the subcortical domain. Staining with 18033 is green,
other proteins are red, and DNA staining in blue. Scale bars: 10 um. Source: Flemr et al, 2010 [116]

Another type of RNA storage compartment identified in oocytes are Balbiani bodies: large
membrane-less cytoplasmic organelles that were initially described in dormant Xenopus oocytes
in which they were found to contain Golgi elements, mitochondria and endoplasmic reticulum
as well as RNA [117]. Such structures have been reported to exist in oocytes of other vertebrate
species, although in mice they have been identified only in very young oocytes, and these have

not been found to contain RNA [118].
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2.2. The CPEB1 mechanism

CPEB1 functions as a crucial regulator of polyadenylation and therefore of translation. Originally
characterised in Xenopus oocytes, it has seen been shown to regulate key mRNAs in various cell
types including neurons [119]. It is a zinc finger-containing protein that assembles complexes
with other proteins to perform a dual functionality, capable of both translational repression and
activation according to its phosphorylation state. The CPE sequence recognised by CPEB1 is
UUUUA(A)U. In a computational analysis of mRNA 3’ UTRs, 31% (mouse) — 36% (human) of
analysed mRNAs were predicted to be involved in CPE-mediated translational regulation [98].
CPEB1 is expressed until the MI stage in mouse oocytes and controls the translation of the
oocyte-specific MAP kinase-kinase-kinase c-Mos and cyclin B1, proteins crucial for the

progression of meiosis [101].

In the CPEB1 mechanism, as characterised in frogs, proteins involved in poly(A) control include
Symplekin (likely a platform protein), CPSF bound to the 3’ UTR PAS sequence, poly(A)
ribonuclease (PARN), and the poly(A) polymerase Gld2 (germ-line development factor 2). The
latter two are both active with competing activities, however PARN has higher activity than Gld2,
resulting in overall deadenylation of CPE-containing mRNAs. When CPEB1 is phosphorylated by
the Aurora A kinase (at Ser174), its binding to Gld2 and CPSF become stronger and as a result
PARN is excluded from the RNP complex, allowing Gld2 to elongate the poly(A) tail (Figure 23A)
[120]. The orthologous mechanism in mammals has yet to be fully characterised, especially in
light of a study in 2007 that showed that GLD2 is dispensable in mouse oocytes [121].
Polyadenylation status was unaffected in the oocytes of G/d2 KO mice as was overall health and
fertility. This indicates evolutionary divergence and the existence of an alternative source of

poly(A) adenylation in the mouse.

A second mode of CPEB1-mediated translational control characterised in Xenopus acts through
the prevention of the interaction between cap-binding elF4E and elF4G via an intermediary
protein, thus preventing formation of the elF4F complex (Figure 23B). This intermediary protein
was long thought to be Maskin [120] and the mechanism the following: when the poly(A) tail is
short, CPEB1 interacts with elF4E via Maskin, then following Cpeb1 phosphorylation and mRNA
polyadenylation, PABP binds to the poly(A) tail and binds elF4G, which can outcompete Maskin
and bind elF4E allowing translation initiation. There is now however considerable evidence

showing that the intermediary protein is more likely to be elF4E transporter 4E-T, since Maskin

45



is not expressed in growing oocytes and direct evidence of Maskin and elF4E interaction is

lacking [122,123].

4E-T (or Clast4 in mice) is highly expressed in the cytoplasm of growing mouse oocytes and was
identified as part of CPEB1 RNP in Xenopus alongside 4E-T rather than elF4G or Maskin. It is
phosphorylated during meiotic maturation in both Xenopus and mouse oocytes by an unknown
kinase and is a partner of Xp54 (whose mammalian orthologue is DDX6) [124]. In Xenopus
oocytes, 4E-T was shown to interact with elF4E1b: an ovary-specific close homologue of elF4E
(70% identity) that weakly binds the 5’ cap [125] and whose expression is confined to oocytes
and early embryos in Xenopus, zebrafish and mice. A new model was proposed based on these
observations for specific inhibition of translation via the elF4E1b—4E-T-CPEB1 complex which
would seem to prevent the binding of elF4E1a to the cap structure. In this model, which requires
further validation, translation is inhibited through the repressive qualities of 4E-T (and
associated Xp54) bound to the 3’UTR via unphosphorylated CPEB1, which is expelled upon
CPEB1 phosphorylation allowing assembly of the elF4F complex (Figure 23B) [95].

Figure 23. Models of regulation of mRNA translation by CPEB1 and associated proteins.

A) Poly(A) regulation via PARN and Gld2 as described in Xenopus. The transition from translational
repression to activity occurs via phosphorylation of CPEB1 by the kinase Aurora A. B) Proposed
model of translation regulation through binding of 4E-T with CPEB1 and elF4Elb hindering
interaction of elF4E1a with the cap structure. Source: Own work (BioRender), based on Kang and
Han, 2011 [122]
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Another member of the CPEB family, CPEB4, has also been found to play an important role in
oocyte meiotic progression. CPEB1 controls the translation of CPEB4, activating it at a later stage
of meiosis. CPEB4 likely replaces CPEB1, driving the transition of metaphase | to metaphase Il in

a positive translational loop [103].

2.3. PUM2-DAZL-EPABP

The Pumilio proteins (PUM1/2), members of the PUF protein family are involved in translational
regulation in Xenopus oocytes. They bind to the 3’ PUM-binding element (PBE: UGUAX-4UA) as
well as the Nanos response element (NRE: UGUA) [80]. PUM1/2 are thought to mediate
translational repression through interaction with the CCR4-NOT deadenylase complex [126].
PUM2 forms a complex with DAZL (Deleted in azoospermia-like) and EPABP (Embryonic poly(A)
binding protein) and represses the translation of RINGO/Spy, a CDK1 activator necessary for
CPEB1 and cyclin B1 activation in immature Xenopus oocytes [127,128]. PUM1 has recently been
shown to be important in the establishment of the primordial follicle pool, meiosis and oocyte
developmental competence in mice [100]. There are reports that PUM1/2 can directly bind

CPEB1 [127].

DAZL and EPAPB can be considered co-repressors of translation when they are associated with
PUM?2. DAZL associates with uracil-rich 3’ UTR sequences and is thought able to interact with a
large number of oocyte RNAs as an activator of translation. In mice, DAZL is expressed until the
zygote stage, plays an essential role in primordial germ cell differentiation and is thought to
regulate mRNAs important for spindle assembly, meiosis and maternal mRNA degradation [104].
The proposed model for DAZL-mediated activation is via the recruitment of additional PABPs to
the mRNA 3’ end which facilitates additional interaction with the 5" factors and enhanced

recruitment of the ribosomal subunit [129].

While PABP acts as a global translational regulator, EPABP is specific to and is the predominant
poly(A)-binding protein in oocytes and early embryos in Xenopus, mouse and human [105].
EPABP prevents deadenylation and is required for translational activation of several key mRNAs
in Xenopus oocytes. In Xenopus, EPABP is both part of the CPEB1-CPSF and DAZL-PUM2
complexes. EPABP is required for oocyte maturation and also for oocyte-granulosa cell

communication in preantral follicles [126].
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2.4. Other important oocyte mRNA regulators

a) MSY2/FRGY2

Germ-cell specific RNA-binding protein MSY2 (Y-box binding protein 2, in Xenopus Frgy2) is
highly abundant in mouse oocytes until fertilisation, comprising around 2% of total oocyte
protein in mice [130]. Its Xenopus orthologue Frgy2 is a partner of Cpeb1l and a principal
component of maternal RNPs [95]. In mice, it was shown that MSY2 depletion in GV oocytes
leads to aberrant oocyte growth, reduced mRNA stability, failure to halt transcription, and a
dramatic disturbance of the transcriptome. 36% of oocyte transcripts were altered more than
two-fold in MSY2-/- compared to WT oocytes, and there was a global decrease of 25% in mRNA
quantity (despite failure to halt transcription) [97]. Since no consensus sequence was identified
in the 3’UTRs of the dysregulated mRNAs, it was concluded that MSY2 likely acts as a ‘master
regulator’ of global mRNA, conferring stability by an unknown, possibly non-sequence-specific

mechanism.

b) DDX6 (Rck/p54)

DEAD-Box Helicase 6 is an RNA helicase with a diverse range of functions. It is both a decapping
activator and translational repressor and is a component of all known types of RNP granules: P-
bodies, stress granules and germ cell granules [131]. In Xenopus oocytes, its orthologue Xp54
was shown to mask maternal mRNAs as a binding partner of CPEB1, associating with mRNAs
encoding proteins necessary for meiotic progression [132,133]. Xp54 localises to both the
nucleus and cytoplasm, and in transcriptionally active oocytes, it binds a major set of newly
transcribed mRNAs and accompanies them to the cytoplasm by an alternative export pathway.
In transcriptionally quiescent oocytes (beyond GVBD), it is restricted to the cytoplasm and
remains associated with mRNAs until they are required for translation, either at meiotic
maturation or after fertilisation. Studies have indicated that Xp54 acts as a remodeller of RNP
complexes, displacing RNA-binding proteins to accommodate others for entry into various
pathways (degradation, storage or decay) and these functions are thought to be conserved in

mammals, although functional studies are lacking [134].
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c¢) Musashi (MSI)

Musashi RBPs have a double role as translational repressors and activators. They contain RNA
recognition motifs in their N-terminals and bind to a Musashi binding element (MBE) in the
mRNA 3’ UTR. Originally described in Drosophila, Musashi has been well-characterised in
Xenopus oocytes where it was found to be part of the Pumilio and CPEB1 pathway. RINGO/Spy-
dependent CDK1 activity phosphorylates Musashi, activating translation of its target mRNAs
including Mos [135]. This activation requires association of Musashi with EPABP, and interaction
between Musashi and the poly(A) polymerase GLD2 has been reported [135]. Musashi proteins
have been shown to be expressed in mouse GV oocytes, however their role in mammalian

oocytes remains poorly studied.

d) RAP55B/L.SM14B

The RAP55 (mRNA-associated protein of 55 kDa, also known as LSM14) family consists of two
paralogues in vertebrates: RAP55A and RAP55B. Conserved in eukaryotes, they contain several
domains (including a LSm domain) allowing for translational repression, mRNP inclusion and
localisation to P-bodies and stress granules. Originally discovered as an RNA-binding in newt
oocytes, XRAP55 has been found to repress translation of maternal mRNAs in Xenopus oocytes
and interact directly with Xp54 [136]. It is expressed in Xenopus oocytes of all stages as well as
in embryos, but was shown to be phosphorylated in matured oocytes, indicating a potential
mode of action. In mouse oocytes it has been identified in Balbiani bodies and found to colocalise
with Dcpla and DDX6 [115,137]. Studies have primarily focused on RAP55A or have not made
the distinction between the two paralogues, and their expression and functions have yet to be
compared [138]. It was recently shown that whereas knockdown of RAP55A did not affect
meiotic progression in mouse oocytes, RAP55B knockdown led to a high proportion of oocytes
displaying metaphase l-arrest, chromosome misalignment, abnormal SAC and MPF activation

and modified Cyclin B1 and Cdc20 mRNA levels [106].

e) Somatic cell-mediated translational regulation

As is well established, the cross-talk between the oocyte and its surrounding cumulus cells is
vital for the oocyte developmental competence. It is possible that this signalling is mediated
through translational regulation. Differences in the levels of certain key proteins are observed in

oocytes that have matured in vitro to those that have matured in vivo. The accumulation of
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certain proteins is influenced by the PI3K/PTEN/mTOR pathway (Figure 7). mTOR kinases
(TORC1/2) that are downstream of cumulus cell growth factor/Kit Ligand stimulation
phosphorylate 4E-BP (a cap-dependent translational repressor expressed in mammalian
oocytes) during GVBD leading to its detachment from elF4E and allowing for translational
activation. Transcripts that are controlled in this way include those required for spindle
assembly, chromosome alignment and segregation, such as TPX2 (Targeting Protein for the
Xenopus kinesin xklp2) whose translation is controlled in a spatial as well as temporal manner
via this pathway [139,140]. The subset of mRNAs controlled in this way may be determined by
the presence of TOP (terminal oligopyrimidine) sequences in the 5’ UTR of transcripts [139].
Differentially phosphorylated forms of 4E-BP have been identified on the meiotic spindle and at
the spindle poles in mouse oocytes, and its phosphorylating kinases are also present on the
spindle at the beginning of meiotic resumption, indicating that phosphorylation of 4E-BP
promotes translation of spindle assembly components. Expression of a mutant form of 4E-BP

results in spindle abnormality [141].

f) Small non-coding RNAs

Small non-coding RNAs such as microRNAs (miRNAs) and endogenous small interfering RNAs
(endo-siRNAs) are important actors of post-transcriptional control and are expressed in
mammalian oocytes. These small RNAs degrade or repress the expression of target mRNAs
through full or partial sequence complementarity. miRNAs are transcribed by RNA polymerase
[l in a precursor form and processed by the Drosha/DGCR8 complex before being exported to
the cytoplasm and cleaved by DICER to around 21 nucleotides. They then combine with
Argonaute (AGO) proteins to form an RNA-induced silencing complex (RISC) that recognises the
3’ UTR of targets. siRNAs differ to miRNAs in that they bypass Drosha/DGCRS processing, require
full sequence complementarity, and associate with AGO2 which is unique in having

endonucleolytic activity.

miRNAs have been found to play a critical role in deadenylation and clearance of maternal
MRNAs in zebrafish zygotes [142]. In mice however, whereas invalidation of Dicer or Ago leads
to disrupted meiotic maturation and spindle formation defects in mice [126], Dgcr8 invalidation
(interfering with miRNA but not siRNA levels) did not affect oocyte or embryo development
[143]. This indicates potential species-differences and a particularly important role for endo-

siRNA regulation in mouse oocytes, also known to be highly active [144].
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3. Waves of translation and degradation

3.1. Translational activation beyond meiotic resumption

Oocyte maturation is governed by waves of translation leading to the cascade of molecular
events that are associated with meiotic resumption. CPEB1-mediated activation and
polyadenylation of dormant mRNAs is thought to play a primary role. Many elements of this
cascade have been elucidated in Xenopus oocytes, in which meiotic progression can be induced
through treatment with progesterone. The chain of events leading to translational activation is
not as well characterised in mammals as in amphibians due to difficulty in obtaining sufficient
material. Although largely similar, certain differences, especially in the timing of events, have
been reported between the amphibian and mammalian mechanisms, including later

phosphorylation of CPEB1 in mammals.

Meiotic progression requires activation of kinases MAPK (mitogen-activated protein kinase) and
CDK1 (cyclin-dependent kinase 1). The MAPK cascade is activated by Mos, which also combines
with CDK1 to form the Maturation Promoting factor. Translation of both Mos and CDK1 is
activated by CPEB1 [120]. CPEB1 activation, which occurs first near the oocyte membrane, is
mediated by Aurora A kinase. The upstream events of Aurora A kinase-mediated CPEB1
activation depend on the key protein RINGO/Spy (Rapid inducer of G2/M progression in
oocytes/Speedy) and its regulation via the polyadenylation-independent Pumilio-EPABP-DAZL
mechanism. In Xenopus, this mechanism is as follows: upon progesterone stimulation, PUM2
(Pumilio) dissociates from the Pumilio Binding Element present in the 3’ UTR of RINGO/Spy
MRNA as well as from DAZL and EPABP. The DAZL-EPABP complex then activates RINGO/Spy
translation and RINGO/Spy recruits CDK1, initiating the phosphorylation of Aurora A as well as
Musashi. Aurora A kinase phosphorylates CPEB1, and Musashi induces early activation of Mos
and cyclin B5 [128,135,145]. Phosphorylation of CPEB1 leads to the polyadenylation and

translation of CPE-containing mRNAs by the mechanisms previously described.

One mouse oocyte study analysed polysome-bound mRNA and revealed a switch in the
translation programme of mouse oocytes before and after GVBD (in MIl versus GV oocytes)
[104]. A third of all analysed mRNAs were recruited to the polysome (upregulated or
translationally activated) or exited the polysome (downregulated or translationally repressed)

by at least a two-fold factor upon meiotic maturation (Figure 24A). The 3’ UTR sequences of the
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translationally activated mRNAs were found to contain 2 or more CPEs, whereas those lacking
CPEs were associated with downregulation (Figure 24B). The same pattern was found for DAZL-
binding elements. A functional annotation of the genes with altered translation profiles during
oocyte maturation is shown in Figure 24C, and shows a downregulation in genes important
during oocyte growth, in particular mitochondrial transcripts, and including protein biosynthesis
and ribonucleoprotein genes, and a strong upregulation in transcription regulation and cell cycle
genes as well as mRNA processing. Overall these controlled pathways correspond to cell cycle
and chromatin remodelling components, transcription and mRNA decay machinery as well as

secreted factors.
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Figure 24. The oocyte translation programme.

A) Comparison of transcripts associated with the polysome in GV and MIl mouse oocytes divided
into three classes: constitutively translated, repressed or activated between the two stages
according to a two-fold change cut-off. B) The relation between the number of CPEs in an analysis
of the 3" UTRs of 4645 transcripts and log2-fold change in polysome association between GV and
MIl. C) Functional annotation of down-regulated (released from polysome) and up-regulated
(recruited to polysome) transcripts between GV and MIl. Sources: Chen et al, 2011, Conti and
Franciosi, 2018 [50,104]
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Differences have been found in the timing of polyadenylation of CPE-containing mRNAs during
maturation such as for Mos and Cyclin B1l. Such differences could be explained by a
combinatorial code of 3'UTR cis-elements and their trans-binding proteins whereby the state
and timing of translational repression or activation is determined by a play-off between
repressive and activating factors. Piqué et al [98] described a code based on the number and
relative position of CPEs and PBEs that determined the timing of CPEB1-mediated translation in
frog oocytes. A more recent study defined such a code in mouse oocyte mRNAs whereby the
efficiency of translational repression and activation depended on the numbers and positions of
CPEs relative to PASs [146]. Differentially timed translation activation can also be mediated by
the sequential activation of RBPs, such as has been proposed for DAZL which is thought to be
translationally activated during oocyte maturation by CPEB1 [104]. In this model, DAZL could be
responsible for a second wave of translational activation of transcripts necessary during later

stages of meiosis, in a chain that grants another layer of temporal control.
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3.2. Degradation of maternal elements

The degradation of maternal mRNAs begins at meiotic resumption, during which time the
quantity of poly(A) RNA decreases from 80 pg to around 50 pg per oocyte in mice. This
degradation continues in the zygote and 2-cell embryo, where it drops to 10 pg [97]. As shown
in Figure 25, meiotic resumption, fertilisation and EGA each trigger waves of mRNA degradation.
The progressive purging of maternal mRNAs is a requirement in order to allow the embryonic
genome to take control of gene expression at EGA. Disruption of the waves of mMRNA degradation

obstruct embryonic development [80].

Degradation of maternal transcripts is highly regulated both temporally and spatially according
to a species-specific programme [147]. Generally, both maternal factors and newly transcribed
zygotic factors (from the minor EGA) are involved in this process [148]. In Xenopus, the maternal
component of the decay machinery mainly involves RNA-binding proteins that recognise 3° UTR
sequences such as AREs (AU-rich element) and EDENs (embryonic deadenylation element). The
EDEN binding protein (EDEN-BP) is activated and induces deadenylation upon fertilisation.
Degradation of targeted maternal mRNAs then depends on the zygotic component that largely
relies on small RNAs [147]. A well-characterised example in Drosophila is the maternal RBP
Smaug, which deadenylates maternal mRNAs through recruitment of the CCR4-NOT complex
[149].

In mice, there is a strong wave of transcript elimination that occurs shortly after fertilisation
triggered by maternal factors, and a second round that coincides with the major EGA mediated
by zygotic factors [73]. The programme that determines specific maternal transcript degradation
in mammals is however poorly defined. One mechanism that is well characterised in mammals
is the global transition to instability via MSY2 phosphorylation. MSY2, which confers stability to
mRNAs during oocyte growth, is phosphorylated upon meiotic maturation by a CDK1-mediated
means, such that virtually all MSY2 is phosphorylated by the Mll stage [150]. The precise effect
of this phosphorylation on the function of MSY2 is not clear, however the consequence is the
degradation of maternal mRNAs, presumably due to loss of stability. It is likely that the
phosphorylated form of MSY2 is unable to bind or otherwise protect mRNAs from the oocyte’s
degradation machinery [37]. MSY2 mRNA levels also drop leading to a decrease in MSY2 protein,

which remains detectable at low levels until the 2-cell embryo stage.
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Maternal proteins are also targeted for degradation during the maternal-to-zygote transition
(MZT) by the ubiquitin—proteasome pathway [151]. The removal of germline-specific proteins
and proteins involved in the MZT is an important step as many of these would interfere with the
acquisition of a somatic, totipotent identity and mitotic divisions if they remained. This is another

step in the erasing of the maternal legacy and handing over of control to the embryonic

programme.
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Figure 25. Microarray profiling of ~¥300 oocyte-specific genes during maturation.
The colour scale indicates mRNA abundance according to fluorescence intensity (arbitrary units).
ZGA: Zygotic genome activation. Source: Svoboda et al, 2015 [96]
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Patl proteins: diverse regulators of mRNA

Patl (protein associated with topoisomerase |l) proteins, conserved across eukaryotes, are RNA-
binding proteins that have been shown to be involved in numerous aspects of mRNA
metabolism. They participate in large regulatory RNP complexes and localise to P-bodies in
somatic cells. A single Patl protein (Patlp) exists in yeast and invertebrates, whereas in
vertebrates two orthologous proteins have evolved (PatL1/Patlb and PATL2/Patla) with distinct
regulatory functions in the soma and germline (Figure 26A). Pat1l proteins have been implicated
in mRNA decay, translational repression and, more recently, in pre-mRNA processing. Genetic
invalidation studies demonstrate their importance, with phenotypes of slow growth and
defective glucose starvation recovery in different yeast species and embryonic lethality in both
C. elegans and D. melanogaster [152—-155]. The current hypothesis is that Patl proteins act as
scaffold or platform proteins, interacting with both mRNA and other proteins of various
functions. In vertebrates, these roles appear to have been partitioned amongst the two Patl
paralogues: somatic PATL1 appears to be primarily involved in mRNA decay and PATL2, specific

to oocytes, in translational repression.

Patlp was first identified as a protein that interacted with topoisomerase Il in Saccharomyces
cerevisiae. Topoisomerase Il is an enzyme involved maintaining structural chromatin integrity by
removing tangles and supercoils from the DNA helix and is essential for the separation of
daughter strands after replication. Patlp was reported to interact with a highly conserved,
leucine-rich region of the Topoisomerase |l protein. Patlp-deficient S. cerevisiae cells had
reduced viability and decreased fidelity of chromosome segregation in both mitosis and meiosis:
a similar phenotype to topoisomerase ll-deficient mutants [156]. However, since this original
publication in 1996, there has been little mention of this aspect of Pat1p activity in the literature,
with subsequent studies uncovering the post-transcriptional functions of Patlp [157]. More
recently, however, attention has returned to the possibility of a nuclear role of Patl in light of

evidence in human cell lines that PATL1 is in fact a shuttling nucleocytoplasmic protein [158].
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Figure 26. Phylogenetic tree of Patl proteins across species and sequence homology.

A) An unrooted phylogenetic tree (ClustalW). Black ring: invertebrates and yeast Patlp. Dark grey
ring: Pat1b/PATL1 proteins. Light grey ring: Patla/PATL2 proteins. Species nomenclature: Patlp:
S. cerevisiae, PATR-1: C. elegans, HPat: D. melanogaster, hPatla/b: Homo sapiens, mPatla/b: Mus
musculus, zPatla/b: Danio rerio, xPatla/b: X. laevis. B) Similarity plot of the alignment of eight
pairs of vertebrate Patl proteins (Vector NTI). The height of the peak indicates degree of
similarity. C) Schematic representation of X. laevis Patla and Patlb protein regions (not to scale).
The identity (ID) and similarity (sim) scores between delineated domains of xPatla and xPatlb are
indicated (Ebi, EMBOSS pairwise alighnment tool). Source: Marnef and Standart, 2010, Marnef et
al, 2010 [159,160]

Despite its known functions in mRNA regulation as part of an RNP complex, Patl proteins contain
no recognisable motifs or features for RNA or protein interaction. Functional domains have been
defined through deletion studies (Figure 27A). A consistent functional delineation is the
distinction of a proline-rich N-terminal and a long C-terminal, dividing the protein roughly in half.
The C-terminal is commonly subdivided into a ‘Mid’ region and ‘Pat-C’ region. The consensus is
that the C-terminal, which shows the highest degree of conservation between paralogous and
orthologous Patl proteins (Figure 26 B,C), is the domain responsible for both decapping and
translational repression functions. The N-terminal shows much lower sequence conservation
and is thought to be largely disordered. It has been associated with functions including
deadenylation and CCR4-NOT association, contains the nuclear export sequence in PATL1 and
features a region present in many, but not all Patl homologues that associates with
DDX6/Xp54/Dhh1 (which in flies also binds Edc3 in a mutually exclusive manner) (Figure 27A)
[157]. All tested Patl proteins have been shown to be able to bind mRNA, and the Mid domain
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has been shown to bind RNA directly, although a consensus binding sequence has not been

found [158,161,162].

The crystal structure of the Pat-C region of human PATL1 was resolved and published in 2010
[163] (the structure of yeast Pat-C has since also been published [164]) and was revealed to form
an a-a superhelix, a feature commonly associated with scaffold structures for protein or nucleic
acid interactions (Figure 27B). This structure is thought to be common to all Patl proteins. Full
structural analysis has so far not been possible due to difficulties in purifying the full-length

recombinant protein [218].

A B
Human Pat-C
Sc Patlp lem 1-7
DDX6 NES [ \
399 517
N-ter“ Proline-rich || Mid || PatC Ay o 100%
| | 770 N Ee—l
l ) e
| -
Hs Patlb CCR4-NOT RNA-binding
Dcpla/2
Lsm1-7
{ I\ \ K592
D
Proline-rich Mid PatC
Hs Patla J | 543 .
L523 Es27 Y530 L534

Figure 27. Pat1 functional domains and the Pat-C crystal structure.

A) Representation of domain architecture for yeast Patlp (top), human PATL1/Pat1B (middle) and
human PATL2/Patla (bottom) showing identified interaction sites with other proteins. B) Crystal
structure of human PATL1 Pat-C domain: Ribbon diagram (top) and Surface representation
(bottom), coloured by sequence conservation amongst six species. The colour reflects sequence
identity: white (0%) to orange (100%). Highly conserved solvent-exposed residues are labelled
(structural representations were generated using Pymol). Sources: Vindry et al, 2019 and Braun
et al, 2010 [163,165]
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3.3. Pat1l/PatL1 proteins in mRNA processing and decay

Patlp was co-purified with the Lsm1-7 complex, which binds U-rich sequences near the 3’ end
of oligoadenylated mRNA, and the Xrnl 5’-3" exoribonuclease in yeast in a study published in
2000 [166]. They found that Patl deletion increased the half-lives of reporter mRNAs, which
retained their 5’ caps despite deadenylation, suggesting a role for Patlp in mediating decapping
and 5’-3’ degradation. This role has been corroborated by many subsequent studies, and Patl
proteins have been found to interact with a number of proteins involved in mRNA decay,
including CCR4-NOT deadenylation enzymes, the DCP1/2 decapping complex and decapping co-
activators Edc3 and 4 and DDX6 (Dhh1 in yeast) [162,167].

The exact mechanism by which Patl promotes decapping remains to be fully understood. Only
recently has some light been shone on this mechanism in yeast. Co-crystallisation of Pat-C and
the Lsm1-7 complex revealed conserved Patl residues that physically interact with Lsm2 and 3
[168,169]. Lobel et al (2019, preprint [170]) showed that, whereas the Pat-C domain alone is
sufficient for Lsm-binding, short-linear motifs located within the Patl Mid domain are required
to stabilise the binding of the complex to RNA, possibly through RNA-binding itself [163,170].
They also revealed that Patl binds helical leucine-rich motifs (HLMs) in the C-terminal region of
Dcp?2 via its own C-terminal. Charenton et al (2017 [171]) also showed that Pat1p interacted with
a HLM in yeast Xrn1 via the same site (the specific site required for these interactions is however
fungus-specific). Overall this implies a model by which Pat1p interacts with factors acting at both
the 3’ and 5" mRNA ends, providing a link between deadenylation and decapping (illustrated in

Figure 28B).

The localisation of Patlp to cytoplasmic P-bodies has been well-documented. It is thought to act
as a scaffold for several P-body proteins, including those involved in 5’-3’ decay and others
involved in translational repression [172,173]. PATL1 also strongly localises to P-bodies in
mammalian cell lines and plays an instrumental role in their assembly [174]. On top of its well-
characterised and predominant cytoplasmic function, recent evidence has described a dual,
nuclear function for PATL1 after the identification of a CRM1-dependent nuclear export signal
(NES) [158,165]. A potentially phosphorylated form of PATL1 was found localised to several types
of nuclear RNP granules in proliferating HEK293 cells as part of a complex with LSM2-8 (Figure
28), representing an estimated 15% total PATL1 protein [165]. Deletion of PATL1 in HEK293 cells

followed by RNA-sequencing revealed alterations in a number of alternative splicing events
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involving skipping of exons with weak donor sites [165]. These data reveal a fascinating dual role
for PATL1 at the level of pre-mRNA processing. A summary of the cytoplasmic and nuclear

functions of PATL1 is given in Figure 28.

Regarding the mRNA transcripts that are targeted by Patl proteins, transcriptomic studies in
Patlp, Lsm1 and Dhh1 yeast knockout strains revealed significant overlap between the groups
of mRNAs that were upregulated in the Patlp and Lsm1l deficient strains, which partially
overlapped with that of the Dhh1 deficient strain, and it was concluded that Dhh1 and Pat1/Lsm1
target specific gene subsets through unique features [175]. Interestingly, in PatL1-deficient
HEK293 cells, transcripts containing 3’ AU-rich elements (AREs) were upregulated, representing
a major group of mRNAs that are particularly enriched in P-bodies, in line with previous
observations that Patlp binds poly(U) sepharose beads [167]. This is in contrast with DDX6,
which targets GC transcripts [165]. These results indicate that, although a specific binding

sequence has not yet been identified, PATL1 controls a specific group of mRNAs.
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Figure 28. Dual cytoplasmic and nuclear roles of human PATL1(Patlb).

A) Subcellular distribution of human PatL1 in cytoplasmic and nuclear granules and localisation of
GFP-PatL1l and GFP-PatL1-NES* (inactivated NES) in cytoplasmic P-bodies and nuclear Cajal
bodies, splicing speckles and PML bodies in HelLa cells. B) Summary model of Patlb's functions in
cytoplasmic mRNA decay and nuclear alternative splicing. Source: Vindry et al, 2019 [176]
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3.4. Patlp and PATL2 (Patla) in translational repression

The translational repression aspect of Patl proteins appears to be specific to yeast Patlp and
vertebrate PATL2/Patla. In yeast, Patlp, together with Dhh1, is required to repress translation
upon glucose starvation [177]. Overexpression of Patlp in yeast (and of Dhh1, but not of Dcp1l)
led to a reduced rate of translation (indicated by a decrease in 3°S methionine incorporation)
and induced relocation of certain mRNAs from the polysome to RNP granules, without affecting
overall mRNA abundance. Polysomes were also dramatically reduced and P-body abundance
increased [177]. It was suggested that both Patlp and Dhh1l relocate translating mRNAs from
the polysome and assemble P-bodies, and that additional steps were required downstream to

initiate decay. Patlp also repressed translation in vitro in a yeast cell-free system [152].

This role in the regulation of translation is probably mediated via Patlp’s interaction with
translation initiation factors such as the 40S ribosomal subunit [152] and RNA-independent
interaction with Pablp (yeast poly(A) binding protein), elF-4E and elF4G [178]. Nissan et al
(2010) observed that the Patlp Mid+PatC domain reduced the accumulation of 48S complexes
in a translation assay whereas it did not affect formation of the 43S complex, suggesting that
Patlp limits the interaction of the 43S complex with mRNA [179]. This function appears to be
mediated primarily by the Patl C-terminal, however an inhibitory role has also been reported

for the Patl N-terminal, possible through its binding to Dhh1/DDX6 [179].

When tethered to an mRNA reporter, both Xenopus Patla and Patlb (introduced
experimentally) repressed translation in oocytes without decapping (likely due to the
intrinsically low decapping activity of the oocyte environment), however this is not thought to
reflect a true function for endogenous xPatlb, especially since it is not normally expressed in
oocytes [160]. Tethering human PATL1 to reporter mRNA in human cell lines induced a drop in
reporter activity correlated with the drop in mRNA levels [174,180], indicating that the role of
human PATL1 is restricted to mRNA degradation. Interestingly, human PATL2 had no decay or
repression effect on tethered mRNA in human cell lines, in which it is not normally expressed
[173]. This indicates a high importance of cellular context in the functions of these paralogous
proteins. This difference in translational repression activity between human and Xenopus
Patla/PATL2 when tethered to mRNA could be due to sequence differences in the N-terminal,
since human PATL2 lacks the DDX6 interaction domain which is present in Xenopus Patla [176].

Human PATL2 also does not localise to P-bodies when expressed in mammalian cells [160].
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a) Vertebrate Patla/PATL2 and its oocyte-specific function

Xenopus Patla was identified as a cytoplasmic RNP in growing oocytes [181,182]. Originally
named P100, xPatla was found able to selectively bind RNA. It was later identified through mass
spectrometry and co-immunoprecipitation as an abundant binding partner of CPEB1 [125,136].
In Xenopus, Patla was shown to be specific to oocytes (Figure 29A), to be expressed uniquely in
the cytoplasm (Figure 29B) and to degrade rapidly after GVBD induced by progesterone and
replaced by xPatlb (Figure 29C) [160,183]. This degradation pattern is also what is observed for
CPEB1 in Xenopus oocytes. xPatla has a 19% sequence identity with yeast Patlp, 28% identity
with xPatlb and 34% identity with human PATL2 (EMBOSS Needle).
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Figure 29. Expression profile of xPatla.

A) Western blot with a single stage IV oocyte, eyes (n=10) and brains (n=5) of stage 42 embryos,
and one Stage 14 embryo. B) Sections of stage I-ll, lll, and VI oocytes stained with anti-xPatla
antibody or rabbit IgG. GV: germinal vesicle, V: vegetal region. Scale bar: 100 um. C) Left: Western
blot showing the disappearance of xPatla in oocytes after GVBD: stage VI oocytes were incubated
in the absence (-) or presence (+) of progesterone and collected just after the appearance of a
white spot (0 h), or at the indicated time points after the appearance of white spots. Right:
Western blot of xPatla and xPatlb expression levels in oocytes stages I-VI, egg, and different
embryonic stages (two-cell, stage 9: midblastula, stage 12.5: gastrula, stage 20: neural fold
closure, stage 26: tail-bud stage, stage 42: tadpole-like stage). Sources: Nakamura et al, 2010,
Marnef et al, 2010 [160,184]
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Figure 30. Characterisation the xPala RNP and effect of xPala overexpression on oocyte
maturation.

A) Lysates were prepared from small oocytes (stages I-lll) with (+) or without (-) RNase treatment.
Anti-xPatla antibody beads or rabbit IgG beads were incubated with (or without) oocyte lysate.
Bound proteins were resolved by SDS-PAGE. xPat1a(P100), xRAP55A, Xp54, FRGY2 and Lsm1 were
detected by immunoblotting. B) RNA immunoprecipitated with anti-xPat1a(P100) antibody or
rabbit IgG from oocyte lysates was used as templates for RT-PCR. C) Oocytes were injected either
with 45 ng of xPat1a(P100)-FLAG-C mRNA (closed circles) or water (open squares), or not injected
(closed squares), incubated for 12—14h, then stimulated with progesterone (PG). Oocytes were
scored as a fraction of time for GVBD (top) and collected and analysed for MAPK, c-Mos, Cyclin
B1 and xRAP55A by immunoblotting (bottom) every 30 min after progesterone addition. The
higher band is the phosphorylated form of MAPK. (The sample at 0.5 h of water-injected oocytes
is missing in immunoblots for c-Mos, cyclin B1 and RAP55A). Source: Nakamura et al, 2010 [184]
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As well as CPEB1, xPatla has been found (through mass spectrometry analysis and co-
immunoprecipitation) to interact with Xp54(DDX6), xRAP55A, xRAP55B, 4E-T and Lsm1 in an at
least partially RNA-independent manner, and FRGY2/MSY2 in an RNA-dependent manner
(Figure 30A) [125,136,184]. Other co-immunoprecipitated proteins included EPABP, elF4E1b and
the mRNA-binding proteins Vera, Elavl2 (ELAV Like RNA Binding Protein 2, Binds poly(U)
elements and AU-AREs in the 3'-UTR) and Zarl (Zygotic arrest 1) [160,183]. mRNAs that co-

precipitate with the xPatla complex included Cyclin B1, c-Mos and RINGO (Figure 30B).

When xPatla was overexpressed in stage VI Xenopus oocytes by microinjection of xPatla mRNA
(followed by 16-18 hours incubation), there was no effect on the global rate of translation as
measured by [3°S] methionine and cysteine incorporation. However, xPatla overexpression
repressed translation of luciferase reporter mRNA (as measured by luciferase activity) to around
35%, whereas virtually no repression was observed for reporter chloramphenicol
acetyltransferase (CAT) mRNA. This reinforces the idea of xPatla controlling a subset of mRNAs.

Tethering xPatla to luciferase mRNA further decreased luciferase activity to 20% [183].

Ectopic expression of xPatla significantly impaired the ability of oocytes to mature upon
progesterone stimulation. Whereas endogenous (as well as exogenous) xPatla protein is rapidly
broken down after GVBD (Figure 30C), microinjection of xPatla mRNA leads to its continued
synthesis despite progesterone treatment. This continued expression of xPatla protein resulted
in around 20% of oocytes undergoing GVBD 12 hours after progesterone treatment compared
to around 85% in water-injected oocytes, reduced accumulation of c-Mos and cyclin B1 protein,
which became detectable later and at lower levels than in water-injected oocytes, and delayed
the phosphorylation of MAPK by several hours (Figure 30C). These latter effects are likely linked
to blocked meiotic maturation in the presence of xPatla, as indicated by the absence of GVBD
in a large proportion of oocytes (the distinction between GV and GVBD oocytes is not made in

the subsequent analysis) [183].

Studies on mammalian PATL2, which is almost 200 amino acids shorter in length than amphibian
Patla (543 aa in homo sapiens and 733 aa in Xenopus, sequence identity 34%) and lacking large
sections of the N-terminal domain including the DDX6 interaction region, had until now been

restricted to mammalian cell lines in which it is not naturally expressed.
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Chapter 2: Male gametogenesis and protease inhibitors

1. The male reproductive system

The purpose of the male reproductive system is to produce and deliver mature spermatozoa into
the female reproductive tract. Sperm cells are produced in the testes within the seminiferous
tubules in a process known as spermatogenesis. Spermatozoa ripen and are stored in the
epididymides until ejaculation, upon which they pass through the vas deferens to the seminal
vesicle and prostate where seminal fluid is added. Transport to the penis for delivery along with
other seminal components are facilitated by accessory ducts and glands. Semen is pushed out

of the penis through the urethra.
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Figure 31. Anatomy of the male reproductive system and vertical cross-section of the testis.
Source: Adapted from American Cancer Society (https://www.cancer.org/content/dam/cancer-
org/cancer-control/en/cancer-types/testicular-cancer-complete.pdf) and Yale School of Medicine
(http://medcell. med.yale.edu/histology/testis_sperm_development.php)

65



The coiled seminiferous tubules are the major component of the testes. Undifferentiated germs
cells (spermatogonia) embedded in the walls of the tubules in a base of Sertoli cells are renewed
via mitosis and undergo spermatogenesis to form spermatozoa. Spermatozoa develop and
migrate towards the hollow centre of the tubules, known as the lumen, as they progress through
the stages of spermatogenesis and spermiogenesis. Spermatozoa pass through the lumen along
the testis duct system, through the rete testis and are transferred to the epididymis where they

complete their maturation.
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Figure 32. Anatomy of the seminiferous tubule (longitudinal cross section) and spermatozoa.
Source: Adapted from Open Educational Resources (https://courses.lumenlearning.com/suny-
ap2/chapter/anatomy-and-physiology-of-the-male-reproductive-system/) and University of Leeds
histology guide (https.//www.histology.leeds.ac.uk/male/sertoli_cells.php)
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1.1. The hypothalamic-pituitary-gonadal axis

As in females, the hypothalamus secretes GnRH (gonadotropin-stimulating hormone) which
stimulates the pituitary to produce FSH (Follicle stimulating hormone) and LH ((Luteinising
hormone). These hormones then act through receptors on testicular cells, which in return
secrete testosterone as a feedback signal. In secreting testosterone, the testes also play an
important endocrine function for male reproductive physiology. Testosterone is produced and
secreted by the Leydig or interstitial cells in response to LH signalling. FSH stimulates the Sertoli
cells to produce androgen binding protein (ADP) which increases the testicular testosterone to
a level high enough to promote and maintain spermatogenesis. High circulating testosterone has
a negative feedback effect on the hypothalamus and inhibits GnRH and LH production. Inhibin,
secreted by the Sertoli cells in response to testosterone, inhibits FSH production as an auto-

regulatory mechanism for sperm production [185].
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Figure 33. Hormonal control of the male reproductive cycle.

The hypothalamic-pituitary-gonadal axis and spermatogenesis. Arrows indicate positive feedback
and bars indicate negative feedback. Source: Adapted from Open Educational Resources
(https.//courses.lumenlearning.com/boundless-ap/chapter/physiology-of-the-male-reproductive-
system/)
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2. Spermatogenesis

Spermatogenesis is the process of sperm production from primordial germ cells (PGCs) that
occurs within the seminiferous tubules from puberty onwards. Around 100 million sperm cells
are produced in each testis per day. Several key differences that exist between male and female
gametogenesis are given in Table 3. Spermatogenesis can be divided into two main stages:
spermatocytogenesis and spermiogenesis, which occur in continuous succession in a cycle that
takes approximately 64 days in humans (Figure 34A). Spermatocytogenesis involves a mitotic
amplification step which ensures the proliferation and maintenance of spermatogonia and a
meiotic reductive step whereby spermatogonia evolve into spermatocytes and then haploid
spermatids. Spermiogenesis is the post-meiotic differentiation step during which spermatids

differentiate into mature spermatozoa.

Female oogenesis Male spermatogenesis

Meiosis initiated once in a finite population of Meiosis initiated continuously in a mitotically
cells dividing stem cell population

One gamete produced per meiosis Four gametes produced per meiosis
Completion of meiosis delayed for months or Meiosis completed in days or weeks

years

Meiosis arrested at first meiotic prophase and Meiosis and differentiation proceed

reinitiated in a smaller population of cells continuously without cell cycle arrest
Differentiation of gamete occurs while diploid, in | Differentiation of gamete occurs while haploid,
first meiotic prophase after meiosis ends

All chromosomes exhibit equivalent transcription | Sex chromosomes excluded from recombination
and recombination during meiotic prophase and transcription during first meiotic prophase

Table 3. Comparison of meiotic process in male and female gametogenesis.
Source: Handel and Eppig, 1997 [186]

The spermatogonial stem cell population (Type A spermatogonia) is rooted in the basal lamina
of the seminiferous tubules (Figure 34B). The testes contain over a billion spermatogonia, which
divide by mitosis, simultaneously renewing their own population and giving rise to type B
spermatogonia. The latter are committed to differentiated into spermatozoa and they continue
to divide by mitosis, with their daughter cells migrating towards the lumen. A final mitotic
division gives rise to primary spermatocytes which immediately enter the S phase of meiosis |,
replicating their DNA, followed by prophase. Prophase lasts around 24 days and is divided into
leptotene, zygotene, pachytene, diplotene and diakinesis stages. During this time, chromosomal

cross-over occurs between homologous chromosomes. The final stages of meiosis | are shorter
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and give rise to secondary spermatocytes, which immediately begin the second meiosis. The
second meiosis takes around 5 hours and produces haploid spermatids. During these processes,
the spermatogenic cells are structurally and metabolically supported by the Sertoli cells, which

also form the blood-testis barrier.
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Figure 34. Stages of spermatogenesis.

A) Generations of spermatogenesis divided into spermatocytogenesis and spermiogenesis with
time scale indicated. B) Stained seminiferous tubule cross-section (mouse, light microscope) with
examples of developmental stages. Source: embryology.ch (Universities of Fribourg, Lausanne and
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3. Spermiogenesis

Several events must occur during spermiogenesis, namely compaction of the nucleus, cytoplasm
reduction and acrosome and flagellum formation. Distinct phases can be observed: ‘young’
spermatids with a round central nucleus and the beginnings of an acrosome and axoneme, older
spermatids with an elongated nucleus polarised to one side of the cell and mature spermatozoa
with a fully condensed nucleus. Acrosome biogenesis begins at the pachytene stage with the
fusion of pro-acrosomal vesicles from the Golgi apparatus, which begin to attach to the nuclear
envelope during the round spermatid stage to form the acrosomal cap [187]. Once the acrosome
cap has formed, the nucleus rotates such that the cap is facing the outer surface of the
seminiferous tubule. The flagellum forms from the centriole on the opposite side which extends
inwards into the lumen. The flagellum assembles around a central microtubule-based structure
known as the axoneme consisting of a central pair and 9 peripheral doublets. Accessory
structures: a mitochondrial sheath, fibrous sheath and outer dense fibres form around the

axoneme as the spermatid elongates (Figure 35) [188].

Round spermatid Elongating spermatid Elongated spermatid

) « Acrosome
Nuclear condensation

Acrosome
biogenesis

Mitochondrion

Manchette

Golgi Acrosome sac
Axoneme

Figure 35. Differentiation events during spermiogenesis.

In round spermatids, the acrosome sac, formed and enlarged by continuous fusion of Golgi-
derived vesicles, flattens to cover the anterior half of the nucleus in elongating spermatids.
Histone-to-protamine replacement allows the nucleus to become condensed. Mitochondria align
along the midpiece and tightly pack to form the helically arranged mitochondrial sheath. Source:
Nakamura, 2013 [189]
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Nuclear compaction involves the removal of somatic-like nuclear histones, replacement with
testis-specific intermediary histone variants and then replacement of most histones with
transition nuclear proteins followed by protamines [190]. Protamines are relatively small
proteins composed of over 60% arginine. Transcription ceases with compaction and the
disappearance of nucleosomes. This process is crucial in protecting the paternal genome against
modification (physical and chemical) on its journey and in creating a compact and streamlined
sperm head for optimal mobility [188]. The latter is also the reason for the shedding of residual

cytoplasm.

3.1. Acrosome biogenesis and the acrosin protease

During spermiogenesis, pro-acrosomal vesicles synthesised in the trans-Golgi network are
transported to the anterior part of the nucleus (Figure 36) defined by the presence of a nuclear
dense lamina. These vesicles fuse to form a large acrosomal granule anchored to the nuclear
envelope via the acroplaxome, a cytoskeletal scaffold containing F-actin and Sak57 (a keratin
orthologue) [191]. The granule enlarges with Golgi-derived glycoprotein-rich contents and
gradually flattens and spreads over the nucleus to form a cap structure, while the Golgi
apparatus migrates toward the posterior pole of the nucleus. As the spermatid elongates, the

acrosome contents condense and the cap continues to spread over the nucleus [192].

The acrosome is an acidic lysosome-like vesicle that contains hydrolytic enzymes required to
penetrate the oocyte zona pellucida, including acrosin, hyaluronidase and other trypsin-like
enzymes. These enzymes are released during sperm capacitation in response to Ca?* signals in
an event known as the acrosome reaction (AR). The digestive enzymes facilitate penetration of
the cumulus extra-cellular matrix (containing hyaluronan) and zona pellucida. The acrosome also
appears to play a role in oocyte activation at fertilisation, since acrosomal abnormalities led to
failed oocyte activation in ICSI (intracytoplasmic sperm injection) [193]. The acrosome thus plays

an indispensable role in fertilisation.
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Figure 36. Acrosome biogenesis and proteins involved.
The processes of vesicle formation, trafficking and fusion are portrayed. Source: Adapted from
Coutton et al, 2015 [194]

Acrosin (ACR) is a member of the serine-protease superfamily that is unique to spermatogenic
cells. It is a trypsin-like endoprotease that is present in the acrosome of all mammalian
spermatozoa studied to date [195]. It participates in the proteolysis of the zona pellucida (ZP) by
recognising ZP glycoproteins and regulating the exocytosis of acrosomal components during the
acrosome reaction. ACR-deficient male mice are fertile [196], indicating functional redundancy
with other serine proteases, although fertilisation times were reportedly slower than for WT
sperm. It is synthesised as an inactive precursor known as proacrosin in the endoplasmic
reticulum primarily during the round spermatid stage and localises to the inner acrosomal
membrane in spermatozoa. Proacrosin, which exists as a doublet of 53 and 55 kDa, is activated
with a rising pH during the acrosome reaction (more than 90% of the total acrosin in ejaculated
human sperm is in the inactive proacrosin form [197]). Proacrosin is auto-activated at pH 8 into
a 49 kDa intermediary form (alpha-acrosin) which is then converted to 30-40 kDa beta-acrosin
[195]. The processes controlling the activation of proacrosin remain to be fully characterised,
although a number of sperm-associated acrosin-binding proteins and protease inhibitors have
been found present in the acrosome such as calcium trypsin inhibitor (caltrin) and ACR binding

protein sp32 [198].
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4. The SPINK family of protease inhibitors

SPINK (Serine Peptidase Inhibitor, Kazal Type) proteins of the serine protease inhibitor family are
expressed in a diverse range of tissues. SPINK proteins contain at least one conserved Kazal
domain consisting of 6 cysteine residues that form 3 disulphide bonds, and these domains
interact with the catalytic domains of proteases [199]. SPINK proteins have been implicated in
the inhibition and regulation of proteases that function in a wide range of physiological reactions
[200]. Imbalance between proteases and SPINK proteins have been connected to diseases
including pancreatitis, skin barrier defects, celiac disease, and cancer [201]. For example, SPINK1
inhibits trypsin in the pancreas [202] and SPINKS5 inhibits the proteolytic activity of kallikrein 5 in
the skin [203]. In the pancreas, trypsin is produced in an inactive zymogen (proenzyme) form.

SPINK1 blocks trypsin activity in the case of autoactivation thus preventing cell damage.

Several SPINK proteins have been identified in the male reproductive tract in rodent models.
SPINKL and SPINK3, for example, are expressed in the seminal vesicles in mice. SPINKL has been
shown to inhibit premature sperm capacitation and SPINK3 modulates sperm physiology by
reducing nitric oxide levels [204,205]. Five SPINK genes have been found to be epididymis-
specific: SPINK8,10,11,12 and 13 [201,206]. SPINK13 was shown to bind the sperm acrosome
region and inhibit a premature acrosome reaction and SPINK3 knockdown led to subfertility in
male rats [201]. SPINK8 and SPINK12 were found to be secreted and associate with sperm,
although knockout of SPINK12 did not impact sperm maturation or fertility in male mice [207].
SPINK?2 is specific to male germ cells and reduced expression resulted in impaired male fertility

in mice [208].
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4.1. SPINK2: testis-expressed trypsin inhibitor

SPINK2 has been shown to have trypsin inhibitory activity [208]. Its sequence identity with other
SPINK proteins is less than 50%. Its 3D structure was determined in 2011 by NMR spectroscopy
(Figure 37). SPINK2’s reactive site was found to be located in the flexible N-terminal region and
it was demonstrated that Arg24 in crucial for SPINK2 target enzyme specificity [209]. SPINK2
expression has been linked to cancers such as lymphomas and acute myeloid leukaemia with
contrasting effect: high SPINK2 expression levels were associated with lower mortality in primary
cutaneous large B-cell lymphoma [210] and higher mortality in acute myeloid leukaemia [211].
SPINK2 is highly expressed in lymphoma cell-lines and in stem cells, however its role and
participation in these states remains unclear. Mouse studies indicate that SPINK2 is primarily
involved in sperm cell maturation, however it had not yet been associated with a human

pathology.

S SPINK2 (

Figure 37. 3D SPINK2 solution structure and predicted trypsin binding.

A) SPINK2 protein structure. The three disulphide bonds are shown in yellow. Three-stranded
antiparallel B-sheets are coloured in cyan. An a-helix is coloured red. The loop regions are shown
in green. The representative protein structure was generated by using PyMOL. B) The docking
complex model of SPINK2 with trypsin. The active region is coloured purple. Source: Chen et al,
2009 [209]

74



Chapter 3: Defective gametogenesis and human
infertility

1. Infertility: definition and prevalence

Infertility is a disease of the reproductive system defined by the World Health Organisation as
the failure to achieve a clinical pregnancy after 12 months or more of regular unprotected sexual
intercourse (WHO-ICMART glossary, [212]). The WHO recognises infertility as a global public
health issue. A study of the burden of infertility in women from 190 countries based on
demographic and reproductive health surveys estimated that 48.5 million couples were affected
worldwide in 2010. This rate corresponds to a high global burden of infertility that has remained

more or less consistent since 1990 [213].

Infertility can manifest either as the inability to become pregnant or inability to maintain a
pregnancy to term. Infertility can also be primary or secondary, where primary infertility refers
to couples who have never been able to conceive, and secondary infertility to those who have
already carried a pregnancy to term (WHO). A systematic analysis of 277 health surveys
conducted in 2010 showed that among women aged 20-44 years deemed susceptible to
becoming pregnant, 1.9% suffered primary infertility and 10.5% suffered secondary infertility
[213]. In France, according to surveys carried out in 2003 (ENP) and 2008 (Obseff), 18-24% of
couples were unable to conceive after 12 months, falling to 8-11% after 24 months. In the year
2015 in France, 3.1% of children were born thanks to Assisted Reproductive Technologies (ART)
and the achievement of pregnancy varied from 10 to 22% depending on the technique used

(INSERM, 2018).
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2. Causes of infertility

The causes of infertility are numerous and can be due to male factors, female factors or a
combination. The distribution of causes is difficult to accurately determine due to differences in
definitions and criteria and the lack of large-scale comprehensive studies, however an
approximate distribution of causes is shown in Figure 38, adapted from Brugo-Olmedo et al,
2001 [214]. The ovulatory factor, representing approximately 20% of cases, entails problems
relating to the growth, maturation and ovulation of the oocyte. The utero-tubal-peritoneal
factor, present in ~¥30% of couples, concerns the integrity of the fallopian tubes and uterine
cavity and the presence of pelvic adhesions which may obstruct the female genital tract. Male
factor summarises semen parameters and factors influencing the quality and quantity of
spermatozoa in the semen, affecting ~30% of couples. The sperm migration factor comprises a
combination of male and female factors influencing the interplay between the spermatozoa and
the cervical environment and thus impacting the number and motility of spermatozoa reaching
the oocyte. This factor applies to ~10% of couples in which semen parameters are deemed
normal. The ‘unexplained’ category refers to couples for whom no definitive cause is apparent

at the time of testing.

Unexplained 10%

Male factor 30%
Ovulatory factor 20%

Sperm migration factor 10%

Utero—tubal—peritoneal factor 30%

Figure 38. Approximative distribution of the causes of infertility.
Source: Adapted from Brugo-Olmedo et al, 2001 [214]
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3. Gonadotropic origin

The balance of reproductive hormones is crucial for normal fertility. In women, endocrine
dysfunction leading to lowered levels of the gonadotropins FSH and LH results in insufficient
stimulation of ovarian hormone synthesis, or hypogonadism. This condition, known as
hypogonadotropic hypogonadism, where low gonadal function results from low gonadotropin
secretion can cause anovulation, amenorrhea and can delay or prevent sexual development. It
can be acquired through damage to the pituitary gland or hypothalamus through injury, surgery,
radiation, infection or tumour. Other causes include genetic abnormalities (e.g Kallmann
syndrome), hypothyroidism, hyperprolactinaemia and a number of external factors including
certain medication/drug use, stress and nutritional problems. Hyperprolactinaemia, often
caused by a prolactinoma (a common type of pituitary tumour that hypersecretes prolactin)

impairs gonadotropin secretion since prolactin inhibits GnRH secretion [215].

A considerable proportion of cases of hypogonadotropic hypogonadism in women are due to
genetic mutations and inactivating variants of more than 50 genes have been reported to date,
thought to account for up to 50% of all apparently hereditary cases [216]. These genes are
involved in the synthesis, secretion or detection of GnRH. The predominant cause is inactivating
mutation of the pituitary GnRH receptor (GNRHR), other causes include deficient hypothalamic
GPR54/KISS1, TACR3/TAC3, and leptinR/leptin signalling or mutations within the GNRH1 gene
itself [217].

A similar set of endocrine disorders are associated with cases of male infertility, namely
hypo/hyper-gonadotropic hypogonadism, hyperprolactinaemia, and adrenal or thyroid
dysfunction. In hypogonadotropic hypogonadism in men, insufficient gonadotropin levels due to
hypothalamic-pituitary dysfunction lead to inadequate stimulation of the testes to produce
testosterone and thus interfere with normal sexual development during puberty. As for women,
this condition can be congenital or acquired, with Kallmann syndrome (isolated GnRH deficiency)
accounting for the majority of congenital cases and pituitary tumours (particularly
prolactinomas) for the majority of acquired cases [218]. Hypergonadotropic hypogonadism
describes testicular gonadotropin resistance and can be linked to chromosomal abnormalities

(e.g. Klinefelter’s syndrome), Leydig cell hyperplasia or GNAS inactivation [219,220].
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4. Qocyte factor

The most common types of female infertility are linked to complex and multi-factorial
syndromes which we have yet to fully understand, such as polycystic ovary syndrome (PCOS),
primary ovarian insufficiency (POI), endometriosis and autoimmune diseases. In these
syndromes, the reproductive cycle and ovulation are often impaired through a mix of endocrine
dysfunction and autoimmune factors [221]. Due to the complex and heterogenous nature of
these syndromes arising from an interaction of numerous genetic and external influences, their
exact pathogenesis is difficult to determine, and the molecular aetiology remains unresolved in
most cases. External factors can include exposure to endocrine disruptors, chemo/radiotherapy,
extreme body weight/exercise and stress. Ovulatory disorders account for more than half of
female infertility cases [222] and oligo-amenorrhea (infrequent or lack of menstruation) is a

common symptom.

4.1. Primary Ovarian Insufficiency (POI)

Primary ovarian insufficiency (POI) previously known as Primary ovarian failure (POF) or
premature menopause refers to a loss of ovarian function before the age of 40. The condition is
defined by amenorrhea over a period exceeding 4 months, low estradiol serum concentrations
and high serum levels of FSH (>40 IU/L in samples taken more than a month apart). In the large
majority of cases, POl is associated with premature depletion of the reserve of primordial
follicles by an unknown mechanism. Destruction of primary follicles can be caused by
accelerated follicular recruitment, activation of proapoptotic pathways or autoimmune
response [223]. In rare cases, the ovarian reserve is preserved, and problems arise in the later
stages of follicular recruitment, maturation and ovulation. Elevated gonadotropin levels are a
compensation mechanism for inadequate response from the ovaries (Figure 39); the condition

can thus also be described as hypergonadotropic hypogonadism.

A large proportion of the identified causes is genetic; however, POI can also be acquired through
chemotherapy or radiotherapy, ovarian surgery, exposure to viral or environmental toxins or
certain drugs (e.g. for various autoimmune diseases). Whereas the condition can resemble a

premature menopause, this term is an inaccurate description since varying levels of ovarian
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function are retained in around 50% of cases, and 5-10% of women conceive naturally after
receiving the diagnosis [224]. Primary ovarian insufficiency is the preferred term, since it best

describes the observed spectrum of impaired ovarian function.

Healthy ovarian reserve Decreased ovarian reserve

Hypothalamus

Hypothalamus

Pituitary \ _ Pituitary \ _

b Inhibin B
Oestradiol FSH Oestradiol
Inhibin A Inhibin A

| InhibinB

9

AMH
AMH

Figure 39. Hormonal alterations in POIl/decreased ovarian reserve.
Thickness of arrows shows concentration of hormone secretion. AMH=anti-Mullerian hormone.
FSH=follicle-stimulating hormone. LH=luteinising hormone. Source: De Vos et al, 2010 [223]

4.2. Polycystic Ovary Syndrome (PCOS)

Polycystic ovary syndrome (PCOS) is the most common endocrine pathology in women, affecting
around 5-10% of women of reproductive age. It is also the most common cause of anovulatory
infertility accounting for around 70% of cases. The majority of PCOS sufferers have ovarian
dysfunction, however 60% of patients are fertile by definition despite longer conception times.
The syndrome, which typically appears during adolescence, is complex and multifactorial and

patients present a wide spectrum of clinical and biochemical features. Diagnosis is based on the
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ESHRE/ASRM Rotterdam (2003) consensus of the presence of two of the following:
hyperandrogenism, ovulatory dysfunction (oligo-anovulation), and/or polycystic ovarian

morphology (PCOM) [225,226].

Due to its heterogeneity, the exact pathogenesis and the direction of causality underlying PCOS
is unclear. The most widely supported hypothesis is that PCOS is rooted in a dysregulation of
androgen secretion in the ovaries (found in the majority of cases) and/or adrenal glands. This is
thought to be due to a steroidogenic dysregulation of the theca cells in PCOS patients which
overexpress most steroidogenic enzymes [227]. Androgen hypersecretion is correlated with
elevated LH and insulin levels, which in turn is correlated with insulin resistance and lowered
SHBG levels (sex hormone-binding globulin: binds and inhibits circulating testosterone and
estradiol), increasing the level of free circulating testosterone and thus aggravating the
hyperandrogenism. Around 50% of PCOS patients also present a metabolic syndrome of intrinsic
and/or obesity-related insulin resistance thus contributing to the imbalance. These
deregulations synergistically inhibit ovarian follicle development and ovulation, leading to
accumulation of arrested follicles which become the ovarian ‘cysts’ associated with PCOM

[226,228].

4.3. Endometriosis

Endometriosis is one of the most common gynaecological disorders, thought to affect 6-10% of
women of reproductive age and accounting for over 20-50% of cases of female infertility
[229,230]. It is defined by the presence of endometrial tissue outside of the uterine cavity, most
commonly within the fallopian tubes, ovaries and peritoneal cavity. The sites of ectopic
endometrial tissue induce a chronic inflammatory reaction, adhesions and scar tissue and may
distort the pelvic anatomy. The condition is oestrogen-dependant, thus manifesting after
puberty. The three main sub-types of endometriosis are: superficial peritoneal, cystic ovarian
(cysts also known as endometriomas) and deeply infiltrating (>5 mm under the peritoneum).
Patients often present with chronic pelvic pain, short menstrual cycles, long duration of
menstrual flow, early onset of menstruation and infertility relating to tubal obstruction [231].
Aside from these problems, endometriosis can affect oocyte quality for several reasons: 1) it is

associated with an enhanced inflammatory state that can impair ovarian function, and 2) the
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presence of endometriomas (ovarian cysts) can alter the follicular environment and affect the
ovarian reserve [232]. It can also interfere with ovulation through alterations in oestrogen-

signalling [233].

Although the pathogenesis of the disease remains unclear, the leading hypothesis (known as the
retrograde menstruation or implantation theory) postulates that endometriotic lesions are
caused by endometrial fragments that pass through the fallopian tubes during menstruation and
proliferate, invade and vascularise surrounding tissue. A competing theory postulates that
embryonic cells from the Millerian ducts (progenitors of the upper female genital tract) persist
in ectopic locations and are stimulated to grow by oestrogens at puberty. It is debated whether
the different forms of the disease have a single common aetiology or if each subtype has its own
separate aetiology [229,234]. The risk of endometriosis is greatly influenced by genetic factors
and heritability is estimated at around 50%. The genetic aetiology is complex and requires the

interaction of numerous genetic variants and environmental factors.

4.4. Oocyte Maturation Deficiency (OMD)

The syndrome of oocyte maturation failure or oocyte maturation deficiency (OMD) describes a
form of primary infertility characterised by the repetitive production and ovulation of primarily
immature oocytes which do not mature when cultured in vitro (Figure 40) [52,235]. The
definition is sometimes extended cases in which oocytes are able to mature to the Mll stage but
do not complete meiosis upon fertilisation. This syndrome differs from POl in that menstruation
is typically undisturbed. According to a study of 487 women having undergone a total of 703 IVF
cycles, 8.6% of women produced at least one GV-arrested oocyte in at least one round of
hormonal stimulation (Bar-Ami et al, 1994 [236]). In cycles where 25% or more oocytes were GV-
arrested, O clinical pregnancies were achieved for oocytes having undergone GVBD and rates of
pronuclei formation, embryo cleavage and blastocyst development were significantly reduced,

indicating impaired developmental competence.
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Although rare, reports have described cases for which the syndrome is absolute, i.e. all ovulated
oocytes are immature (arrested at GV or Ml stages) or do not respond to fertilisation [238-241].
In all of these cases for which the information is available, patients’” menstrual cycles were
maintained and hormone levels and other fertility parameters found to be normal, resulting in
a diagnosis of unexplained primary infertility. These features, along with the rarity and severity

of the condition suggest a primarily genetic pathology.

Studies using transgenic animal models have revealed a number of gene candidates linked to
various phenotypes of oocyte meiotic arrest. Genes that have been linked to maturation arrest
in mouse knockouts include Cdc25b and Pde3a linked to GV arrest, Meil (meiosis defective 1),
Cks2 (CDC28 Protein Kinase Regulatory Subunit 2), MlIh1 (MutL Homolog 1) and Lfng (Lunatic
fringe) linked to meiosis | arrest and Smc1b (structural maintenance of chromosomes 1B) linked
to meiosis Il arrest [242-248]. While these studies have great value in providing insight into the
mechanisms of meiosis, their relevance to the human infertility phenotype remains to be
confirmed. Only one very recent study has so far identified a genetic variant linked to human
OMD: a primate-specific isoform of B-tubulin named TUBBS8 (Tubulin Beta 8 Class VIII), expressed
uniquely in developing oocytes (Feng et al, 2016 [249]).

82



5. Sperm factor

Male infertility can be divided into two broad categories according to semen parameters: oligo-
azoospermia referring to inadequate sperm concentration/number and
astheno/teratozoospermia referring to low sperm motility and/or abnormal sperm morphology.
These phenotypes occur in varying degrees of severity and are often combined, giving rise to the
common OATS (oligoasthenoteratozoospermia) phenotype. Sperm factor infertility describes
infertility related to testicular causes as opposed to pre-testicular factors (e.g. gonadotropic or
external) or post-testicular factors (e.g. physical obstruction), with the key difference being the

absence of functional spermatogenesis.

5.1. Oligo-azoospermia

A requirement for normal male fertility is a sufficient sperm concentration in the ejaculate. The
WHO considers a healthy sperm concentration at or above 15 million sperm per millilitre (mL)
with a total sperm count =39 million sperm/ejaculate (Table 4) [250]. Sperm concentrations
below this threshold are classified as varying degrees of oligozoospermia, with 10-15 million
sperm/mL considered mild, 5-10 million sperm/mL as moderate and less than 5 million
sperm/mL as severe. Azoospermia is the term given to the most extreme form: total absence of
sperm in the semen. 30% of male infertility cases with oligo or azoospermia are estimated to
have a genetic origin [251,252], and non-obstructive azoospermia (NOA) and severe
oligozoospermia are deemed the most likely to have a genetic origin. For the severe cases,

successful fertilisation is rare in the absence of clinical intervention.
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Semen parameter Lower reference limit (5'" centile)

Volume, mL 1.5
Sperm concentration, 10%/mL 39
Total sperm number, 10° 15
Total motility (PR + NP), % 40
Progressive motility (PR), % 32
Vitality (live spermatozoa), % 58
Sperm morphology (normal forms), % 4
pH >7.2
Seminal fructose, umol/ejaculate 213

Table 4. Semen analyses lower reference limits according to the WHO laboratory manual for the
examination of human semen, 2010.

Lower reference limits based on distribution of values from fertile men whose partners had a
time-to-pregnancy of 12 months or less. PR: progressive motility, NP: non-progressive motility.
Source: Patel et al, 2018, Cooper et al, 2010 [250,253]

5.2. Astheno/teratozoospermia

As well as sufficient sperm concentration, sperm motility is also an important requisite for male
fertility as this factor determines the capacity of sperm to reach and fertilise the egg cell once
released into the female tract. Low sperm motility or asthenozoospermia is a common cause or
contributing factor of male infertility. According to the WHO, the threshold for
asthenozoospermia is less than 32% of sperm in the ejaculate of progressive motility, or less
than 40% total motile sperm. Amongst other causes, asthenozoospermia can often be linked to
abnormal sperm morphology, particularly flagella and mid-piece abnormalities.
Teratozoospermia is the term defined by WHO as less <4% morphologically normal sperm.
Various subtypes of astheno and teratozoospermia have been defined with genetic causes
attributing to structural or functional sperm defects. Asthenozoospermia is a common symptom
associated with the wider syndrome of primary ciliary dyskinesia (PCD), an autosomal recessive

disorder or motile cilia which also affects the cilia lining the respiratory tract [252].
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6. Diagnosis and treatment

Fertility evaluation should be offered to couples who have been unable to conceive after 1 year
of regular unprotected intercourse. For men, a semen analysis is performed with a sample
collected after a period of abstinence of 48-72 hours. Semen parameters are checked and further
evaluation undertaken depending on the outcome. If of endocrine or pre-testicular origin (which
can be indicated through testosterone and FSH testing), the underlying cause may be treatable
[254]. Women with regular menstrual cycles are progesterone tested at day 21 of the cycle to
confirm ovulation. For anovulatory women, further hormone tests (FSH and estradiol) can
distinguish between a hypothalamic-pituitary cause or an ovarian cause. Other hormonal tests
also exist (antimllerian hormone level, clomiphene citrate response test, antral follicle count)

to give an indication of the ovarian reserve and predict the response to ovarian stimulation [254].
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If test results fall within normal parameters (i.e. unexplained infertility), couples can be advised
to wait a further year before resorting to ART, since 50% of couples conceive within the second
year [256]. If results indicate a compatible phenotype, in vitro fertilisation (IVF) will likely be
attempted. IVF involves the collection and mixing of mature male and female gametes and
embryo culture before introducing healthy blastocysts into the uterus, which is possible if sperm
motility and number are adequate. If sperm parameters are low, ICSI (intracytoplasmic sperm
injection) may be attempted as it can overcome low sperm motility or number (Figure 41). ICSI
is a modern technique involving the injection of a sperm cells directly into oocytes. The
technique can also overcome certain oocyte factors such as zona pellucida irregularities [257]. A
recently developed technique known as round spermatid injection (ROSI) involves surgical
retrieval of spermatogenic cells from testes and injection of selected round spermatids into
oocytes [258,259]. Despite low efficiency, this technique represents a possibility for men with

NOA to father biological children.

For in vitro reproductive techniques, women undergo ovarian stimulation by administration of
gonadotropins. Repeated FSH injections are administered to promote growth of a large number
of follicles which is monitored via transvaginal ultrasound and hormonal testing. hCG (Human
chorionic gonadotropin) is administered in the final stages to trigger meiotic maturation, and
approximately 35 hours later, large antral follicles are ruptured and oocytes aspirated via a
transvaginal needle guided by ultrasound. 10-15 retrieved oocytes is considered a good yield for
ART, and larger yields are correlated with higher success rates [260]. Oocyte maturity is judged
by the presence of the first polar body as a visual indication of the MIl stage. Immature oocytes
can be cultured in vitro in an attempt to induce maturation to the appropriate stage for
fertilisation. This strategy, known as in vitro maturation (IVM), is particularly used for patients

with PCOS, low ovarian reserve or repeated IVF failure [261].

ICSI, developed in 1992, is now used in 63% of all ART cycles due to its success in overcoming a
number of fertility barriers (2010 ICMART survey [262]). Despite such advancements, ART
remains ineffective for around 50% of couples [263]. This is partly because all current forms of
ART require a developmentally competent Mll-stage oocyte as well as having minimal sperm
requirements for fertilisation to be possible. For those with severe gametogenesis defects, such
treatments are ineffective since the gametes are incompatible with fertilisation and/or

subsequent embryo development.
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7. Determining aetiologies for human infertility

Genetic diseases can autosomal or sex-linked, and dominant or recessive according to whether
or not the gene is haplosufficient. Recessive diseases are associated with haplosufficient genes,
in which a single functional copy of the gene is sufficient to maintain normal function. The vast
majority of protein-coding genes are haplosufficient [264]. Genetic diseases can also be linked
to chromosomal anomalies (structural and numeric) or single nucleotide variation. In theory,
alteration of any of the genes controlling key processes in gametogenesis could give rise to
infertility. While transgenic animal models and functional studies have allowed the identification
of many genes necessary for oogenesis and spermatogenesis, the list of genes that have officially

been associated with human infertility is comparably short (Figure 42).
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7.1. Genes and genetic disorders associated with POI

a) X-chromosome abnormalities

Amongst the cases for which the cause of POl is determined, the largest subgroup are women
with numerical or structural X chromosome abnormalities, representing around 13% of cases.
This is because human oocytes, unlike somatic cells, maintain both X chromosomes in the active
state during development [266]. Partial or complete loss of the X-chromosome such as in
Turner’s syndrome (45,X) leads to oocyte loss in the early stages of meiotic prophase due to
haploinsufficiency of X-linked genes. The syndrome Trisomy X (47,XXX) has also been linked to
POI, however a large proportion of reported cases are due to associated autoimmune disease

[267].

b) FMR1 premutation

The second largest subgroup of POI sufferers are those with a ‘premutation’ allele of X-linked
FMR1 (Fragile X mental retardation syndrome), accounting for around 6% cases and 21% of
familial cases. In the FMR1 premutation allele, expansion of CGG repeats in the 5° UTR
(untranslated region) to 55-200 compared to 6-55 in normal alleles (the full mutation allele with
>200 repeats leads to fragile X syndrome), is hypothesised to lead to production of a toxic mRNA

that causes follicle atresia [268].

c) Single gene variants

As shown in Figure 42, X-linked BMP15 [269] as well as autosomal GDF9 [270] whose functions
are numerous in all stages of follicle formation, maturation and ovulation have indeed been
associated with premature ovarian sufficiency in humans. Several transcription factor variants
linked to POl include oocyte factors NOBOX [271] and FIGLA [272] and the granulosa cell factor
FOXL2 [273]. Other variants associated with POI that are not shown in Figure 42 are RBP-coding
CPEB1 [274], DAZL [275] and EIF2B [276], gonadotropin receptors FSHR [277] and LHR [278] and
INHA (encoding Inhibin A) [279] [223,280].
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7.2. TUBBS: A genetic cause identified for OMD

A variant of the TUBBS8 gene was identified in a 4-generation familial case of OMD due to Ml
arrest and different TUBBS8 variants were found to be linked to the same phenotype in 6 other
familial cases. This represents the first genetic cause to be associated with human OMD. The
authors determined that the TUBB8 mutation interfered with assembly of the o/B-tubulin
heterodimer and thus interfered with meiotic spindle assembly in both human and mouse
oocytes (Figure 43). The men were of normal fertility in all of the tested families. This case
highlights the importance of correct microtubule polymerisation in spindle formation and

chromosome segregation.
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Figure 43. Oocytes from patients with a TUBBS8 variant vs. control oocytes.

V229A, D417N and S176L represent patients for which a deleterious TUBB8 variant was identified.
A) Example Ml and Ml stage control oocytes. B) Hormonal stimulation for attempted IVF yielded
MI oocytes as evidenced by lack of the polar body. C) B-tubulin immunostaining of retrieved
oocytes revealed a disorganised meiotic spindle from patient D417N while oocytes from other
TUBB8 patients show no visible spindle. Source: Feng et al, 2016 [42]
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7.3. Genes and genetic disorders associated with NOA

The most common genetic cause of non-obstructive azoospermia (NOA) is Klinefelter syndrome
(47,XXY) linked to atrophied testes, diminished spermatogonia and severely disturbed
spermatogenesis [281,282]. This syndrome accounts for 11% of NOA patients. Another common
cause is microdeletions of the Y chromosome, since the Y chromosome houses several genes
necessary for male gonad differentiation and spermatogenesis. Deletions in the AZF
(azoospermia factor) region of the long arm of the Y chromosome (Yq) have been shown to lead
to Sertoli-cell-only syndrome (Figure 44) and azoospermia due to spermatogenesis failure at
varying stages [283,284]. Yq contains three AZF regions: AZFa, AZFb and AZFc, with AZFc regions
being the most commonly detected in association with NOA [285]. AZF-associated genes include
DAZ1 (Deleted in Azoospermia) [286], RBYM1A1 (RNA binding motif protein, Y-linked, family 1),
DBX3Y (DEAD box helicase 3, Y-linked), BPY2 (basic charge, Y-linked 2), USP9Y (ubiquitin specific
peptidase 9, Y-linked), TSPY1 (testis specific protein, Y-linked 1) and HSFY1 (heat shock

transcription factor Y-linked 1) [285,287].

Figure 44. Histological images of human testicular tissue sections from patients with a) normal
spermatogenesis, b) meiotic arrest, and c) Sertoli cell-only syndrome.

Most advanced germ cell types (A: elongated spermatids, B: spermatocytes) are indicated by
white arrows (Centre of Reproductive Medicine and Andrology, Minster). Source: Tiittelmann et
al, 2018 [252]
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7.4. Genes associated with astheno-teratozoospermia

Several sub-categories of astheno/teratospermia have been defined, including MMAF (multiple
morphological anomalies of the flagella), which describes short, coiled, or irregular flagella.
Whole exomes sequencing (WES) of MMATF patient cohorts has led to the identification of a
number of associated gene invalidations including DNAH1 (Dynein Axonemal Heavy Chain 1),
CFAP43, 44 and 69 (Cilia and Flagella Associated Protein), WDR66 (WD Repeat Domain 66), SPEF2
(Sperm Flagella 2), ARMC2 (Armadillo Repeat Containing 2) and FSIP2 (Fibrous Sheath Interacting
Protein 2) [288—294].

Other subcategories include globozoospermia (Figure 45A), in which the sperm acrosome is
unable to form or fuse. A number of genes have been identified in the context of human
globozoospermia [194] including mutation of SPATA16 (Spermatogenesis Associated 16) or
DPY19L2 (Dpy-19 Like 2) (Figure 45B), which leads to a round-headed sperm cell unable to fuse
to the zona pellucida [295,296]. Macrozoospermia is a phenotype characterised by large sperm
heads, variable number of flagella and increased chromosomal content linked to a variant of the

gene AURKC (Aurora Kinase C) [297].
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Figure 45. The phenotype of globozoospermia and DPY19L2 invalidation.

A) The round-headed spermatozoa that is characteristic of globozoospermia. B) The phenotype
of Dpy19I2 invalidation: destabilisation of the junction between the acroplaxome and the nuclear
envelope. Source: Chen et al, 2016 [298]
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8. Whole Exome Sequencing (WES) and the candidate gene
approach

High throughput sequencing technologies such as NGS (Next Generation Sequencing) have
revolutionised science and medicine since their commercialisation in 2005. Although high-
throughput sequencing is increasingly affordable, the cost remains a deterring factor for routine
whole genome sequencing of patients in a clinical context. Whole exome sequencing (WES) is an
approach that involves sequencing of only the protein-coding component of the genome, where
most disease-causing mutations are known to occur [299]. Since exons represent approximately
1% of the whole genome, this dramatically reduces the cost, time and quantity of data to be
analysed and stored. WES sequencing omits information of potentially important non-coding
regions, such as regulatory elements and non-coding RNAs, however the technique can be
coupled with full Sanger sequencing of genes of interest once identified. Because of its
advantages, WES is increasingly applied in clinical settings, allowing the generation of large
cohorts for various phenotypes that are of great value for medical research [300]. Like all
sequencing technologies, WES must be followed by robust bioinformatics analysis in order to
produce meaningful results. Numerous filters and thresholds must be defined to select for
variants as promising gene candidates. Optimisation of this pipeline is a crucial part of the

procedure. A typical WES/bioinformatics pipeline is illustrated in Figure 46.
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the sequencing data and their association with

human pathologies is however a difficult task. Strategies can be described as targeted or

candidate-driven and non-candidate-driven depending on whether the method uses pre-

specified target regions. Genome-Wide Association Studies (GWAS), for example, are often

performed in a non-candidate-driven manner on entire genomes of patients of a specific

phenotype who are sequenced alongside healthy controls. Genetic variants are detected
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through the presence of single-nucleotide polymorphisms (SNPs) and associated with a disease
or control state. According to the EMBL GWAS catalogue (2017), over 3000 GWAS analyses have
been performed for over 1800 human diseases and traits, and thousands of SNP associations
have been made to date. The weakness of such methods is that, due to the enormous inherent
variation present in the human genome, associations are often very weak, and causality is
uncertain (this is particularly true for complex/polygenic diseases). By comparison, the
‘candidate gene’, or targeted genetic association approach looks at genetic variation within a
pre-specified region based on prior knowledge of the gene’s function or suspected association
with a disease phenotype. This approach has proven to be a powerful tool for studying complex
diseases, but prone to generating false-positive or negative results [301]. It is also limited by our

capacity to define relevant gene candidates.

The genetic analysis of familial cases or consanguineous populations for a particular pathology
is a powerful method for identifying robust candidate genes, particularly in association with
recessive single-gene disorders. Single-gene disorders occur at a higher frequency in such
cohorts than in the general population due to recessive inheritance, and single-gene variants can
be distinguished from the noise of background mutation by the frequency at which they are
detected. Although rarer than polygenic diseases, single gene disorders provide an invaluable
opportunity to decipher gene function and thus better enable us to understand all forms of

genetic disease.
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8.1. CRISPR/Cas9: a valuable tool for characterising human infertility

Whichever method is used to identify a candidate gene in the context of a human pathology, the
association is greatly reinforced by validation through generation of transgenic cell or animal
models. For studying infertility phenotypes, the mouse model is the golden standard for a
number of reasons 1) high genetic homology to the human, 2) similarities in the reproductive
system, 3) short generational turnover and 4) the tools that exist for genetic modification. The
invention and commercialisation of the CRISPR/Cas9 genome editing technique in 2012
revolutionised this process, bringing the time to generate a transgenic mouse lineage from over
2 years down to around 6 months. This technology exploits the CRISPR (clustered regularly
interspaced short palindromic repeats)/Cas9 bacterial immune system to create a

programmable RNA-guided gene editing tool (Figure 47).
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Figure 47. CRISPR/Cas9 genome editing and gene disruption/edition possibilities.

Cas9 nuclease cleaves double-stranded DNA in a site-specific manner activating double-strand
break repair machinery. In the absence of a homologous repair template, non-homologous end
joining can result in indels disrupting the target sequence. Alternatively, precise mutations and
knock-ins can be made by providing a homologous repair template and exploiting the homology
directed repair pathway. gRNA: guide RNA, PAM: protospacer adjacent motif, NHEJ: non-
homologous end joining, HR: homology-direct repair. Source: Ding et al, 2016 [302]
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Thesis objectives and methodology

The GETI Lab has developed an efficient pipeline for identifying candidate genes in association
with human infertility phenotypes through exome sequencing of patients attending Fertility
Centres based in North Africa. The rate of consanguineous marriage in this population is around
1/3 [303]. This collaboration has, over a number of years, made it possible to amass sequencing
data from patients with severe infertility phenotypes that are most likely caused by rare,

recessive single-gene mutations.

Genetic variants appearing in several patients of a common phenotype (confirmed and
sequenced in full by Sanger sequencing) satisfying a number of criteria regarding predicted
impact on gene function, prior knowledge of gene function and expression, and absence in a
control population, are selected for further study through the generation of transgenic mouse
models. This allows for the function of the gene to be characterised at the molecular level in a
mammalian system. This methodology has proven highly successful in identifying a great number
of genes in the context of human infertility as well as in discovering new actors of mammalian

gametogenesis [291,294,304-306].

The bases for this thesis are the identification of two gene variants, one of the gene PATL2 in the
context of oocyte maturation deficiency (OMD), and the other of SPINK2 in the context of non-
obstructive azoospermia (NOA). Both phenotypes are severe forms of primary infertility due to
arrested gametogenesis. The body of literature that existed as of the start of these projects
(which I have summarised) made both of these genes highly interesting candidates for having
important roles in mammalian gametogenesis, and neither gene had been previously been
associated with human infertility. Through the study of knockout (KO) and knock-in (KI) mouse
lineages (the Kl lineage created through CRISPR/Cas9), my objectives where to characterise the
murine phenotype associated with the absence of these genes, and to explore their functions at

the protein level.

My main objectives were to investigate the spatial and temporal expression profiles of each
protein and elucidate their mode of action as best as possible. This was undertaken through a
combination of reproductive biology techniques including IVF and fertility analysis, histology and
imaging techniques, particularly whole-mount gamete fluorescence imaging, and molecular

biology techniques from western blotting to transcriptomic analysis.
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A: The role of PATL2 in mammalian oocyte maturation
and developmental competence

1. Article: PATL2 is a key actor of oocyte maturation whose

invalidation causes infertility in women and mice

Christou-Kent M, Kherraf ZE, Amiri-Yekta A, Le Blévec E, Karaouzéne T, Conne B, Escoffier J,
Assou S, Guttin A, Lambert E, Martinez G, Boguenet M, Fourati Ben Mustapha S, Cedrin Durnerin
I, Halouani L, Marrakchi O, Makni M, Latrous H, Kharouf M, Coutton C, Thierry-Mieg N, Nef S,
Bottari SP, Zouari R, Issartel JP, Ray PF, Arnoult C. EMBO Molecular Medicine, April 2018.

1.1. Context

This project, which was the primary focus of my PhD, was based on the discovery of a pathogenic
variant of the gene PATL2 present in 6 patients of a cohort of 23 patients with Oocyte Maturation
Deficiency (OMD) characterised by GV-arrested oocytes. PATL2 belongs to the PAT1 family of
RNA-regulatory proteins and is orthologous to xPatla, whose oocyte-specific role | have
described. We obtained PATL2 KO mice and | performed fertility analysis through natural mating
and IVF, immunofluorescence analysis of ovulated and fertilised oocytes, histological analysis of
the ovaries and transcriptome analysis of GV and Ml stage oocytes in comparison to WT mice. |
showed that PATL2 KO females were subfertile (KO males were of normal fertility) despite the
ovarian reserve being unaffected. As reported in the following article, absence of PATL2 led to a
large proportion of ovulated oocytes lacking a polar body and/or displaying spindle assembly
defects and a high rate of oocytes with an aberrant response to fertilisation. Oocytes from PATL2
KO mice revealed a dysregulation of numerous transcripts necessary for oocyte growth, meiotic

maturation and preimplantation embryo development.

Being unable to produce a specific PATL2 antibody, we generated a PATL2-HA lineage through
CRISPR/Cas9, in which a HA tag was inserted at the C-terminal. This lineage allowed for the
expression profile of PATL2 to be elucidated through immunostaining of ovary sections and
whole-mount oocytes as well as co-staining with potential protein partners. | showed that Patl2
is strongly expressed in growing mouse oocytes, but showed no colocalisation with CPEB1, Msy2

or DDX6.
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Through these experiments we were able to conclude that PATL2 indeed plays an important role
in oocyte maturation in mice and in humans and that (in mice) it functions at the level of
transcript regulation. Much is still to be learned about this exact role in mammals which appears

to differ in several key ways from that described for xPatla in Xenopus oocytes.
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Abstract

The genetic causes of oocyte meiotic deficiency (OMD), a form of
primary infertility characterised by the production of immature
oocytes, remain largely unexplored. Using whole exome sequenc-
ing, we found that 26% of a cohort of 23 subjects with OMD
harboured the same homozygous nonsense pathogenic mutation
in PATL2, a gene encoding a putative RNA-binding protein. Using
Patl2 knockout mice, we confirmed that PATL2 deficiency disturbs
oocyte maturation, since oocytes and zygotes exhibit morphologi-
cal and developmental defects, respectively. PATL2’s amphibian
orthologue is involved in the regulation of oocyte mRNA as a part-
ner of CPEB. However, Patl2’s expression profile throughout oocyte
development in mice, alongside colocalisation experiments with
Cpebl, Msy2 and Ddx6 (three oocyte RNA regulators) suggest an
original role for Patl2 in mammals. Accordingly, transcriptomic
analysis of oocytes from WT and Patl2~/~ animals demonstrated
that in the absence of Patl2, expression levels of a select number
of highly relevant genes involved in oocyte maturation and early
embryonic development are deregulated. In conclusion, PATL2 is a
novel actor of mammalian oocyte maturation whose invalidation
causes OMD in humans.

Keywords female sterility; oocyte developmental competence; oocyte matu-
ration arrest; oocyte maturation failure; Patl2
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Introduction

In humans, oocyte production is a lengthy process that begins
during embryonic development and is characterised by a long
diapause lasting over a decade until resumption of maturation at
puberty. The quiescent oocytes, contained within primordial folli-
cles, are arrested in the prophase of meiosis I. Periodically, a
group of primordial follicles are recruited to the pool of growing
follicles. The germinal vesicle (GV) oocyte and surrounding folli-
cular cells develop in tight coordination to produce a fully grown
GV oocyte within an antral follicle. This process takes around
290 days Williams & Erickson, 2012; Li & Albertini, 2013). At this
stage, the oocyte is sensitive to hormonal stimulation, which
causes meiosis to resume, as revealed by GV breakdown (GVBD),
and extrusion of the first polar body before arresting again at
the metaphase 2 (MII) stage of meiosis II. The second meiosis
is completed, with exclusion of the second polar body, upon
fertilisation.

Several reports have been published describing cases of infertile
women whose ovaries repeatedly produce mostly/only immature
oocytes. This poorly defined syndrome is known as “oocyte factor

System infertility” or “bad eggs syndrome” (Hartshorne et al, 1999; Levran
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et al, 2002; Beall et al, 2010; Hourvitz et al, 2010). We studied a
cohort of patients who had all had at least one in vitro fertilisation
(IVF) cycle yielding only GV, MI or atretic oocytes, and named this
phenotype oocyte meiotic deficiency (OMD).

Generation of knockout mouse models has allowed the identifi-
cation of several genetic variants linked to oocyte meiotic arrest
at various stages. For instance, mice deficient in Cdc25b, a gene
involved in cyclic AMP control, show GV arrest (Lincoln et al,
2002; Vaccari et al, 2008). Similarly, deletion of Hlfoo, a tran-
scription factor for Meil (required for normal meiotic chromo-
some synapsis) and Ubb (a ubiquitin controlling the destruction
of key cell cycle regulators), resulted in MI arrest (Libby et al,
2002; Furuya et al, 2007; Ryu et al, 2008). Finally, invalidation of
Smclb, a meiosis-specific component of the cohesin complex,
causes MII arrest (Takabayashi et al, 2009) while deletion of
Mlh3, which maintains homologous chromosome pairing at meio-
sis, induces mixed arrests (Lipkin et al, 2002). While it is tempt-
ing to suggest that mutation of any of the above-mentioned genes
could cause OMD in women, none has so far been associated
with this disease. Recently, heterozygous mis-sense mutations in
TUBBS, an oocyte-specific tubulin required to form the meiotic
spindle, were identified in a cohort of Chinese patients with OMD
(Feng et al, 2016). Thus, TUBB8 was established as the first
human gene linked to OMD.

Here, we analysed 23 unrelated OMD patients from North Africa
and found that six (26%) had the same homozygous truncating
mutation in the PATL2 gene, encoding a putative oocyte-specific
RNA-binding protein. The role of this protein has yet to be charac-
terised in mammals. A TUBB8 variant was only found in a single
patient in our cohort, indicating that absence of PATL2 is the main
cause of OMD in this region.

Results

A homozygous truncating mutation in PATL2 identified by whole
exome and Sanger sequencing in 26% of tested subjects

We analysed a cohort of 23 infertile women presenting with OMD
(Table 1). These patients responded normally to ovarian stimula-
tion, and the number of follicles and oocytes harvested was similar
to numbers for control patients. However, examination of the
oocytes revealed only either GV or Ml-arrested or atretic cells (iden-
tified by an irregular shape with a dark ooplasm), and a complete
absence of MII oocytes.

Given that most of the patients were Tunisian and that 20-30%
of marriages are consanguineous in this country, we hypothesised
that infertility could be transmitted through recessive inheritance
and we therefore focused on homozygous mutations. Exome analy-
sis was performed first on samples from 15 patients. After exclu-
sion of common variants and application of technical and
biological filters (Coutton et al, 2018), three genes were found to
be homozygously mutated in at least two subjects. Only one gene
carried a homozygous variant scored as “high” and was predicted
to induce loss of function by the “Variant Effect Predictor” tool
(Ensembl). Interestingly, the same variant, p.Argl60Ter, c.478C>T
in PATLZ2 transcript ENST00000434130, was detected in five dif-
ferent patients. Since the orthologue of PATL2 in Xenopus is
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described as an important factor in Xenopus oocyte maturation
(Nakamura et al, 2010), it was possible that this variant could be
the cause of these subjects’ infertility. The variant identified is
expected to lead to either the production of a truncated protein
(Fig 1A) or a complete absence of expression due to possible
nonsense-mediated mRNA decay. The truncated protein would
contain less than one-third of the complete amino acid sequence,
in particular lacking the topoisomerase II-associated protein PAT1
domain. This domain, common to all Patl proteins, has been
shown to be necessary for its paralogue, PATLI1, to function
through interaction with its partners (Braun et al, 2010) (Fig 1A).
Because we did not have access to the relevant biological material
(patients’ ovaries), it was impossible to assess RNA decay in the
presence of this mutation.

The presence of the genetic variant was confirmed by Sanger
sequencing for the five mutated patients (Fig 1B). This variant was
also identified in a heterozygous state in five out of 148,732 alleles
(rs548527219) in the Genome Aggregation Database (gnomAD).
This rate corresponds to a very low frequency of 0.003362%,
compatible with recessive transmission of a genetic disease. Sanger
sequencing of PATLZ2 coding sequences was then performed on
another eight OMD subjects. An additional patient was identified
with the same homozygous mutation, increasing the final number
to six out of 23 subjects analysed (26%) carrying the PATLZ2
p.Argl60Ter variant.

To complete the analysis of the cohort, WES was performed on
the newly recruited patients (n = 8) except for the subject harbour-
ing the PATL2 mutation. WES analysis was therefore performed on
a total of 22 subjects. From these data, we also sought TUBBS
heterozygous mutations, which have also been described to induce
OMD (Feng et al, 2016). One deleterious heterozygous variant
(ENST00000309812.4:¢.363_366del, ENSP00000311042.4:p.Lys122A
rgfsTer13) was identified in patient P16 (Table 1), which could be
the reason for this patient’s infertility.

Overall, in this cohort, six out of 23 subjects analysed (26%)
were observed to carry the PATL2 p.Argl60Ter mutation, and one
patient presented a new TUBB8 variant (4.5%, 1/22), the
pathogenicity of which remains to be confirmed. In our cohort, we
compared patient characteristics between subjects with a PATL2
mutation or presenting no PATL2 mutation (Fig EV1). Although
both groups were of similar ages at the time of analysis, and the
numbers of oocytes retrieved were comparable, the two groups
were clearly distinct in terms of the type of oocyte arrest. Oocytes
from PATLZ2 patients were mainly arrested at the GV stage, whereas
oocytes from non-PATLZ2 patients were generally arrested at the MI
stage (Fig EV1).

During evaluation of our data, PATL2 gene mutations were also
reported to be associated with OMD in two Asian studies based on
cohorts from China and Saudi Arabia (Chen etal, 2017;
Maddirevula et al, 2017). These findings support the causality of
our PATL2 variant and indicate a wide global spread for PATLZ2-
dependent OMD.

Patl2 is not expressed in the hypothalamic—pituitary-gonadal
axis in mice

x-patla, the Xenopus orthologue of PATL2, has been reported to be
specifically expressed in growing oocytes (Marnef et al, 2010;

© 2018 The Authors
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Table 1. Medical history, laboratory investigations and oocyte collection outcomes for patients presenting with OMD.

Number of oocytes collected
Age FSH LH TSH Prolactin
Origin (years) GV Ml Mil At. Tot. u/L u/L u/L pg/L Menst. Comments

Patients with PATL2 mutation

P1 Tunisia 35 4 0 0 1 5 1.36
34 2 Medical records
not available
34 8 Medical records
not available
P2 Tunisia 28 9 0 0 11 20 YES
289 15 0 0 4 19
P3 Tunisia 24 11 0 0 5 16 1031 354 22.28 1 GV maturated
to M1 in vitro
P4 Tunisia 34.28 8 0 0 2 10 1.07 23 YES
P5 Arab 41 2 0 0 2 4 9.39 6.1 23 129 YES
42 3 1 0 1 5
P6 Mauritania 36 2 10 0 4 16 3.01 338 2.88 25 YES Cytoplasmic
vacuoles in
MI oocyte
36.8 0 0 0 5 5
Patients without PATL2 mutation
P7 Algeria 37 2 0 0 2 4 101 915 23 YES
P8 Algeria 32 0 4 0 0 4
32 0 2 0 0 2
P9 Tunisia 32 0 0 0 8 8 373 First cousin
couple
P10  Tunisia 37 0 2 0 3 5
37 2 3 0 3 8
P11  Tunisia 389 0 2 2 7 8.49 342 117 17.05
P12 Libya 28 2 15 0 0 17 1.8 9.6
P13 Arab 33 0 3 2 7 12
37 3 1 0 11 15
P14  Tunisia 26 0 0 0 7 7 YES
P15  Arab 38 0 0 0 4 4
39 0 0 0 5 5
P16 Arab 33 0 5 2 2 9 4.65 271 14.25 Heterozygous
mutation in
TUBB8
P17  Arab 34 0 0 0 0 0 YES
P18 Arab-FR 27 0 8 0 4 12
P19  Arab-FR 24 0 3 0 0 3
P20 29 0 0 0 7 7
P21 Tunisia 29 0 0 0 13 13 YES
P22 Tunisia 39 0 10 0 0 10
P23 Tunisia- No data No fertilisation
FR available
Mean 33.42 217 250 021 3.90 8.45
P1-p23
Mean 34.00 600 138 O 3.89 10.00
P1-P6
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Table 1 (continued)

Role for PATL2 in oocyte maturation  Marie Christou-Kent et al

Number of oocytes collected

Age FSH LH TSH Prolactin
Origin (years) GV Ml Mil At. Tot. u/L u/L u/L ng/L Menst. Comments
Mean 331 0.45 2.95 03 39 7.6
P7-P23
Control cohort 34.4 2.2 18 6 23 91 <102 <169 0.5-5 2-20
values
(n = 238)

Normal values correspond to couples where the male suffers from azoospermia or teratozoospermia (n = 234). Arab-FR = French of Arab origin, At. = atretic,

Tot. = total, Menst. = menstruation.

Nakamura et al, 2010), and analysis of publicly accessible data
banks shows that PATLZ2 is also expressed at high levels in both
human and mouse oocytes (Appendix Fig S1), indicating an impor-
tant role for PATL2 in female gametogenesis. It should be noted that
PATL2 expression is very low in human follicular cells
(Appendix Fig S1), suggesting that the maturation defect is of oocyte
rather than follicular origin. It also appears that PATL2 is expressed
at low levels in a number of other tissues (Appendix Fig S1). We
therefore wondered whether an element of the infertility phenotype
could be caused by alteration of the hypothalamic—pituitary—gonadal
axis. To address this question, we performed comparative Western
blots on extracts from GV oocytes, hypothalamus and pituitary
glands from Patl2-HA-tagged mice created using CrispR-cas9 tech-
nology. Whereas a clear and specific signal is observed for oocyte
extracts from PATL2-HA females, no signal was observed in extracts
from the hypothalamus or pituitary gland indicating that the direct
control of the hypothalamus/pituitary gland on oocyte maturation is
not altered in mice (Appendix Fig S2). Since our PATLZ2 patients
exhibited normal hormone levels (when data were available,
Table 1) and reported regular menstrual cycles, these results taken
together suggest that the human infertility phenotype is purely due
to an oocyte defect.

Absence of Patl2 modifies the number of the primordial follicles
at 26 dpp but not at 12 dpp

To decipher the molecular pathogenesis of the phenotype
observed in our PATLZ2 patients, we assessed the reproductive
phenotype of Patl2-deficient mice (Patl2™/~). The gene was invali-
dated by insertion of a LacZ cassette and deletion of exon 7,
inducing a downstream translational frameshift (Appendix Fig
S3). The putative transcript produced from this construct would
consist of the first 102 amino acids (out of 529) tethered to -
galactosidase. Even if a protein product was generated from the
modified Patl2 gene, it would not contain the topoisomerase II-
associated protein (PAT1) domain and would therefore not be
functional.

Initially, we performed a comparative histological study of
control and Patl2~/~ ovaries at 12 and 26 days postpartum (dpp).
At 12 dpp, ovary sections from control and Patl2~/~ females
revealed no differences in the mean number of primordial,
primary and secondary follicles (Appendix Fig S4). These data
indicate that Patl2 plays a marginal role during the development
of embryonic ovaries. At 26 dpp, a similar number of primary
and secondary follicles were also observed in ovary sections
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(Fig EV2A and B). However, there was an unexpected increase in
the number of primordial oocytes per section in Patl2~/~ ovaries
(Fig EV2B). To take the range of secondary follicle sizes into
account and to assess follicle growth, we compared histograms
plotting the amplitude of follicle diameter for secondary follicles
between Patl2~/~ and control animals and found no difference
(Fig EV2C).

Patl2 may play a major role in oocyte growth: it is expressed in
oocytes from the primary follicle stage and is less abundant from
the late GV stage

We used PATL2-HA mice to characterise the function of Patl2 in
mouse oocytes. The HA tag was selected for its small size (nine
amino acids) making it is less likely to induce tag-dependent relo-
calisation. Homozygous Patl2-HA females’ fertility parameters are
well within the normal range for this strain in natural mating
(first litters 24 days after crossing with males and litter sizes of 7
and 8, n = 2), implying that the HA tag does not impair the func-
tion of Patl2. We performed IF and confocal microscopy to quan-
tify the expression of Patl2-HA in the different stages of GV
oocytes, in MII oocytes and in ovary sections from tagged mice.
The specificity of the fluorescence signal was first validated by
immunostaining WT ovary sections alongside Patl2-HA sections
using the same anti-HA antibody. No signal was observed in any
oocyte in control sections (Appendix Fig SS5). In Patl2-HA ovary
sections, primordial follicle oocytes produced no detectable fluo-
rescence signal (Fig 2). Signal intensity increased, interpreted as
an increase in protein concentration, in oocytes from primary to
pre-antral secondary follicles, becoming weaker in oocytes
contained in tertiary/antral follicles. It should be noted that fluo-
rescence intensity is not a direct measure of total protein quan-
tity, since oocyte volume increases as follicular stages progress.
Because the volume of antral follicle oocytes is larger than that of
pre-antral follicle oocytes (approx. 70 versus 50 pm), the total
quantity of Patl2 in antral follicle oocytes remains greater, indicat-
ing that production of Patl2 is continuous during oocyte growth
(Fig 2A-C).

We next compared Patl2-HA immunostained GV oocytes at vari-
ous stages, and MII oocytes obtained after hormonal stimulation.
GV oocytes from pre-antral and antral follicles were obtained by
collagenase treatment and ovarian puncture, respectively. In agree-
ment with our results on ovarian sections, the strongest fluores-
cence signal was observed in pre-antral (secondary) follicle oocytes.
GV oocytes from antral follicles can be divided into two categories

© 2018 The Authors
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Figure 1. Identification of a truncating mutation in PATL2.

A Location of the PATL2 mutation in the intron—exon structure and in a representation of the corresponding amino acid sequence. The variant identified, homozygous
in the six patients, is located in exon 6 and creates a STOP codon, ending translation and producing a truncated 158-amino acid (aa) protein instead of the full-length
543 aa, and lacking the essential PAT1 (topoisomerase Il-associated protein PAT1) domain.

B Electropherograms of Sanger sequencing for patients harbouring PATL2 mutations compared to reference sequence.

based on the nuclear distribution of their chromatin: the non-
surrounded nucleolus (NSN) to surrounded nucleolus (SN) confor-
mational change occurs in the final stages of GV oocyte develop-
ment and correlates with transcriptional arrest (De La Fuente,
2006). Stronger Patl2-HA fluorescence was observed in NSN than in

© 2018 The Authors

SN GV oocytes (Fig 2D). PATL2-HA was also detected in MII
oocytes at a level comparable to that in SN GV oocytes (Fig 2D).
During oocyte growth, a large quantity of stable mRNA necessary
for growth and maturation accumulates within the oocyte. Up to
30% of this mRNA is translationally repressed until meiotic
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4 Figure 2. Patl2, Cpebl, Ddx6 and Msy2 expression profiles during oocyte growth and meiotic maturation.

A Ovary sections (3 um thick) from Patl2-HA homozygous mice were co-stained with antibodies against the HA tag and either Cpebl, Ddx6 or Msy2. Normalised mean
fluorescence intensity at different follicle stages (as indicated) was measured using confocal microscopy. The mean fluorescence intensity of secondary follicle oocytes
was used to normalise intensities for each protein to take into account variations in overall staining intensity between slides and obtain comparable values. Numbers
above bars correspond to the size of the sample. Data are presented as mean + SEM. Statistical differences were determined based on ANOVA test, P-value as indicated.

B Variation in fluorescence intensity for Patl2 and Ddx6 during oocyte growth. Confocal images obtained from the same section of an ovary from a Patl2-HA female,
co-stained with antibodies against HA tag and Ddx6. Patl2 staining is not detectable in primordial oocytes, barely detectable in primary oocytes, and has a maximum
intensity in secondary oocytes. Note that Ddx6 staining is strong in primordial oocytes. Primordial (1al), primary (1ry), secondary (2ry) follicles are indicated. Sections
were counterstained with Hoechst to reveal the nucleus. Scale bar = 50 pm.

C Variation in fluorescence intensity for Patl2 and Ddx6 during oocyte growth. Confocal images obtained from the same section of an ovary from a Patl2-HA female,
co-stained with antibodies against HA tag and Cpebl. Note that Cpebl is detectable in primordial oocytes and that its staining is more punctiform than Patl2
staining, with numerous foci observable at all stages. Primordial (1al), primary (1ry), secondary (2ry) follicles are indicated. Sections were counterstained with Hoechst
to reveal the nucleus. Scale bar = 50 um.

D Comparative Patl2 staining of GV oocytes from pre-antral, antral with NSN (non-surrounded nucleolus) chromatin, antral with SN (surrounded nucleolus) chromatin
and MII oocytes from Patl2-HA-tagged mice. GV oocytes were isolated by ovarian puncture, and MIl oocytes were collected in the oviduct from stimulated Patl2-HA
females. After fixation, oocytes were stained with anti-HA antibody and observed by confocal microscopy. In GV SN and MII oocytes, insets correspond to WT oocytes
at the same developmental stage, showing no fluorescent staining. Scale bar = 50 pum.

maturation or after fertilisation. RNA processing involves very large
complexes of ribonucleoproteins (RNPs), which are involved in the
storage, processing, regulation and/or degradation of mRNA, and
whose function often depends on the protein’s phosphorylation
status and the protein composition of the RNP. Clusters of RNP
complexes are known as P-bodies. In Xenopus oocytes, x-Patla binds
to the cytoplasmic polyadenylation element binding complex
(CPEB), a central RNP involved in RNA translation/storage (Marnef
et al, 2010; Nakamura et al, 2010). We therefore wondered whether
other proteins known to be RNP components expressed in mouse
oocytes, such as Cpebl, Msy2 (thought to be x-Patla partners) and
Ddx6 (a crucial P-body component) presented similar patterns of
expression/abundance to Patl2 during oocyte growth (Flemr et al,
2010; Medvedev et al, 2011). To answer this question, we quantified
these proteins in oocytes at the different follicular stages by IF and
confocal microscopy (Fig 2A). Cpebl showed a similar, but not iden-
tical, pattern of intensities to that observed for Patl2. The main dif-
ference was that Cpebl is expressed in primordial follicle oocytes (in
which Patl2 is undetectable). As for Patl2, the intensity was highest
in secondary follicle oocytes and weakened in tertiary follicle oocytes
(Fig 2B). Unlike Patl2, Msy2 and Ddx6 were abundantly expressed
in primordial follicle oocytes, and their fluorescence intensity varied
little throughout oocyte growth (Fig 2C and also Fig EV2 for Msy2).
We next assessed possible colocalisation between Patl2 and
Cpebl, Msy2 and Ddx6 (Fig 3). These experiments were performed
on ovarian sections of secondary/pre-antral follicles, where the
strongest Patl2 signal was recorded. Cpebl and ddx6 present a clear
punctiform signal (Fig 3: A4, B4), unlike Msy2, for which the signal
is more homogenous (Fig 3: C4). The Patl2-HA signal can be
described as a homogenous scattering of small dots (Fig 3: A3, B3,
C3). The dots are clearly smaller in size than those corresponding to
Cpebl and Ddx6 staining, and no obvious colocalisation between
Patl2 and any of the three proteins was observed (Fig 3: A2, B2, C2).

Subfertility in Patl2~/~ female mice is due to compromised
oocyte maturation and poor developmental competence of
oocytes and embryos

We next assessed fertility in Patl2~/~ animals by crossing them with

WT animals and counting the number of live pups per litter, the
total number of live pups born and the number of litters per month

© 2018 The Authors

over a 6-month period. Patl2”/~ females exhibited severe subfertil-
ity: the number of pups per litter dropped from 7.3 + 0.8 (n = 14
litters for three females) for WT to 2.3 + 0.4 (n = 7 litters for three
females) for Patl2~/~ mice (Fig 4A and B), and both the total
number of pups and of litters per month per female were reduced
(Fig 4C and D). Conversely, Patl2~/~ males showed normal fertility:
no difference in litter size was observed compared to WT
(7.6 & 0.7, n = 17 litters for five WT males and 7.6 &+ 0.5, n = 28
litters for five Patl2~/~ males) (Fig 4E).

Next, ovarian stimulation was performed and oocytes were
collected for morphological and IVF studies. Stimulation with preg-
nant mare serum gonadotropin (PMSG) was used to obtain GV
oocytes with well-defined nucleoli from both WT and Patl2~/~
females. However, GV oocytes from Patl2”/~ mice were smaller in
diameter than those from WT mice, suggesting that the absence of
Patl2 affected oocyte growth (Fig EV3A and B). Full stimulation
(PMSG + hCG) produced a comparable number of oocytes in
Patl2~~ and WT mice (Fig EV3C). This result concurs with obser-
vations that patients harbouring PATL2 mutations produce a compa-
rable number of oocytes to control patients (Table 1). Patl2~/~ mice
produced MII stage oocytes (Fig EV3D), identified by the presence
of the first polar body (PB1), indicating that the phenotype is not as
severe in mice as in humans, where no MII oocytes were produced
(Table 1). As for GV oocytes, MII Patl2~/~ oocytes were smaller in
diameter than control MII oocytes (Fig EV3E), indicating that oocyte
meiotic maturation as well as oocyte growth was impaired in the
absence of Patl2. This finding was corroborated by the increased
percentage of oocytes released at stages before MII: 26% for WT
and 45% for Patl2~/~ (Fig 5A). These oocytes were probably
blocked in metaphase I (MI), as indicated by the absence of PB1
(Fig 5B). Notably, many apparent Ml-arrested oocytes presented
misaligned chromosomes and abundant cytoplasmic asters (Fig 5B).
A significant increase in morphological defects such as abnormal
spindle morphology, misalignment of chromosomes on the spindle
and numerous cytoplasmic asters was also observed in Patl2~/~ MII
oocytes (Fig 5C and D). Thus, both women carrying a PATL2 muta-
tion and Patl2~/~ mice exhibit oocyte maturation defects.

Next, the developmental competence of the oocytes collected was
challenged in IVF experiments. We chose not to denude oocytes for
these experiments since removal of cumulus cells has a negative
impact on fertilisation. For WT females, the percentage of eggs

EMBO Molecular Medicine 10: e8515]2018 7 of 24
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Patl2-HA Pati2-HA

Pati2-HA

Patl2-HA Patl2-HA

Patl2-HA Patl2-HA

Patl2-HA

Figure 3. Analysis of possible colocalisation of Patl2 with Cpebl, Ddx6 and Msy2.

A Confocal image of secondary follicle oocytes from Patl2-HA homozygous females co-stained with antibodies against HA tag (green) and Cpeb1l (red) and
counterstained with Hoechst to reveal the nucleus (A1). Insets show the follicular environment of the oocyte studied. White rectangles indicate the zones of
enlargement, shown on the right (A2). This image corresponds to a merge of Patl2 (A3) and Cpebl (A4) signals. Scale bars = 10 pum.

B Similar experiments performed with secondary follicle oocytes from Patl2-HA homozygous females co-stained with antibodies against HA tag (green) and Ddx6 (red).
Scale bars = 10 pm.

C Similar experiments performed with secondary follicle oocytes from Patl2-HA homozygous females co-stained with antibodies against HA tag (green) and Msy?2 (red).
Scale bars = 10 pm.
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Figure 4. Patl2 knockout (PatIZ"’) females exhibit a severe subfertility phenotype when mated with WT males, whereas Patl2~'~ males are fertile.

A Comparative accumulation of live pups over a period of 6 months from three WT and three Patl2~/~ females crossed with WT males shows severe hypofertility of

Patl2~/~ females.

B Histograms showing the number of pups per litter (mean £ SEM) obtained by crossing three WT (n = 14 total litters) and three Patl2~'~ females (n = 7 total litters)

with WT males. Statistical test: two-tailed unpaired t-test with Welch’s correction.

C Total number (mean £ SEM) of pups produced by a WT or Patl2~/~ female over a 6-month period (n = 3 per genotype). Statistical test used: two-tailed unpaired

t-test.

D The number of litters per month (mean = SEM) is significantly decreased for Pat/2~/~ versus WT females. Statistical test: two-tailed unpaired t-test.
E Patl2~/~ males produce comparable litter sizes to WT males when mated with WT females (mean £ SEM). Statistical test: two-tailed unpaired t-test.

reaching the two-cell stage was 67.7% =+ 8.1 (n = 5 experiments, 10
females) (Fig 6A). Given that only 74% of ovulated oocytes can be
assumed to be at the MII stage (Fig S5A), this proportion translates to
90% of WT MII oocytes reaching the two-cell stage. In contrast, for
Patl2~/~ females the percentage of eggs reaching the two-cell stage
dropped to 36.4% + 6.4, which translates to 65% success if we
consider that only 55% of ovulated oocytes from Patl2~/~ females are
MII oocytes (Fig 5A). The IVF outcomes were therefore significantly
altered in Patl2~/~ females, indicating compromised developmental
competence for Patl2~/~ oocytes. This decrease in numbers of two-cell
Patl2™’~ embryos correlates with the abnormal development of
Patl2™/~ zygotes, which exhibited numerous defects, including delayed
pronucleus formation, absence of sperm DNA decondensation and/or

© 2018 The Authors

polyspermy. In contrast, almost all fertilised WT zygotes contained
two pronuclei (2PN) (Fig 6B-D). Finally, the reduced developmental
competence of Patl2~/~ eggs and their altered fertilisation also severely
affected pre-implantation development since only 27.2% + 5.1 (n =4
experiment, eight females) of two-cell embryos generated with
Patl2™/~ eggs reached the blastocyst stage in contrast to 87.1% + 5.6
with WT eggs (Fig 6A).

Absence of Patl2 significantly alters the transcriptome of GV and
MII oocytes

Since x-Patla, the Xenopus orthologue of PATL2, is a RNA-binding
protein (Marnef et al, 2010; Nakamura et al, 2010), we next

EMBO Molecular Medicine 10: e8515]2018 9 of 24
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Infertility of Patl2-deficient female mice is due to oocyte maturation defects.

A Oocytes collected after ovarian stimulation were labelled with a tubulin antibody (red) and counterstained with DAPI to reveal DNA (blue). An increase in non-Ml|

B IF images of tubulin-stained Pat/2™

oocytes (Ml arrest, absence of PB) after full ovarian stimulation was observed in Patl2~'~ mice (n = 3 females per genotype).

/= oocytes arrested at M| stage showing various defects such as irregular spindle shape and abnormal chromosome distribution.
Scale bar = 20 um. Inset in each panel shows overlay of phase contrast image and Hoechst staining of the corresponding oocyte. No polar bodies were observed for
MI oocytes.

IF images of tubulin-stained WT and Pat/2~/~ MIl oocytes, as evidenced by PBL1. In control Ml oocytes, stack projections of confocal images show that the spindle
was symmetric and the chromosomes distributed in the middle of the spindle. In contrast, in Patl2~'~ MII oocytes various defects were observed such as irregular
spindle shape, spindle rotation and numerous cytoplasmic asters. Slightly greater numbers of oocytes with abnormal chromosome distribution were also observed.
Scale bar = 20 um. Inset in each panel shows overlay of phase contrast image and Hoechst staining of the corresponding oocyte. One polar bodies was observed for
MII oocytes.

D Histograms quantifying the % defects observed in Pat/2~/~ MIl oocytes.

assessed how the absence of Patl2 affected the oocyte transcriptome
during oocyte maturation in mice. To do so, global gene expression
analysis was performed on oocytes collected at GV and MII stages
from WT and Patl2™/~ females.

Expression levels for nearly 66,000 transcripts were measured
across the different oocyte groups using Affymetrix microarrays.

10 of 24 EMBO Molecular Medicine 10: e8515 | 2018

First, we verified that oocyte RNA purification was not contami-
nated by RNA from follicular cells, by comparing expression levels
of genes specific to follicular cells and oocytes, respectively
(Appendix Fig S6A). The absence of exon 7 transcription in Patl2™/~
oocyte extracts was also verified in the microarray data
(Appendix Fig S6B). The results of this analysis revealed no
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Figure 6. MIl oocytes from Patl2/~ female mice exhibit abnormal fertilisation preventing normal embryo development.

A IVF outcomes (mean + SEM) measured at the two-cell, morula and blastocyst stages show that the developmental competence of Patl2~'~ oocytes is
compromised. Oocytes were collected from stimulated WT and Patl2~'~ females and sperm from WT males. For each IVF replicate (different WT males), IVF
outcomes at different stages were compared for WT and Patl2~/~ oocytes. Statistical differences were assessed using unpaired two-tailed t-tests.

B Z-stack projections of confocal images of 2PN zygotes obtained from WT and Pat/2 f oocytes 6-8 h after sperm-egg mixing. Fertilised WT oocytes exhibit normal
2PN stage (C1) whereas the number of fertilised Patl2~/~ oocytes exhibiting normal 2PN stage is strongly reduced (C2) and most of them show defects such as
absence of a male pronucleus (C3), partial decondensation of male PN (C4, C5, white arrows) or polyspermy (C5 white arrows). Scale bar = 20 um, PB = polar body,
PN = pronucleus.

C,D The percentage of 2PN obtained 6-8 h after fertilisation drops from 53.4% for WT to 14.4% for Pat/2~/~ oocytes, which exhibit various fertilisation abnormalities
including partial decondensation of sperm DNA, polyspermy, abnormal number of PN or mixed defects (D).
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difference in overall purified RNA concentration between WT and
Patl2™’~ oocytes, for both GV and MII stages, indicating that unlike
Msy2, Patl2 is not a global regulator of mRNA stability and transla-
tion (Yu et al, 2001) (Appendix Fig S6C).

However, significant changes were observed for specific tran-
scripts, both at GV and MII stages (Fig 7A). At the GV stage, lack of
Patl2 induced a > twofold decrease for 95 transcripts (P < 0.05)
and > twofold increase for 39 transcripts (Dataset EV1). At the MII
stage, a > twofold decrease in 124 transcripts and > twofold
increase in 122 transcripts were observed (Dataset EV2). Approxi-
mately one-third of the genes down-regulated at the GV stage (32)
were also down-regulated at the MII stage, and half of the genes up-
regulated at the GV stage (19) were also up-regulated at the MII
stage (Dataset EV3 and Fig 7B). The impact of Patl2 deletion on
gene expression at the GV and MII stages was then visualised using
hierarchical clustering of genes with an absolute fold-change
((aFC))> 2, P < 0.05 (Fig 7C).

Phosphorylation, oxidation and other pathways are
down-regulated in the absence of Patl2

Literature mining to determine the functions of the genes down-
regulated in Patl2~/~ oocytes identified several groups of genes
reported to be involved in oocyte maturation. The proteins encoded
are involved in several signalling pathways implicated in oocyte dif-
ferentiation, oxidative stress, transcription and translation, exocrine
modulation, meiosis and spindle formation (Table 2). We therefore
suspect that the decreased expression of these genes interferes with
normal oocyte differentiation. Regarding signalling pathways that are
activated during oocyte maturation, significant down-regulation of
transcripts for proteins involved in mTORC1, Wnt, NF-kB, MAP
kinase and phosphatase signalling pathways was observed. It is
worth noting that we also detected a more than twofold decrease in
Pgrmcl, a receptor required to slow down oocyte meiotic progression
(Guo et al, 2016; Table 2). This decrease in Pgrmcl in GV oocytes
was confirmed by RT-qPCR experiments (Appendix Fig S7).

Oocyte maturation is controlled by bidirectional crosstalk
between the follicular cells and the oocyte: the secretion of oocyte-
produced factors is necessary for follicle cell differentiation; follicle
cells in turn secrete factors activating different signalling pathways
within the oocyte (Li & Albertini, 2013). Interestingly, two factors,
Cxcl14 and Adm2, known to play a crucial role in cumulus cell
maturation (Bobe et al, 2006; Chang et al, 2011), were down-regu-
lated in Patl2™/~ oocytes (Table 2). We also observed a strong
deregulation of several other interesting transcription factors, such
as Sohlh2, which was down-regulated 2.2-fold and 5.3-fold at the
GV and MII stages, respectively, and Eeflel (Table 2). We also
noticed that two glutathione-S-transferases were repressed in
Patl2~/~ GV oocytes (Table 2). This down-regulation may increase

Role for PATL2 in oocyte maturation  Marie Christou-Kent et al

oxidative stress within the oocyte. Spindle defects may also be
aggravated by repression of Pak4 and Ccdc69 (Table 2), two
proteins known to affect spindle assembly (Pal et al, 2010; Bompard
et al, 2013). RT-qPCR experiments confirmed the down-regulation
of Ccdc69 and Eeflel in GV oocytes (Appendix Fig S7).

Some transcripts, such as Fgf9 and Cdc25a which control meiosis
II (Assou et al, 2006), are known to be strongly up-regulated in
oocytes after GVBD. Interestingly, both these transcripts were signif-
icantly down-regulated in Patl2~/~ MII oocytes (Table 2). This
decreased expression probably hampers final oocyte maturation.
Among the list of genes up-regulated at both GV and MII (Dataset
EV3), two particular genes, Prr11 and Ska2 (spindle and kinetochore
associated complex subunit 2), are known to be required for spindle
stability (Zhang et al, 2012). Ska2 up-regulation was confirmed by
RT-gPCR for GV oocytes (Appendix Fig S7).

Finally, the lists of all down- and up-regulated proteins in Patl2~/~
oocytes at the GV and MII stages were uploaded directly into Ingenuity
Pathway Analysis (IPA) software, to explore their molecular and
biological functions. At the GV stage, the most significantly down-
regulated pathways were the ephrin receptor pathway and ephrin A
signalling, which control embryo/trophoblast development (Fig EV4A
and Table 2). Interestingly, at the MII stage, the cell cycle G1/S check-
point was also significantly down-regulated (Fig EV4B), in accordance
with the cell cycle defects visible in Fig 5.

The transcripts differentially expressed between MIl and GV in
WT and Patl2~/~ samples affect a similar set of biological
pathways and functions

To assess a possible role for Patl2 in the GV-MII transition, we identi-
fied the up- or down-regulated differential expression transcripts
(DET) (P < 0.05, absolute fold-change > 2) between the GV and MII
transcript lists for WT and Patl2~/~ samples (Datasets EV4 and
EV5). The lists of corresponding proteins were directly uploaded into
IPA software to explore their molecular and biological functions. The
functional pathways or networks with the highest confidence scores
were then determined by right-tailed Fisher’s exact tests. This analy-
sis showed that a large portion of DET in WT samples were involved
in energy production (oxidative phosphorylation and mitochondrial
(dys)function, Appendix Fig S8) protein synthesis (EIF2 signalling,
regulation of elF4 and p7056K signalling) and DNA replication,
recombination and repair (Fig EV5A). It is worth noting that the up-
and down-regulated transcripts included in the DET lists were docu-
mented to functionally interact with each other, forming tightly
connected networks. This observation strengthens the relevance of
the data (Appendix Fig S9A). A similar analyse of DET from Patl2~/~
samples indicated that the eight pathways with highest confidence
scores were identical to those recorded for WT samples (Fig EV5B),
suggesting that Patl2 only plays a minor role (or no role) in the

Figure 7. Transcriptional analysis of GV and MIl oocytes from WT and Patl2~/~ mice.

A Comparison of the transcriptional profiles in Patl2~"~ oocytes versus WT oocytes at the GV or Ml stages. GV oocytes were collected 44 h after PMSG injection and
MII 13 h after hCG injections. For both MIl and GV, two replicates for WT and three replicates for Patl2~/~ oocytes were analysed.
B Venn diagrams representing down- or up-regulated genes in Pat/2~/~ oocytes (absolute fold-change ((aFC))> 2, P < 0.05) with respect to WT oocytes at the GV and

MI| stages.

C Hierarchical clustering of gene expression data for the down- and up-regulated genes (aFC> 2, P < 0.05) of Pat/2~/~ and WT oocytes at GV (left) and MII (right)

stages, demonstrating the clustering of replicates to their respective groups.
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Table 2. Gene ontology analysis of microarray data.

Gene
symbol

Gene name

WT
GV

KO
GV

Fold-
change

WT
Mil

KO
Mil

Role for PATL2 in oocyte maturation

Fold-
change

(Possible) role in oocyte
maturation and early embryo
development

Marie Christou-Kent et al

References

Elements of signalling pathways activated during oocyte maturation

Gatsl3

GATS protein-like 3

9.64

8.12

—2.88

9.26

8.99

-121

CASTOR (gatsl3) is an arginine
sensor for the mTORC1 pathway.
Arginine breaks the CASTOR/
GATOR2 complex. GATOR2
activates mTORC1. Activated
mTORC1 will phosphorylate
translation inhibitor 4E-BP1,
releasing it from eukaryotic
translation initiation factor 4E
(elF4E) which is then free to join
the translation initiation
complex. When the mTORC
pathway is inhibited, bovine
oocytes are blocked at the M1
stage

Chantranupong
et al (2016),
Mayer et al
(2014)

Pygol

Pygopus 1

6.9

—3.43

8.25

6.73

—2.87

Pygopus is a Wnt transcriptional
component. Knockdown of Axin-
1, a negative regulator of Wnt
signalling leads to defective
spindles, misaligned
chromosomes, PB1 extrusion
failure and impaired PN
formation. Embryo development
is also impacted since maternal
Wnt/STOP signalling promotes
cell division during early Xenopus
embryogenesis. WNT signalling
pathway is important for proper
oocyte maturation

He et al (2016),
Huang et al
(2015), Spate
et al (2014)

Ppplrl4db

Protein phosphatase
1, regulatory
(inhibitor) subunit 14B

12.62

1111

—2.84

12.65

1134

—2.49

Ppplrl5a

Protein phosphatase
1, regulatory
(inhibitor) subunit 15A

7.29

—1.96

817

-1.92

PP1 is an important protein
involved in the cell cycle and
controls dephosphorylation of
numerous proteins such as
proteins phosphorylated by Cdc2
and downstream mitotic kinases.
Likely impacts meiotic control

Duspl

Dual specificity
phosphatase 1

1194

10.49

—272

1278

11.78

—2.01

Duspl is able to dephosphorylate
MAP kinase, known to be very
important in oocyte maturation
and meiosis

Liang et al
(2007)

Nfkbia

Nuclear factor of
kappa light
polypeptide gene
enhancer in B cells
inhibitor, alpha

833

—273

9.43

7.7

—331

NFKBIA is a gene involved in
maintaining meiotic
transcriptional arrest. Inhibits the
NF-xB transcription factor.
Change during GV-MII transition.
Highly expressed at embryonic
genome activation

Paciolla et al
(2011)

Pgrmcl

Progesterone receptor
membrane
component 1

797

—2.27

9.53

8.01

—2.86

P4-PGRMCL1 interaction
attenuated oocyte meiotic
progression and primordial
follicle formation by decreasing
intra-oocyte cAMP levels. When
PGRMCL1 is low, oocytes are not
blocked by P4 and mature too
fast

Guo et al
(2016)

Secreted factors

Cxcl14

Chemokine (C-X-C
motif) ligand 14

8.08

6.99

-213

8.59

7.5

-213

Important factor for oocyte
maturation in fish

Bobe et al
(2006)
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Table 2 (continued)
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EMBO Molecular Medicine

(Possible) role in oocyte

Gene WT KO Fold- WT KO Fold- maturation and early embryo
symbol Gene name GV GV change Mil Mil change development References
Adm2 Adrenomedullin 2 11.75 10.64 -216 12.4 11.91 -14 ADM?2 is a novel oocyte-derived Chang et al
ligand important for the (2011)
regulation of cell interactions in
COCs that functions, in part, by
suppressing cumulus cell
apoptosis
Transcription translation factors
Med11 Mediator complex 9.84 8.28 —294 9.78 8.39 —2.62 Mediator of RNA polymerase Il
subunit 11; transcription, subunit 11
homologue (S. cerevisiae)
Med29 Mediator complex 11.01 933 -32 797 7.32 —157 Mediator complex subunit 29
subunit 29 (MED29) is part of a large
multiprotein coactivator complex
that mediates regulatory signals
from gene-specific activators to
general transcription machinery
in RNA polymerase || mediated
transcription
Sohlh2 Spermatogenesis and 718 6.06 —218 8 558 —533 SOHLH2 is a transcription factor Choi et al
oogenesis specific that coordinates oocyte (2008), Shin
basic helix-loop-helix differentiation without affecting et al (2017)
2 meiosis | and drives oocyte
growth and survival but not
meiosis |
SIx2 Sycp3 like X-linked 8.04 6.81 —236 597 5.77 —-115 SLX2 might be involved in DNA Shi et al (2013)
recombination, synaptonemal
complex formation as well as sex
body maintenance during meiosis
Prmt5 Protein arginine N- 9.05 7.88 —2.25 872 8.16 —1.47 PRMTS negatively affects cyclin Stopa et al
methyltransferase 5 E1 promoter activity. Cyclin E1 is (2015), Wilczek
activated during meiosis in et al (2011)
Xenopus. Prmt5 is critical in
biological function in a wide
range of cellular processes
including development and
methylates histones H2A and H4
in oocytes
Eeflel Eukaryotic translation 13.39 12.26 —-219 13.24 11.78 —276 DNA damage response. Regulator Uniprot
elongation factor 1 of translation
epsilon 1
E2f4 E2F transcription 1361 125 —-217 1402 1318 -18 Regulator of translation
factor 4
Oxidative stress
Gstp2 Glutathione S- 12.04 1041 —311 10.28 9.51 -171 Important in oxidative stress. A Paczkowski and
transferase, pi 2 high level of gluthatione Krisher (2010),
transferase is associated with Rausell et al
higher oocyte developmental (2007)
Gstpl Glutathione S- 1143 991  —286 974 914 151 quality. Glutathione
. S-transferase is a marker of
transferase, pi 1 L
oocyte maturity in pigs
Spindle assembly
Pak4 p21 protein (Cdc42/ 1132 10.32 —-2.01 12.02 1141 —152 Ran is a substrate for p21- Bompard et al
Rac)-activated kinase activated kinase 4 (PAK4). (2013)
4 RanGTP is an important actor of

spindle formation and
asymmetric division during
meiosis

© 2018 The Authors
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Table 2 (continued)

Role for PATL2 in oocyte maturation  Marie Christou-Kent et al

(Possible) role in oocyte

Gene WT KO Fold- WT KO Fold- maturation and early embryo
symbol Gene name GV GV change Mil Mil change development References
Ccdc69 Coiled-coil domain 14.63 1354 —213 148 13.87 —-191 CCDC69 regulates central spindle Pal et al (2010)
containing 69 assembly
Embryo/trophoblast factors
Phlda2 Pleckstrin homology- 103 7.56 —6.7 7.7 7.05 —1.57 PHLDA2 is an imprinted gene, Frank et al
like domain, family A, and only the maternal copy is (2002), Jensen
member 2 expressed. This gene is associated et al (2014)
with placental dysfunction. KO
mice exhibit foetal growth
deficiency
Efnal Ephrin A1 9.73 7.34 —524 9.05 8.02 —2.04 Ephrins A1-4 were expressed in Fu et al (2012),
Efna4 Ephrin A4 87 708  —307 855 721 254 blastocysts. The ephrin A system  Fujii et af
is involved in regulating contact (2006)
Efna2 Ephrin A2 89 7.49 —2.66 881 7.86 —1.93 between blastocysts and
endometrium during embryo
implantation
Cstb Cystatin B 11.81 9.44 —517 10.85 9.5 —2.55 The cathepsin—cystatin system Nakanishi et al
plays an important role in (2005)
trophoblast cell invasion and
normal embryonic growth
Pri8a2 Prolactin family 8, 951 717 —5.05 912 5.93 —-9.16 In Prl8a2 null tissues, genes Alam et al
subfamily a, member expressed in the trophoblast are (2015)
2 down-regulated
Crabp2 Cellular retinoic acid 12.73 105 —4.69 1234 10.73 —3.06 Altered expression level of Lee et al (2011)
binding protein Il endometrial CRABP2 is involved
in abnormal endometrium-
trophoblast interaction, which
leads to implantation failure
TIr8 Toll-like receptor 8 734 5.49 —361 715 5 —4.46 TLR8 is expressed in the Kaya et al
trophoblast. Its inhibition (2017), Ruiz-
suggests that it is necessary for Gonzalez et al
successful establishment of early (2015)
gestation in ewes
Specific MII regulation
Fgfo Fibroblast growth 6.64 6.1 —145 7.21 5.88 —251 FGF9 counteracts retinoic acid, Feng et al
factor 9 which promotes entry into (2014)
meiosis. Its expression increases
at Ml stage and reaches highest
level at the MII stage
Cdc25a Cell division cycle 25A 11.59 11.55 —1.03 1231 11.18 —2.19 Its expression increases Solc et al
significantly at the MII stage. (2008)

Cdc25a is crucial in the MI-MII
transition and its down-
regulation results in fewer
oocytes resuming meiosis and
reaching Ml

GV-MII transition. Similarly, in Patl2~/~ samples, DET formed tightly
connected networks (Appendix Fig S9B).

Discussion
Genetic basis of OMD

The genetic basis of OMD was unexplored until 2016 when heterozy-
gous mutations of TUBBS8 were reported to account for approximately
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30% (7/23) of OMD Han Chinese familial cases (Feng et al, 2016). In
our 22-subject cohort, only one TUBBS deletion variant was identified
by WES analysis, suggesting that TUBB8 mutations may not be a
common cause of OMD in North African women. No down-regulation
of the expression of tubulin genes was observed in GV or MII oocytes
from Patl2~/~ mice, indicating that PATL2-dependent OMD does not
involve tubulin deregulation. These results suggest geographical
heterogeneity of the genetic causes of OMD. Indeed, 26% of our
patients were found to present the same homozygous truncation of
PATL2, demonstrating that PATL2 mutation is a major cause of OMD
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in North Africa. Interestingly, the same mutation was detected in all
our patients, suggesting a founder effect. This hypothesis was rein-
forced by the analysis of the variants from WES data in the regions
surrounding PATLZ2, which revealed a common homozygous haplo-
type (Dataset EV6). During the assessment of our data, two other
studies were published associating PATLZ2 with human OMD. The
first was carried out on a cohort of 180 Han Chinese patients: it identi-
fied 5 PATL2 nonsense variants and four mis-sense variants in five
unrelated subjects. If the mis-sense variants are proven to be deleteri-
ous, this corresponds to a frequency of ~3% in the subjects tested (5/
180) (Chen et al, 2017). In the second study, two homozygous PATL2
variants were identified in two OMD subjects each from two different
Saudi Arabian families. One of these variants is the same p.Arg160Ter
variant presented here, whereas the other is a new mis-sense variant
(Maddirevula et al, 2017). With cases across two continents, these
studies, in combination with the present study, provide strong
evidence that PATL2 mutation is a major cause of human OMD
whose phenotype is characterised by arrested development at the
germinal vesicle stage.

Comparison of expression profiles and distribution for Patl2 and
other RNA-binding proteins suggest a niche role for Patl2

By IF, we showed that (i) Patl2 is undetectable in primordial follicle
oocytes; (ii) significant Patl2 translation begins at the primary folli-
cle stage; (iii) Patl2 concentration peaks in secondary follicle
oocytes; (iv) Patl2 is expressed only in the cytoplasm; (v) staining is
relatively homogenous; and (vi) taking oocyte volume into account,
the total amount of Patl2 increases as oocytes grow. These results
clearly indicate that Patl2 plays a key role during oocyte growth and
that it does not contribute to the maintenance of the primordial folli-
cle pool in mouse ovaries. This conclusion is corroborated by our
data showing comparable numbers of primordial follicles in control
and Patl2™/~ ovaries at 12 dpp. Nevertheless, the number of primor-
dial follicles was found to be significantly higher at 26 dpp in
Patl2 ™/~ ovaries. This puzzling result deserves further investigation;
it may indicate that expression of Patl2 is required for the primor-
dial/primary follicle transition. The importance of Patl2 in oocyte
growth is reinforced by our data showing that GV and MII oocytes
are smaller in diameter in the absence of Patl2. Interestingly,
although signal intensity for Patl2 declined during the GV NSN to
SN transition, the protein remained clearly detectable in MII
oocytes. This observation contrasts with data from Xenopus oocytes,
where x-Patla was shown to completely disappear upon proges-
terone-induced meiotic maturation (Marnef et al, 2010; Nakamura
et al, 2010). This discrepancy suggests that the function of Patl2
may have evolved in mammals to include a role during fertilisation
and/or early development. A similar evolution has been reported
for the germ-cell-specific translational repressor Msy2, which is
detectable until the late two-cell embryo stage, undergoing changes
in its phosphorylation state which presumably influence its interac-
tion with mRNA (Yu et al, 2001).

Oocyte growth is characterised by extensive mRNA synthesis and
accumulation within the cytoplasm. Although most of the mRNA
synthesised during oocyte growth is immediately translated to support
the growing oocyte, up to 30% of mRNAs are stored for subsequent
translation and are required at meiotic resumption or for early zygote
development (Pique et al, 2008). Several molecular mechanisms
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controlling mRNA stability have been described and involve a number
of RNA-binding proteins (Clarke, 2012), although their relative contri-
butions remain poorly understood. The best-described translational
repression mechanism in oocytes involves a specific mRNA sequence,
the cytoplasmic polyadenylation element (CPE), which is present in
the 3" UTR of the affected mRNAs. It associates with its binding factor,
CPEB, as well as the cytoplasmic polyadenylation machinery (Racki &
Richter, 2006; Sousa Martins et al, 2016). The role of CPEB in mediat-
ing translational repression is well documented, but its precise mecha-
nism of action—in particular the roles of its molecular partners—
remains to be fully elucidated. x-Patla, for example, was described to
be an RNA-binding protein and a partner of CPEB in Xenopus oocytes,
but its precise role in translational repression remains unknown
(Nakamura et al, 2010). Apart from CPEB, the RNA-binding protein
Msy2 also plays a key role in RNA stability. The Xenopus orthologue
of Msy2 (Ybx2) has been reported to participate in the same complex
as x-Patla and CPEB in Xenopus oocytes (Medvedev et al, 2011).
Absence of Msy2 in mice leads to infertility and modulates the expres-
sion of around 7,000 transcripts (> twofold absolute change), that is
approximately 30% of all transcripts. This broad effect could be
explained if it acts as a sequence-independent RNA-binding protein or
global regulator of mRNA stability. Finally, P-bodies, central to RNA
processing in somatic cells, have been described in mammalian
oocytes. The RNA helicase and translational repressor Ddx6 is a key
component of all known types of P-body. Several studies have
reported the existence of P-bodies containing Ddx6 in immature
mouse oocytes, which disappear during oocyte growth, dispersing
Ddx6 as well as Msy2 and Cpeb within the cytoplasm (Swetloff et al,
2009; Flemr et al, 2010). We therefore endeavoured to find out
whether Patl2 may be part of a similar, temporary, structure.

To assess the possibility that Patl2 works in synergy with these
proteins which are important for mRNA stability, we compared their
expression profiles and abundance and performed colocalisation
experiments. Patl2 localisation was determined using Patl2-HA mice.
Msy2 and Ddx6 proteins were found to be expressed at significant
levels in primordial follicle oocytes, whereas Patl2 was undetectable
at this stage. The Msy2 concentration appeared constant throughout
oocyte growth, and its abundance in antral follicle oocytes is in line
with its role in the oocyte-embryo transition (Yu et al, 2001). Ddx6 is
strongly expressed in primordial and primary follicle oocytes, with
signal intensity gradually decreasing in secondary and tertiary folli-
cle oocytes. As Ddx6 is a P-body component, this result is compatible
with the disappearance of P-bodies in fully grown oocytes (Flemr
et al, 2010). Unlike Patl2, Cpeb1 was detectable in primordial follicle
oocytes, but its signal intensity pattern was otherwise similar to that
of Patl2, peaking in secondary follicle oocytes and weakening in
tertiary follicle oocytes. However, Cpebl appears to be localised in
small RNPs, as evidenced by its clear punctiform staining (Fig 3). In
colocalisation experiments performed on secondary follicle stage
oocytes, Patl2 failed to clearly colocalise with any of the three mRNA
regulatory proteins. Taken together, these results suggest that Patl2
may be involved in a new pathway controlling the stability of speci-
fic mRNA. This new pathway merits further study.

Impact of Patl2 invalidation on the oocyte transcriptome

In this study, we assessed the impact of the absence of Patl2 on the
transcriptomic profiles of GV and MII oocytes and on the
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transcriptomic variation observed at the GV-MII transition. The GV-
MII transition had previously been reported to be associated with
specific degradation of a large number of transcripts associated with
protein synthesis, DNA replication and energy production (Su et al,
2007). Our results confirm these previous findings, as the pathways
that underwent the most significant changes during the GV-MII tran-
sition in WT oocytes were associated with oxidative phosphorylation
and mitochondrial (dys)function (energy production), EIF2 and regu-
lation of elF4 and p7056K signalling (protein synthesis) and DNA
repair (Su et al, 2007). Su et al (2007) also showed that 62 out of 88
transcripts in the oxidative phosphorylation pathways were down-
regulated at the GV-MII transition. Here, we report down-regulation
of 45 out of 88 transcripts, of which 32 are included in the set
reported by Su et al (2007). Interestingly, our IPA analysis revealed
other pathways that are modulated during the GV-MII transition,
such as sirtuin signalling and mTOR signalling. The similarity of our
results to previous reports, together with RT-qPCR analysis of
selected genes, reinforces the conclusions drawn from the transcrip-
tomic analyses. Importantly, we observed effects on the same major
pathways in the GV-MII transition in Patl2~/~ oocytes and in WT
oocytes, suggesting that Patl2 is not involved in this transitional
phase.

Our data show that the absence of Patl2 induces transcriptomic
deregulation, affecting 135 genes at the GV stage and 248 genes at
the MII stage with an absolute fold-change > 2, (P < 0.05). This
relatively small list includes genes of highly relevant function
(Table 2). Indeed, several of the corresponding proteins, such as
Prgmcl and Slohlh2, are reported to be involved in oocyte matura-
tion. Sohlh2 is of particular interest as it has been described to be
required for oocyte growth, and Sohlh2™/~ females were found to
be infertile (Choi et al, 2008). Interestingly, this factor does not
affect meiosis I (Shin et al, 2017), which is line with the observation
that Patl2~/~ females are able to generate MII oocytes. The factors
Cxcl14 and Admz2, known to be necessary for cumulus cell matura-
tion, were also found to be down-regulated. However, no decrease
in follicle size or any other visible defects were observed in ovarian
sections at 26 dpp, suggesting that any follicular defects are subtle.
Importantly, several key proteins protecting cells against oxidative
stress were down-regulated (GST forms). Oocytes are very sensitive
to oxidative stress, which causes spindle abnormalities (Choi et al,
2007) and affects developmental competence (Rausell et al, 2007);
in addition, glutathione S-transferase has been reported to be a
marker of oocyte maturity in pigs (Paczkowski & Krisher, 2010).

Some of the up-regulated transcripts could also interfere with
normal oocyte maturation. The most extensively up-regulated gene
at the MII stage was Prrl1. In WT MII oocytes, its expression was
low, suggesting that its role in normal oogenesis is minimal or null.
Prr11 deregulation has however been shown to dramatically modify
the cell cycle, although how it does so remains unclear (Li et al,
2017). Tts strong up-regulation may therefore interfere with meiosis
or early development. Another remarkable gene up-regulated at
both GV and MII is Ska2 (spindle and kinetochore associated
complex subunit 2), which is known to control spindle stability
during meiosis (Zhang et al, 2012). This up-regulation could explain
the numerous defects observed in MI and MII meiotic spindles. Up-
regulation of these genes could be a cellular response attempting to
address the transcript deregulation induced by Patl2-deficiency.
Taken together, these results underline the importance of PATL2 in
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the regulation of a specific subset of mRNAs required for the genera-
tion of mature oocytes.

Moreover, a considerable number of genes known to be involved
in pre-implantation embryonic development were also found to be
down-regulated in both GV and MII oocytes from Patl2~/~ mice.
This down-regulation may contribute to the poor pre-implantation
developmental competence observed for Patl2™/~ embryos (Fig 6).
These results suggest that Patl2 plays an essential role in maintain-
ing the integrity of a small pool of mRNAs synthesised during oocyte
growth and necessary after fertilisation and during early embryo
development. This role is compatible with the presence of Patl2 in
MII oocytes and its function as a translation repressor, as described
for its Xenopus homologue (Marnef et al, 2010).

In conclusion, we report that PATL2 is a vital player in oocyte
growth and maturation, where it regulates the expression of mRNAs
encoding proteins crucial for oocyte meiotic progression and early
embryonic development, and that its invalidation causes OMD in
humans. Unravelling the molecular basis of OMD will help patients
by improving diagnosis and our understanding of their disease. This
work will also be of tremendous interest to the fast-growing field of
clinical in vitro oocyte maturation, necessary for the development of
a number of applications, such as fertility preservation for cancer
patients (in particular for young prepubertal girls; Kim et al, 2016)
before commencing reprotoxic chemotherapy, or in vitro maturation
of primary/secondary follicles for patients with premature ovarian
failure (Kim, 2012; Yin et al, 2016).

Materials and Methods
Ethics

After sperm analysis and IVF treatment, performed independently of
the research presented in this paper, couples presenting an interest-
ing phenotype (male and/or female infertility) were selected and
referred by their physician. The physician explained the study and
its objectives before subjects signed an informed consent form in line
with the local IRB protocols and the principles of the Declaration of
Helsinki. DNA samples from couples of interest were collected and
the identity of patients coded in such a manner that subjects could
not be identified. All medical records were saved. No specific treat-
ment was given to any female patient for research purposes, and all
oocytes collected were used for IVF/ICSI treatment only.

Patients and biological samples

A total of 23 patients were recruited. All subjects were of North
African descent, mainly Tunisia and Algeria, with one patient from
Mauritania. All had undergone one or two cycles of ovarian stimula-
tion to allow egg collection for use in IVF. Human DNA samples were
obtained from patients consulting for diagnosis and assisted repro-
ductive techniques at the PolyClinique des Jasmins (Tunis, Tunisia)
(n = 21) or at the reproductive unit located in Bondy, France (n = 2).

Patients underwent standard controlled ovarian stimulation by
the administration of gonadotropins using either the long agonist or
the antagonist protocol. Women were given between 150 and 225 U
recombinant follicle-stimulating hormone (Gonal-F; Merck-Serono).
Subsequently, ultrasound was performed and follicular response
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recorded from day 5 of gonadotropin stimulation. When at least two
follicles were > 18 mm in diameter, 6,500 IU or 10,000 IU human
chorionic gonadotropin was administered. Oocytes were retrieved
34-36 h later by vaginal ultrasound-guided follicular puncture.

Control cohort: Since 2007, and in parallel to this study on OMD,
we also performed a large study on male infertility, involving
several hundred couples. Most of these couples had IVF/ICSI treat-
ments, and female partners of infertile men with normal fertility
levels were considered as fertile controls. Their characteristics were
recorded and used anonymously. These cohorts have already
been described in our previous works concerning male infertility
(Dieterich et al, 2007; Harbuz et al, 2011; Ben Khelifa et al, 2014;
Coutton et al, 2018; Kherraf et al, 2018).

Exome sequencing and bioinformatics analysis

Genomic DNA was isolated from saliva using Oragene saliva DNA
collection kit (DNAgenotek Inc., Ottawa, Canada). Exome capture
was performed using NimblGen SeqCap EZ Kit version 2 (Roche).
Sequencing was conducted on Illumina HiSeq2000 instruments with
paired-end 76-nt reads. Sequence reads were aligned against the
reference genome (hgl9) using MAGIC (SEQC/MAQC-III Consor-
tium, 2014). Duplicate reads and reads mapping to multiple loca-
tions in the genome were excluded from further analysis. Positions
with a sequence coverage of < 10 on either the forward or reverse
strand were excluded. Single nucleotide variations (SNV) and small
insertions/deletions (indels) were identified and quality-filtered
using in-house scripts. The most promising candidate variants were
identified using an in-house bioinformatics pipeline which is
described in (Coutton et al, 2018). Variants with a minor allele
frequency > 5% in the NHLBI ESP6500 or in 1,000 Genomes Project
phase 1 data sets, or > 1% in EXAC, were discarded. These variants
were also compared to an in-house database of 56 control exomes.
All variants present in a homozygous state in this database were
excluded. Variant Effect Predictor (Ensembl) was used to predict the
impact of the selected variants. Only variants affecting splice donor/
acceptor sites or causing frameshift, inframe insertions/deletions,
stop gain, stop loss or mis-sense variants were retained, except for
those scored as “tolerated” by SIFT (sift.jcvi.org) and as “benign”
by Polyphen-2 (genetics.bwh.harvard.edu/pph2). All steps from
sequence mapping to variant selection were performed using the
ExSQLibur pipeline (https://github.com/tkaraouzene/ExSQLibur).

SANGER sequencing

Sanger sequencing was carried out using the primers listed in
Appendix Table S1A. PCR amplification (35 cycles) was performed
with a melting temperature of 60°C. Sequencing reactions were
performed using BigDye Terminator v3.1 (Applied Biosystems).
Sequence analyses were carried out on ABI 3130XL (Applied Biosys-
tems). Sequences were analysed using seqscape software (Applied
Biosystems). The primers used for Sanger verification of PATLZ2
mutations in patients are listed in Appendix Table S1A.

Mice

All animal procedures were performed according to the French and
Swiss guidelines on the use of animals in scientific investigations after
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approval of the study protocol by the local Ethics Committee (ComEth
Grenoble No. 318, ministry agreement number #7128 UHTA-U1209-
CA) and the Direction Générale de la Santé (DGS) for the State of
Geneva. Patl2™/** mice (C57BL/6NTac-Patl2 < tmla) were generated
by the EUCOMM Consortium (http://www.mousephenotype.org/ab
out-ikmc/eucomm). They were obtained from the Mouse Clinical
Institute—MCI, Strasbourg, France. Deletion of exon 7 was obtained
by crossing them with adult heterozygous EllaCre transgenic mice
(Lakso et al, 1996), obtained from Institut Cochin—Inserm 1016—
CNRS 8104—Paris. The ellaCre carries a Cre transgene under the
control of the adenovirus Ella promoter. This construction targets
expression of Cre recombinase to early mouse embryos. Cre expres-
sion is thought to occur prior to implantation in the uterine wall.
Cre-mediated recombination thus affects a wide range of tissues,
including the germ cells that transmit the genetic alteration to progeny.

Patl2-HA knock-in mice were generated by CRISPR/Cas9 technol-
ogy (Kherraf et al, 2018). Twenty-seven nucleotides encoding the
HA tag were inserted in the c-terminal of the Pati2 gene, immedi-
ately before the TAG stop codon (TAC CCA TAC GAT GTT CCA
GAT TAC GCT TAG) in C57BL/6 mice. One plasmid containing one
sgRNA and Cas9 was injected (5 ng/uL) with the single-stranded
DNA (50 ng/ul) for homology-directed repair. The single-stranded
DNA was 187 nt long and contained two 80 nt long arms homolo-
gous to the nucleotides located before and after the Patl2 stop
codon, surrounding the 27 nucleotides encoding the HA tag, and
ending with a TAG stop codon. The sgRNA sequence overlapped the
native Patl2 stop codon which, eight nucleotides later, was followed
by a TGG representing a suitable protospacer adjacent motif (PAM)
sequence. The synthetic ssSDNA was purchased from IDT (Leuven,
Belgium). After injection, zygotes were left for 4-6 h before intro-
ducing them into pseudopregnant host females where they were
carried to term. Edited founders were identified by Sanger sequenc-
ing from digit biopsies. Mice carrying the desired modification were
crossed with C57BL6/J to verify germline transmission and elimi-
nate any possible mosaicism. Heterozygous animals with the same
modification were then mated to produce homozygous offspring.

Mice were housed with unlimited access to food and water in a
facility with 12-h light per day. Animals were sacrificed by cervical
dislocation at the ages indicated.

Genotyping

DNA for genotyping was isolated from tail biopsies. Tail biopsies
(2 mm long) were digested in 200 pl lysis buffer (Direct PCR Lysis
Reagent (Tail); Viagen Biotech inc, CA, USA) and 0.2 mg proteinase
K for 12-15 h at 55°C, followed by 1 h at 85°C to inactivate protei-
nase K. The DNA was directly used to perform PCRs. Multiplex PCR
was done for 35 cycles, with an annealing temperature of 62°C and
an elongation time of 45 s at 72°C. PCR products were separated by
2% agarose gel electrophoresis. Genotypes were determined
depending on the migration pattern. Primers for Patl2-KO and Patl2-
HA-tagged mice are listed in Appendix Table S1B,C.

RT-qPCR
To verify the microarray results, RT-qPCR was performed on GV-

stage oocytes from wild-type and knockout mice using the TagMan®
Gene Expression Cells-to-CT™ Kit (Ambion). Ten cells were washed
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twice in PBS before lysis in 50 pl lysis/DNase buffer, giving a final
lysate concentration of 0.2 cells/pl. 10 pl of cell lysate was added to
1x RT buffer for a final volume of 50 pl, resulting in a final concen-
tration of 0.04 cell/pl. Gene expression was quantified using 4 pl of
the resulting cDNA. Reactions were performed in 96-well plates on
a StepOnePlus instrument (Applied Biosystems). Primers and probes
(TagMan Gene Expression assays) were ordered form Applied
Biosystems and consist of a pair of unlabelled PCR primers and a
TagMan probe with a dye label (FAM) on the 5" end, and a minor
groove binder (MGB) and non-fluorescent quencher (NFQ) on the 3’
end. Normalisation was performed relative to Gapdh (fold-change
found equal to 1 by microarray analysis). The ACt, which is deter-
mined by subtracting the Ct number for the reference gene from that
of the target gene was statistically analysed. Relative quantification
(RQ) was calculated (2**“") and used to graphically present the
results. Primers are listed in Appendix Table S1B.

Phenotypic analysis of mutant mice

Collection of GV and MII oocytes

GV oocytes were collected from 3- to 8-week-old females by punc-
turing ovaries with a 26-gauge needle in M2 medium (Sigma-
Aldrich, Lyon, France) containing 150 uM dibutyryl cyclic AMP to
prevent GV oocyte maturation and GVBD. Follicular cells surround-
ing GV oocytes were enzymatically (hyaluronidase 0.1%) and
mechanically removed using a pipette with an inner diameter of
around 100 pm. To extract GV oocytes from pre-antral follicles,
follicles were treated with 2 mg/ml collagenase IV and 1 mg/ml
hyaluronidase and ruptured with a fine pipette. For MII oocytes,
48 h after PMSG injection, 5 UI of human chorionic gonadotropin
(hCG) was injected (Chorulon, Intervet), and cumulus-oocytes
complexes (COCs) released from the ampullae were collected in M2
medium after 13 h. COCs were incubated in hyaluronidase enzyme
(0.1 mg/ml, Sigma-Aldrich) for 5 min, and follicle-cell-free MII
oocytes were obtained by pipetting.

In vitro fertilisation (IVF)

Eggs were collected from 4- to 8-week-old females, synchronised by
exposing to 5 units of PMSG (Synchropart, Intervet, Beaucouze,
France) and 5 units of hCG. Sperm from healthy males (B6D2 F1)
capacitated for 80 min in M16 + 2% BSA (A3803 Sigma-Aldrich) were
simultaneously added to the COCs and incubated in M16 medium for
4 h at 37°C under 5% CO,. Unbound sperm were washed away after
4-h incubation. 24 h after fertilisation, the different stages, that is
unfertilised oocytes and two-cell embryos (as an indication of success-
ful fertilisation), were scored. Embryos were cultured in potassium
simplex optimised medium (KSOM) (1x, Life technologies) supple-
mented with essential and non-essential amino acids (KSOM/EAA):
two-cell embryos were incubated in KSOM/EAA medium at 37°C
under 5% CO, and cultured up to the blastocyst stage.

Analysis of fertilised oocytes

After fertilisation, zygotes were transferred to a clean well containing
M16 media and left for a further 2 h before being fixed in PFA 4%
for 10 min and stained with Hoechst 33342 (2 pug/ml in PBS-PVP
0.5%). Oocytes were observed under confocal microscopy in drops
of PBS-PVP covered with mineral oil on LabTeK chambered cover-
glass plates (Thermo Fisher Scientific, Villebon sur Yvette, France).
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Immunostaining of GV and MII oocytes

Cumulus-free MII or GV oocytes prepared as described above were
fixed in 4% PFA for 15 min, washed twice in PBS-PVP (0.5%) and
permeabilised in PBS-Triton 0.25% for 20 min. Oocytes were then
blocked in blocking solution (2% NGS, 0.1% Triton) for 90 min at
room temperature and stained overnight at 4°C with primary anti-
bodies (Appendix Table S2). All antibodies were diluted in blocking
solution. Following staining, oocytes were washed twice with PBS-
PVP 0.5% and incubated for 1 h at 37°C in secondary antibody and
Hoechst 33342 at 2 pl/ml in blocking solution. Oocytes were finally
washed twice and observed by confocal microscopy (Zeiss LSM
710) in drops of PBS-PVP covered with mineral oil on LabTeK
coverglass plates. Images were processed using Zen 2.1 software.

Immunostaining of ovarian sections for oocyte counting

Mice were sacrificed by cervical dislocation, and ovaries were
collected and fixed for 4 h in paraformaldehyde (4%). Ovaries were
dehydrated embedded in paraffin, and 3-um sections were cut. For
histological analysis, after deparaffinisation, HIER and blocking
slides were incubated with anti-Msy2 antibody (Appendix Table S2)
for 1 h followed by a fluorophore-conjugated secondary antibody
and Hoechst 33342 counterstaining. Stained sections were digitised
at x40 magnification using an Axioscope microscope (Zeiss,
Germany) equipped with a motorised X-Y-sensitive stage. For each
ovary, three sampling zones separated by 100-200 um were studied.
For each sampling zone, six to seven consecutive sections were
stained and follicles counted, and the mean number of each class of
follicle was calculated per sampling zone for WT and Patl2~/~ mice.

Protein extraction and Western Blot

WT and PATL2-HA-tagged mice were sacrificed by cervical disloca-
tion, and the hypothalamus, pituitary glands and livers were
collected, snap-frozen in liquid nitrogen and stored at —80°C. The
day of the experiment, organs were thawed in RIPA lysis buffer
(50 mM Tris—HCI pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% sodium
deoxycholate, Complete EDTA-free protease inhibitor cocktail tablet
(Roche)) and homogenised using a Dounce tissue grinder before
mixing the supernatant with loading buffer in equal volumes (4%
SDS, 62.5 mM Tris pH 6.8, 0.1% bromophenol blue, 15% glycerol,
5% bromophenol blue). The cytoplasmic fraction was isolated by
centrifugation at 3,000 x g for 10 min. GV oocytes were collected in
M2 medium supplemented with 150 mg/ml dbcAMP and prepared
as described above. Oocytes were washed three times in PBS-PVP
0.5% to remove proteins from the M2 medium and added to an
equal volume of loading buffer for a final volume of 20 pL. All
protein samples were heated to 65°C for 15 min before loading onto
a 4-20% TGX Mini-PROTEAN stain-free precast gel (Bio-Rad).
Proteins were transferred onto a PVDF membrane, blocked in 5%
milk and incubated overnight at 4°C in anti-HA antibody
(Appendix Table S2) in blocking solution.

Oocyte RNA profiling
Total RNAs were purified from wild-type or Patl2~/~ mouse oocytes
using Norgen Biotek’s Single cell Purification kit (Cat. 51800;

Thorold, ON, Canada) according to the manufacturer’s protocol.
The GV oocyte samples (two WT and three Patl2~/~ samples)
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The paper explained

Problem

Infertility is considered a global public health issue since it affects
more than 70 million couples worldwide. The common treatment for
infertile couples is IVF (in vitro fertilisation) or ICSI (intracytoplasmic
sperm injection); however, both of these techniques require mature
egg cells having correctly completed both meiotic divisions. In rare
cases, women who undergo hormonal stimulation for IVF or ICSI
produce only immature eggs which cannot be fertilised or made to
mature in vitro. We named this condition “oocyte meiotic deficiency”.
This condition is very poorly understood.

Results

We analysed a group of 23 women with oocyte meiotic deficiency by
whole exome sequencing and identified a genetic mutation in the
gene PATL2 in 26% of patients. PATL2 encodes an RNA-binding protein
that has been shown to play an important role in egg cell maturation
in frogs, but its function in mammals has not been studied until now.
Using a knockout mouse model, we showed that Patl2 deficiency
leads to defective oocyte maturation due to the deregulation of
important genes involved in egg cell growth, meiosis and early
embryo development. We also showed that Patl2 has a unique
expression profile in comparison with other known oocyte RNA-
binding proteins. These results indicate a specific, niche function for
Patl2 in mRNA regulation during egg cell maturation in mammals.

Impact

We have identified PATL2 mutation as a major cause of oocyte meiotic
deficiency. This finding can benefit patients through an improved
understanding of their condition and allowing for better informed
decisions regarding treatment options. We have also demonstrated
that mouse Patl2 plays an important role in mRNA regulation,
furthering our understanding of the process of mammalian oocyte
maturation. This finding is highly relevant to the fast-growing field of
clinical in vitro oocyte maturation, with wide-ranging applications
including fertility treatment for patients with premature ovarian fail-
ure and fertility preservation for cancer patients facing reprotoxic
chemotherapy.

contained a total number of cells ranging between 20-32 oocytes/
sample; the MII oocyte samples (2 WT and 3 Patl2~/~ samples)
contained between 32 and 46 oocytes. Purified RNA concentrations
were assessed by RT-qPCR using the Affymetrix RNA quantification
kit. Sample RNAs (250 pg) were converted to biotin-labelled single-
strand cDNAs using the Affymetrix Genechip WT pico kit. Labelled
and fragmented ss-cDNA (5.5 pg) were hybridised to Affymetrix
arrays (Genechip Clariom D mouse). The array complexity allowed
analysis of the expression of more than 66,000 different transcripts
(including transcript variants and non-coding-cRNA) by measuring
the expression level of their individual exons.

The data obtained for the whole set of samples were normalised
by applying the RMA process (Affymetrix Expression Consol). Raw
and normalised data were uploaded to the GEO database (Accession
number GSE100117). Probe-set annotation, quantitative expressions
of all the transcripts and comparisons between the different groups
of samples (GV-KO versus GV-WT; MII-KO versus MII-WT) were
analysed using TAC.v3 software (Affymetrix). Expression levels are
reported as log2 conversions of the intensities measured for the ss-
cDNA hybridised to the arrays. Differential expression of transcripts
between two groups of samples was considered significant when
the expression ratios of the transcripts between the two groups
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were at least twofold higher or lower (in linear scale) with a
P-value < 0.05 (ANOVA test).

Transcriptomic analysis by IGA

IPA software (https://www.qgiagenbioinformatics.com/products/
ingenuity-pathway-analysis/) was used for the functional assess-
ment of DET that were deregulated in Patl2~/~ versus WT samples
and to construct molecular interaction networks. IPA is software
application that helps classify the molecular networks and functions
most relevant to transcripts of interest. DET were imported to IPA
for analysis. IPA generates pathways based on the transcripts
contained in a data set and the information stored in the Ingenuity
Pathways Knowledge Base. The significance of the transcripts’
annotation is indicated by a P-value of < 0.05, as determined by a
right-tailed Fisher’s exact test.

RT—qPCR validation experiments

Quantification of gene expression levels by RT-qPCR was performed
on GV-stage oocytes from WT and Patl2™/~ mice. cDNAs were
produced from oocyte lysates using the TagMan® Gene Expression
Cells-to-CT™ Kit. Oocytes were isolated from the ovaries of 4-week-
old mice (average of 50 GV per mouse) and washed twice in PBS-
PVP 0.5% before lysis. Each lysis reaction was performed with 10
oocytes in a total volume of 50 pl of lysis buffer supplemented with
DNase at a ratio of 1:100. RT reactions were performed using 10 pl
of the lysate in a total volume of 50 pl using the same kit. Real-time
PCR was performed in 96-well plates on the StepOnePlus system
(Applied Biosystems). Reactions were performed in a total volume
of 20 pl, comprising 4 pl of cDNA, 1 pl of TagMan Assays and 10 pl
of Master Mix. Data were normalised relative to expression levels
measured for the Gapdh reference gene. ACt, which is determined
by subtracting the Ct of the reference gene from that of the target
gene, was the subject of statistical analysis.

Statistical analyses

Statistical analyses were performed using SigmaPlot or GraphPad
prism 6. Unpaired t-tests were used to compare WT and Patl2~/~
samples. Data are represented as mean + SEM. Statistical tests for
which the two-tailed P-value < 0.05 were considered significant.

Data availability

Transcriptomic data are available in the GEO database: accession
number GSE100117  (https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi). Clinical exomic data are available in the EGA data base:
EGAS00001002903 (https://www.ebi.ac.uk/ega/home).

Expanded View for this article is available online.
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Expanded View Figures

Figure EV1. Quality of oocytes collected from patients harbouring PATL2 mutation and control patients after ovarian stimulation.

A The mean age of the six patients harbouring a PATL2 mutation at the time of 11 hormonal stimulations was compared to the non-PATL2 patients within the cohort
and also to a control cohort corresponding to women from infertile couples of similar geographical origin where the male was diagnosed with a male infertility
(mean £ SEM, n = 234). There was no significant (NS) age difference between the PATL2 patients, the non-PATL2 patients and the control cohort.

B Numbers of oocytes retrieved after hormonal stimulation (mean + SEM) were similar in PATL2 patients, non-PATL2 patients and the control cohort.

Collected oocytes were sorted according to their maturation stage. For patients harbouring PATL2 mutation, the mean numbers of GV and atretic oocytes were
significantly increased and no MII oocytes were collected. Non-PATL2 patients from the same cohort showed a comparably larger proportion of MlI-arrested oocytes.

Data information: Statistical differences were assessed using unpaired two-tailed t-tests.
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Figure EV2. Histological analysis of ovaries from control and Pati2 /= females at 26 days postpartum (dpp).

A Whole section (3 um thick) of an ovary from a control female at 26 ddp. Section was stained with an antibody against Msy2 (orange staining) to make oocytes clearly
visible. Sections were counterstained with Hoechst to reveal the nucleus (blue staining). Right image, corresponding to the enlargement of the red square on the left
image, shows the different classes of follicle: primordial (1al), primary (1ry) and secondary (2ry).

B Similar images for an ovary from a Patl2~/~ female at 26 ddp.

C Comparative numbers of primordial and primary follicle oocytes per section in Patl2~~ and control ovaries. Nine different 3-um sections from three different mice
(for each section, four-seven technical replicates corresponding to successive sections were counted). Data are presented on box and whisker plots indicating min.
and max. values. Statistical differences were assessed using t-test, P-value as indicated.

D Comparative number of follicles per section from control and Patl2~/~ ovaries. Only follicles where oocytes were visible were counted (n = 9 sections per genotype,
between four to seven technical replicates). Data are presented on box and whisker plots indicating min. and max. values. Statistical differences were assessed using
t-test, P-value as indicated.

E Comparative amplitude histograms of follicle size per section from control and Patl2~'~ ovaries (n = 9 sections per genotype with four to seven technical replicates).
Statistical differences were assessed using Kolmogorov-Smirnov test.

/-
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Figure EV3. Lack of Patl2 does not affect number of oocytes produced, but impairs oocyte growth.

A
B

Representative images for a GV oocyte from WT and Patl2~'~ females stimulated with 5 Ul PSMG. Scale bars = 35 pum.

Comparison of WT and Patl2~/~ GV oocyte diameter. In the absence of Patl2, the diameter (mean + SEM) dropped from 686 =+ 0.5 to 64.5 4+ 0.8 um (P < 0.0001).
Statistical difference was assessed using unpaired two-tailed t-test with Welch’s correction.

The number of oocytes (mean + SEM) harvested 13 h after full hormonal stimulation (PMSG followed 48 h later by 5 Ul HCG) was similar in WT and Patl2-deficient
females. Statistical difference was assessed using unpaired two-tailed t-test.

Images of a Mil oocytes from WT and Patl2~/~ females after stimulation (pb = 1% polar body). Scale bars = 35 um.

Diameter of WT and Patl2~/~ M oocytes (mean £ SEM), the mean drops from 70.6 £+ 0.3, n = 44 in the WT t0 669 + 0.3, n = 28 in Patl2~/~ (P < 0.0001), oocytes
were collected from three females in each case. Statistical difference was assessed using unpaired two-tailed t-test.

© 2018 The Authors EMBO Molecular Medicine e8515]2018  EV5
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Figure EV4. Biological functions and pathways associated with up- or down-regulated differential expression transcripts in Patl2 = versus WT samples at
the GV and MII stages.

To investigate possible interactions of up and down-regulated transcripts (P < 0.05, absolute fold-change > 2), genes with altered expression profile identified by the
Affymetrix microarray were imported into the Ingenuity Pathway Analysis software (IPA) for analysis.

A Canonical pathways identified by IPA that were significantly enriched among transcripts deregulated in Patl2™~ GV oocytes with respect to GV-WT oocytes.
B Canonical pathways identified by IPA that were significantly enriched among transcripts deregulated in Pat/2~/~ MIl oocytes with respect to MII-WT oocytes.

Data information: Y-axis indicates the significance (—log P-value) of the functional pathway association, which depends on the number of genes in a class as well as
biological relevance. The threshold line represents a P-value of 0.05 and was calculated by applying Fischer’s test.

EV6  EMBO Molecular Medicine 8515 | 2018 © 2018 The Authors
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Figure EV5. Transcriptomic analysis of the GV-MII transition. Biological functions and pathways associated with up- or down-regulated differential

expression in MIl versus GV oocytes from WT and Patl2~/~ samples.

To investigate possible interactions of up- and down-regulated transcripts (P < 0.05, absolute fold-change > 2) between GV and MII stages, genes with an altered expression
profile identified by the Affymetrix microarray were imported into the Ingenuity Pathway Analysis software (IPA) for analysis.

A Canonical pathways identified by IPA that were significantly enriched among changed transcripts identified in WT samples at the GV-MII transition.
B Canonical pathways identified by IPA that were significantly enriched among changed transcripts identified in Pat/2~/~ samples at the GV-MII transition.

Data information: Y-axis indicates the significance (—log P-value) of the functional pathway association, which depends on the number of genes in a class as well as
biological relevance. The threshold line represents a P-value of 0.05 and was calculated by applying Fischer’s test.
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APPENDIX

PATL2 is a key actor of oocyte maturation whose invalidation causes infertility
in women and mice
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Figure S1. Relative mRNA expression levels for human and mouse PATL2 transcripts.

(A) PATL2 mRNA levels were measured in different tissues/cells in Humans using Affymetrix microarrays (data
available from the Genevestigator database, https://genevestigator.com). Blue rectangles highlight the expression level in
oocytes and follicular cells. Oocytes exhibit the highest level of PATL2 expression, whereas its level is very low in
follicular cells. (B) Similar data for mice. Data were generated with Genevestigator (Hruz T, Laule O, Szabo G,
Wessendorp F, Bleuler S, Oertle L, Widmayer P, Gruissem W and P Zimmermann (2008) Genevestigator VV3: a reference
expression database for the meta-analysis of transcriptomes. Advances in Bioinformatics 2008, 420747)
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Figure S2. Western blot comparison of expression of Patl2-HA in oocyte, hypothalamus and pituitary gland
extracts.

(A) Western blot of protein extracts from different tissues as indicated and revealed with anti-HA antibodies. Tissues were
collected from WT or from Patl2-HA tagged females (tag/+) and 130-140 GV oocytes were loaded per well. Protein extracts
were obtained by pooling the organs of 3 different WT or Patl2-HA tagged animals. In the lane loaded with GV oocyte
extract from Patl2-HA tag mice, a band at around 60 kDa was observed (expected MW for mouse Patl2-HA = 60.74 KDa),
whereas no bands were observed in the other extracts. MW = Molecular Weight (B) Protein loads of the Western blot
presented in (A) were controlled with TGX stain free™ precast gels.
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Figure S3. Genetic modification of Patl2-deficient mice and genotyping strategy

(A) Exon map showing the localization of the topoisomerase 11 associated Patl domain, downstream of exon 7 (B1) Patl2”- mice (C57BL/6NTac-Patl2<tm1a) were generated by the EUCOMM
Consortium (http://www.mousephenotype.org/about-ikmc/eucomm). The allele map shows the insertion of a LacZ and a neomycin cassette between exons 6 and 7. The critical exon 7 is
surrounded by two LoxP sequences. Patl2”- mice were crossed with adult heterozygous EllaCre transgenic mice which express the CRE-recombinase enzyme ubiquitously from an early stage.
Offspring were screened by PCR using LacZF/L3R primers to detect exon 7 deletion. (B2) Heterozygous mutant mice showing deletion of exon 7 were mated together and homozygous exon-
7-deleted animals were identified by multiplex PCR using EF/KR/ER primers. (B3) RT-PCR was carried out on selected F2 animals to verify deletion of exon 7 in Patl2”- animals using primers

within exon 7. The band at 135 bp was sequenced and corresponded to Patl2. Sequences of all primers are indicated in Table S6.
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Figure S4 Ovaries from WT and Patl2 deficient females have a similar anatomical structure and cellular
composition at 12 dpp.

12-day-old females were euthanised and ovaries were collected and subjected to histological studies by IF.
Sections (3 um thick) were stained with Hoechst to reveal nuclei (blue staining) and an anti-Msy2 antibody (orange
staining) to identify oocytes. All oocyte stages were stained by anti-Msy2 (A) WT ovaries and (B) Patl2” ovaries.
No obvious morphological differences were observed between WT and Patl2”- ovaries. (C) The different classes
of oocytes (primordial, primary and secondary) were counted in 9 different 3-um sections from 3 different mice
(for each section, 4-7 technical replicates, corresponding to successive sections were counted). n=9, Statistical
differences were measured with t-test. P value as indicated.



Patl2ta9/tag

Figure S5. Validation of the specificity of the HA-antibody in IF experiments

Comparative fluorescent signals of sections of ovaries from HA-tagged Patl2 (A) and WT (B) mice. Ovaries were
stained with Hoechst and an anti-HA tag antibody and observed under confocal microscopy.
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Figure S6. Characterisation of the RNA sample used in transcriptomic approach.

(A) Expression levels for specific follicular and oocyte genes. The expression levels for follicle-specific genes
were around 5, which is considered a very low level. In contrast, the expression levels for oocyte genes were above
9 and reached the highest values (17). The follicular genes analysed were: Natriuretic peptide receptor 2 (Npr2),
semaphorin 3A (Sema3a), CD200 antigen (Cd200), luteinizing hormone/choriogonadotropin receptor (Lhcgr),
prostaglandin G/H synthase 2 (Ptgs2) and prostaglandin E receptor 2 (Ptger2). The oocyte-specific genes were:
growth differentiation factor 9 (Gdf9), bone morphogenetic protein 15 (Bmp15), aurora kinase C (Aurkc), zona
pellucida glycoprotein 3 (Zp3), oocyte secreted protein 3 (Oosp3). (B) Comparative expression levels for the
different Patl2 exons. As expected, the level of exon 7 is close to 0, confirming deletion of exon 7 in knock-out
females. The expression levels for all 19 Patl2 exons (according to the exon map nomenclature from Affymetrix)
were expressed as the ratio (y axis and in linear scale) between exon transcript levels in Patl2”- oocytes compared
to wild type oocytes. In Patl2”- oocytes, Patl2 exons 1 and 2 were expressed in nearly identical amounts relative
to levels measured for wild type oocytes. All the other exons were more or less severely underexpressed or absent.
(C) Total RNA was extracted from WT and Patl2”- oocytes (both at GV and M| stages) as described in materials
and methods. After RT-gPCR assays, the RNA amounts recovered from the purification columns were expressed
in pg purified RNA per lysed oocyte. Assuming a consistent RNA recovery yield from the columns, we can
conclude that there are non-significant differences in RNA concentrations per oocyte between WT and Patl2”- GV
oocytes, as well as between WT and Patl2”- MII oocytes. However, there is a nearly 30 to 40% decrease in the
RNA level between MII stage oocytes and GV stage oocytes, as already reported (Su YQ, Sugiura K, Woo Y, et
al. Selective degradation of transcripts during meiotic maturation of mouse oocytes. Developmental biology
2007;302:104-17).
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Figure S7. RT-gPCR experiments validating Affymetrix measures

Relative quantification (RQ) of 4 genes (Ska2, Pgrmcl, Ccdc69 and Eeflel) in germinal vesicle (GV) oocytes
from both wild-type (blue) and Patl2”- (grey) mice. n = 8.
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Figure S8. Deregulated transcripts related to the oxidative phosphorylation pathway. The interaction
network was generated using Ingenuity software and shows that many genes from the oxidative phosphorylation
pathway (the major pathway for conversion of energy from NADH oxidation into ATP) are deregulated in both
WT and KO samples. Up-regulated transcripts are shown in pink and down-regulated transcripts are indicated in

green.
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Figure S9. Functional Network analyses by Ingenuity pathway analysis. (A) The most significant networks
identified in WT included transcripts related to gene expression, protein synthesis, cellular assembly and
organisation, and maintenance. (B) The most significant networks in Patl2” mice assembled transcripts related to
gene expression, protein synthesis and lipid metabolism. Up-regulated transcripts are shown in pink and down-
regulated transcripts are indicated in green. Continuous lines between nodes indicate direct molecular interactions
between connected transcripts; dotted lines indicate indirect functional interactions between transcripts.
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SUPPLEMENTARY TABLES

Table S1A. Primer list for Sanger sequencing verification of PATL2 mutation

Oligo name Sequence Product size (bp)

PATL2H-EX6F2 ATGTGCCATGTGGCTGACTT
PATL2H-ExX6R2 CAACTGGTCACAAGGGGAGA

286

Table S1B. List of primers used to genotype Patl2 KO mice and for RT-PCR

Oligo name Sequence Product size
(bp)
Genotyping Patl2-Ef AAGCTCTGTTGGGTTTGAGGAGAAAA WT allele: 235
Patl2-Er CAGCCTCTTTCCCCTGAATAATTTCA KO aIIeIe: 395
Patl2-Kr GGGCAAGAACATAAAGTGACCCTCC )
C-LacZ-F CCCGTCAGTATCGGCGGAAT KO allele: 506
L3R TGTAATCTGGCTGCAGACAATCTAGGC )
RT-PCR Patl2-RTseq- TCTGTGTTTCCAAGAGCCAGTTC
Ex7F WT: 135
Patl2-RTseq- GAGCTGGGTCAGATGACTGG KO: no band
Ex8R
Bact-F ACCAGAGGCATACAGGGACA 104
Bact-R CTAAGGCCAACCGTGAAAAG
Table S1C. List of primers used to genotype Patl2-HA tagged mice and for RT-PCR
Oligo name sequence Product size (bp)
gRNA 5’-CAAGCAATTAGTTCAGCAGC-3’
Patl2 HA-F primer  5’-CAGACTTTGCCTGGACATCA-3’ 351 (WT)
378 (KI)

Patl2_HA-R primer  5’-GACCATGCTTGGCTCATAG-3’

Table S1. List of primers used for mouse genotyping

11



anti-rat

Target /Antigen Species Supplier REF DILUTION
Tubulin Mouse Sigma Aldrich T4026 1/800
MSY2 Mouse Santa cruz SC393840  1/200 for IF
Technology

. - . 1/800 for IF,
HA High Affinity Rat Roche/Sigma 11815016001 1/1000 for WB
DDX6 Rabbit Biotechne NB200-191 1/500 for IF
CPEB1 Rabbit Abcam ab3465 1/200 for IF
Sec_ondary antibody DyL ight549 Goat Goat Jackson Immuno 115-505-062 1/800
anti mouse Research
Secondafy ant!body AlexaFluor488 Goat Jackson Immuno 115-545-144 1/800
Goat anti rabbit Research
Secondary antibody AlexaFluor488 Goat  Life Technologies  A-11006 1/800
Goat anti rat
Secondary antibody cy3 (?) Goat anti G Jackson Immuno  111-165-144 1/400

. oat

rabbit Research
Secondary antibody HRP conjugate goat Goat Millipore AP136P 1/5000

Table S2. List of antibodies

12
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NOUVELLE
|

€chec de maturation ovocytaire

Un role essentiel pour la protéine PATL2

dans ’ovogeneése

Marie Christou-Kent!, Pierre F. Ray"?, Christophe Arnoult!

> Linfertilité qui représente un enjeu
majeur de santé, touche un couple sur
sept et un facteur féminin est retrouvé
dans plus de 70 % des infertilités de
couple. Parmi les différentes causes
connues d’infertilité féminine, les ano-
malies génétiques jouent un role pré-
pondérant et sont impliquées dans les
infertilités les plus séveres, comme I’in-
suffisance ovarienne  (5) yoir la Nouvelle
[1] (=).

Il est donc impor-
tant d’identifier ces
causes génétiques afin de proposer
un meilleur diagnostic et d’envisager,
par la compréhension moléculaire des

de S. Caburet et €.
Vilain, m/s, n° 2,
février 2015, page 129

physiopathologies de I’ovogenese, des
alternatives thérapeutiques.

Lovogenése et la déficience méiotique
ovocytaire (DMO)

Chez la femme, la production d’ovo-
cytes matures est un processus long et
complexe qui débute lors du développe-
ment embryonnaire et s’arréte pendant
une douzaine d’années pour reprendre
a la puberté. Les ovocytes quiescents
sont bloqués en prophase de méiose .
IIs sont entourés de quelques cellules
folliculaires, I’ensemble formant les
follicules primordiaux. Des follicules
primordiaux sont recrutés de maniére
périodique. Ils commencent une crois-
sance au cours de laquelle la taille des
ovocytes va étre multipliée par 10 et le
nombre de cellules folliculaires par plus
de 1 000, via une stimulation croisée
entre cellules folliculaires et ovocyte.
Le follicule mature, ou follicule antral,
contient un ovocyte qui est au stade de
vésicule germinale ou germinative (VG),

m/sn® 12, vol. 34, décembre 2018
https://doi.org/10.1051/medsci/2018287

encore bloqué au stade de prophase I.
Le terme VG se référe au noyau de I'ovo-
cyte qui présente alors une membrane
nucléaire qui peut étre observée a I'aide
d’une loupe binoculaire. Dans I’espéce
humaine, ce processus se réalise en 290
jours [2, 3]. A ce stade, I'ovocyte est en
attente d’une stimulation hormonale qui
provoquera la reprise de la méiose, la
rupture de la vésicule germinale (GVBD :
germinal vesicle breakdown) et I’extru-
sion du premier globule polaire. Les ovo-
cytes arrétent de nouveau leur matura-
tion au stade métaphase de méiose |
(MI1). lls attendent un signal provenant
du spermatozoide pour poursuivre la
méiose.

Un type d’infertilité féminine, que
nous avons appelé « déficience méio-
tique ovocytaire (DM0) », se carac-
térise par un échec de maturation de
Povocyte [4,5]. Les femmes atteintes
de ce syndrome, produisent, malgré un
cycle menstruel d’apparence normal,
des ovocytes immatures qui ne sont
pas aptes a la fécondation. Dans le
cas d’une procréation médicalement
assistée, ces ovocytes, récoltés apres
stimulations ovariennes, ne pourront
donner des embryons. Le couple est alors
stérile. Jusqu’a récemment, seul le gene
TUBBS (tubulin beta 8 class VIII), codant
une isoforme de la tubuline, avait été
identifié comme étant impliqué dans ce
contexte d’infertilité [6].

Séquencage exomique d’une cohorte
de patientes atteintes de la DMO

Afin d’identifier des variants génétiques
pouvant expliquer la déficience méio-
tique ovocytaire (DMQ), nous avons

1Génétique, épigénétique et thérapies de
I’Infertilité, Institut pour ’avancée des
biosciences, Inserm U1209, CNRS UMR 5309,
université Grenoble Alpes, 38000 Grenoble,
France.

2Unité de génétique de I'infertilité et dia-
gnostic pré-implantatoire, CHU de Grenoble,
38000 Grenoble, France.
christophe.arnoult@univ-grenoble-alpes.fr

analysé, par séquencage total de
I’exome (ADN codant), une cohorte de
23 patientes atteintes de ce syndrome,
présentant des blocages de matura-
tion a divers stades (stade VG, stade
M1) ou des ovocytes atrétiques’. Uana-
lyse génétique a permis d’identifier une
mutation délétere dans le gene PATL2
(protein-associated with topoisomerase
Il homolog 2) dans 26 % des ADN de
patientes analysés ; ces patientes pré-
sentant un phénotype en commun : un
blocage des ovocytes au stade immature
VG (Figure 1).

Transcription et contréle des ARN
messagers au cours d’ovogeneése

- La protéine PATL2

Lors de la reprise de la méiose, la trans-
cription est arrétée jusqu’a I’activation
du génome embryonnaire (EGA). C’est
pourquoi, au cours de la croissance
de Iovocyte, on assiste a une syn-
thése massive d’ARN messagers (ARNm)
nécessaires a la synthese des protéines
de I’ovocyte, mais également de pro-
téines qui seront utilisées dans I"'em-
bryon avant I’EGA. Chez I’homme, I’EGA
est assez tardif et est observé au stade
4-8 cellules. La gestion des ARNm au
cours de I’ovogenese est tres spécifique
et les voies de dégradation des trans-
crits sont en grande partie réprimées
jusqu’a la fécondation [7]. Pour cela,
des protéines régulatrices associées
dans des complexes macromoléculaires
avec les ARNm sont indispensables pour
le développement ovocytaire. Parmi

! Ovocytes de mauvaise qualité qui se détruisent sponta-
nément.
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Figure 1. Le phénotype de « déficience méiotique ovocytaire (DMO) » chez des patientes avec un variant homozygote pathogéne de PATL2. A. |’ovo-

genese a partir d’ovocytes quiescents de follicules primordiaux et jusqu’a I"ovulation chez les femmes fertiles. VG : Vésicule germinale, GVBD :

rupture de la vésicule germinale (Germinal vesicle breakdown), Ml : métaphase |, MIl : métaphase II. B. Le phénotype de blocage de maturation

ovocytaire chez les patientes atteintes d’'une mutation de PATLZ.

les différents acteurs, PATL2 pourrait
jouer un role spécifique : son ortho-
logue, chez le batracien Xenopus laevis
(x-patla), est en effet essentiel dans
la régulation des ARNm maternels et
son expression est spécifique de "ovo-
cyte [8,9]. Afin de mieux explorer la
fonction de la protéine humaine PATL2,
nous avons généré une lignée de souris
déficiente pour le géne PATL2.

Phénotype des souris déficientes en
PATL2

Nous avons dans un premier temps
étudié le phénotype reproductif des
souris déficientes en PATL2 (PATL2™").
Pour évaluer leur fertilité, les femelles
PATL27/~ ont été mises en accouplement
avec des males sauvages pendant une
période de 6 mois. La taille moyenne
des portées obtenues était plus de trois
fois inférieure a la taille moyenne de
celles des femelles contrdles pour la
méme période, et leur fréquence deux
fois plus faible. Dans les expériences
de fécondation in vitro (FIV), le taux de
développement des embryons au stade
« 2 cellules » des femelles PATL2™/~ était
diminué de moitié en comparaison des
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taux des embryons sauvages et le taux
de développement jusqu’au stade blas-
tocyste était plus de 6 fois inférieur a
celui des contrdles (Figure 2).
LU'observation par immunofluores-
cence des ovocytes ovulés des femelles
PATL27/~ révele : (1) un plus grand pour-
centage d’ovocytes ovulés sans globule
polaire (signe d’immaturité méiotique
et absence du stade attendu M), et (2)
parmi les ovocytes avec globule polaire,
un pourcentage élevé d’ovocytes qui
présentent les signes de défauts méio-
tiques : fuseau malformé ou mal posi-
tionné, chromosomes mal alignés et
augmentation du nombre d’« asters »
(étoiles de tubuline) dans le cytoplasme
(Figure 2).

€n analysant les zygotes de femelles
PATL27/~ aprés fécondation, nous avons
observé une réduction du pourcentage
de zygotes au stade attendu de 2 pro-
noyaux (14,4 % versus 53,4 %) et un
nombre élevé de zygotes atypiques.
Parmi ces zygotes anormaux, nous avons
identifié soit un nombre atypique de
pro-noyaux, soit une non-déconden-
sation des chromosomes paternels et
maternels souvent accompagnée d’une

polyspermie?, indication d’une absence
de réponse de I'ovocyte a la féconda-
tion.

Ce travail sur les souris déficiente PATL2™/
a donc permis de confirmer que la défi-
cience de PATL2 entrainait un phénotype
de DMO. Cependant, de maniére surpre-
nante, chez la souris, "absence de PATL2
entraine un phénotype moins sévere que
chez "lhomme.

Analyse du transcriptome des ovocytes
VG de souris PATL2"/-

Etant donné le réle de PATL2 chez les
amphibiens, nous avons voulu explorer
les conséquences de I"absence du géne
au niveau des transcrits. Les ovocytes
de femelles PATL27 isolés en stade VG
sont légerement plus petits que ceux
des femelles sauvages au méme stade,
mais ils ne présentent pas d’autres
défauts visuels. Les coupes d’ovaires
des femelles PATL2™", & 12 jours et a 26
jours, ne montrent pas non plus d’ano-
malies morphologiques du développe-
ment des follicules. Pourtant, I'analyse
transcriptomique met en évidence le

? Fécondation d’un ovule par plusieurs spermatozoides.
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Figure 2. La dérégulation du transcriptome des ovocytes VG de souris PATL2”" et ses conséquences morphologiques et développementales. Com-

paraison des ovocytes de souris PATL2™/~ et sauvages : (1) diminution de I’abondance des ARN messagers (ARNm) mesurée par analyse transcrip-

tomique (micropuce), (2) différence de morphologie analysée par immunofiuorescence (marquage de la B-tubuline et de I’ADN, en rouge et bleu

respectivement) et (3) détermination des taux de développement obtenus par fécondation in vitro. (VG : vésicule germinale, Ml : métaphase I1).

Ovocyte : en beige ; zone pellucide : en gris ; vésicule germinale/globules polaires : en marron ; fuseau méiotique/microtubules : en rouge ; et

chromosomes : en bleu (figure adaptée de [10]).

fait que les ovocytes VG PATL27" issus
de follicules antraux présentent une
dérégulation, d’un facteur supérieur a
2, de I’expression de 134 genes dont 95
sont sous-exprimés et 39 sur-exprimés.
Ce nombre limité de genes indique que
PATL2 intervient de maniere spécifique
et ciblée dans la régulation des ARNm.

Parmi les génes dont I’expression est
modulée, on retrouve des genes codant
des protéines ayant différentes fonc-
tions : des facteurs de croissance et de
différenciation de I’ovocyte, de I’assem-
blage et de la stabilité du fuseau méio-
tique, du contrdle de la méiose Il et de
la gestion du stress oxydatif, ainsi que
des facteurs secrétés qui participent a
I’interaction avec le cumulus (les cel-
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lules folliculaires). étonnamment, une
partie de ces transcrits correspondent
a des protéines nécessaires a I'implan-
tation de I’embryon. Ces dérégulations
expliquent les défauts ovocytaires et
embryonnaires observés, ainsi que les
taux de développement diminués en
I’absence de PATL2. Elles correspondent
également au role de PATL2 comme
régulateur de I’expression des ARNm.
Restait donc a caractériser le réle précis
de PATL2 dans la gestion de ces ARNm.

Une nouvelle fonction de PATL2 chez
les mammiféres ?

Chez Xenopus laevis, la protéine codée
par I'orthologue de PATLZ2, x-Patla,
est associée, au sein d’un complexe

macromoléculaire, a plusieurs autres
protéines, comme Cpebl (cytoplas-
mic polyadenymation element-binding
protein 1) et Frgy2 (frog Y-box protein
2), et est impliquée dans la régula-
tion spécifique de certains ARNm. Nous
n’avons pas trouvé que ces ARNm soient
dérégulés dans le transcriptome des
ovocytes VG des souris PATL2™/~. Dans
la lignée de souris « PATL2-étiquet-
tée » (chez lesquelles une étiquette
HA [human influenza hemagglutinin]
est insérée a I'extrémité C-terminale
de la protéine par la technique fondée
sur CRISPR/Cas9), la réalisation d’un
co-marquage sur des coupes d’ovaires
n’a pas mis en évidence une co-loca-
lisation de PATL2 avec Cpebl et Ybx2



(Y box protein 2, alias Msy 2), la pro-
téine murine équivalente a Frgy2. Chez
la souris, le profil d’expression de la
protéine codée par PATL2 semble dif-
férent de ceux de ces deux protéines.
Une autre différence entre x-Patla
(chez le xénope) et PATL2 (chez la sou-
ris) apparaft : chez le xénope, x-Patla
est en effet fortement dégradée apres
la rupture de la vésicule germinale
(GVBD, germinal vesicle breakdown)
alors que PATL? reste présente jusqu’au
stade zygote chez la souris. Il est donc
possible que la fonction de PATL2 ait
évoluée entre ces deux vertébrés. Il
serait donc tres intéressant d’identifier
les protéines partenaires et les ARNm
cibles de PATL2 chez les mammiféeres
afin de mieux comprendre son réle dans
I’ovogenese.

La pertinence médicale

La mutation du gene PATLZ2 est donc
une cause importante de la déficience
méiotique ovocytaire chez la femme.
Ces résultats devraient permettre aux
patientes de bénéficier d’un meilleur
diagnostic et d’une meilleure compré-

hension de leur pathologie. A plus long
terme, des stratégies thérapeutiques
pourront ainsi étre envisagées. Nous
avons également révélé le réle impor-
tant que PATL2 joue dans la régulation
des ARNm maternels chez la souris. Ces
découvertes améliorent notre compré-
hension des mécanismes de stockage
et de controle des ARNm dans I'ovocyte
de mammiferes pendant sa maturation.
Nos résultats pourraient étre trés per-
tinents dans le domaine novateur de la
maturation in vitro des ovocytes. Cette
technique a des applications poten-
tielles multiples, comme le traitement
de patientes atteintes d’insuffisance
ovarienne précoce, mais également la
préservation de la fertilité en vue d’une
future reproduction pour les personnes
atteintes de cancer et traitées par
chimiothérapie. ¢

Oocyte maturation failure: an essen-
tial role for the protein PATL2 in
human oogenesis
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B: The role of SPINK2 in spermiogenesis

1. Article: SPINK?2 deficiency causes infertility by inducing sperm

defects in heterozygotes and azoospermia in homozygotes

Kherraf ZE, Christou-Kent M, Karaouzéne T, Amiri-Yekta A, Martinez G, Vargas AS, Lambert E,
orel C, Dorphin B, Aknin-Seifer I, Mitchell MJ, Metzler-Guillemain C, Escoffier J, Nef S, Grepillat
M, Thierry-Mieg N, Satre V, Bailly M, Boitrelle F, Pernet-Gallay K, Hennebicq S, Fauré J, Bottari
SP, Coutton C, Ray PF & Arnoult C. EMBO Molecular Medicine, May 2017.

1.1. Context

A splicing variant of the gene SPINK2 was identified in two brothers with non-obstructive
azoospermia (NOA). For one of the two brothers, a testis biopsy had been performed and
sections were obtained for RT-PCR, revealing the presence of truncated SPINK2 transcripts. A
Spink2 KO mouse lineage was obtained and the phenotype characterised through histological
analysis of the testes and epididymis, immunofluorescent staining of spermatogenic cells and
electron microscopy of round spermatids with wild type controls. We demonstrated in the
following article that absence of the SPINK2 protein, which is located in the acrosome of
maturing and mature spermatozoa in mice and in men, leads to post-meiotic arrest and
azoospermia due to autophagy at the round-spermatid stage. This is plausibly due to aberrant
acrosin activity in the absence of its inhibitor, corroborated by absence of the acrosome,
fragmentation of the Golgi apparatus, and presence of vesicles indicative of microautophagy in
round spermatids. Absence of SPINK2 also prevented the fusion of proacrosomal vesicles and

their aggregation at the nuclear envelope.

In addition, we were able to show that SPINK2 neutralises acrosin activity in HEK293 cells
transfected with proacrosin, SPINK2 or both in real-time cell analysis. The morphology and
motility of mature sperm from heterozygous mice was also analysed and a phenotype of
asthenoteratospermia was found, indicating the existence of a dose-dependent pathological
continuum. My major contribution to this project was the histological analysis and fluorescent
staining of human and mouse testis sections and immunofluorescent staining of human and

mouse mature spermatozoa and mouse immature spermatogenic cells.
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SPINK2 deficiency causes infertility by inducing
sperm defects in heterozygotes and azoospermia

in homozygotes
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Abstract

Azoospermia, characterized by the absence of spermatozoa in the
ejaculate, is a common cause of male infertility with a poorly charac-
terized etiology. Exome sequencing analysis of two azoospermic
brothers allowed the identification of a homozygous splice mutation
in SPINK2, encoding a serine protease inhibitor believed to target
acrosin, the main sperm acrosomal protease. In accord with these
findings, we observed that homozygous Spink2 KO male mice had
azoospermia. Moreover, despite normal fertility, heterozygous male
mice had a high rate of morphologically abnormal spermatozoa and
a reduced sperm motility. Further analysis demonstrated that in the
absence of Spink2, protease-induced stress initiates Golgi fragmen-
tation and prevents acrosome biogenesis leading to spermatid dif-
ferentiation arrest. We also observed a deleterious effect of acrosin
overexpression in HEK cells, effect that was alleviated by SPINK2
coexpression confirming its role as acrosin inhibitor. These results
demonstrate that SPINK2 is necessary to neutralize proteases during
their cellular transit toward the acrosome and that its deficiency
induces a pathological continuum ranging from oligoasthenoterato-
zoospermia in heterozygotes to azoospermia in homozygotes.
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Introduction

The World Health Organization estimates that 50 million couples
worldwide are confronted with infertility. Assisted reproduction
technologies (ART) initiated 35 years ago by Nobel Prize Winner
Robert Edwards have revolutionized the practice of reproductive
medicine, and it is now estimated that approximately 15% of
couples in Western countries seek assistance from reproductive clin-
ics for infertility or subfertility. Despite technological breakthroughs
and advances, approximately half of the couples concerned still fail
to achieve a successful pregnancy even after repeated treatment
cycles. Alternative treatment strategies should therefore be
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envisaged to improve ART success rate, especially for patients
impervious to usual assisted reproductive technologies. Improve-
ment in treatment efficiency essentially depends upon an accurate
diagnosis and the characterization of the molecular etiology of the
defect. These efforts to better characterize infertility subtypes should
first be concentrated on the most severe defects since they generally
have a poor prognosis and affected patients would benefit the most
from new treatments. Moreover, the most severe phenotypes are
more likely to be caused by monogenic defects which are easier to
identify. As such, the genetic exploration of non-obstructive
azoospermia (NOA), the absence of spermatozoa in the ejaculate
due to a defect in spermatogenesis, should be considered a priority.
NOA is a common cause of infertility found in approximately 10%
of the couples assessed for infertility. Although a genetic etiology is
likely to be present in most cases of azoospermia, only a few defec-
tive genes have so far been associated with this pathology account-
ing for a minority of cases. At present, only chromosomal
abnormalities (mainly 47XXY, Klinefelter syndrome identified in
14% of cases) and microdeletions of the Y chromosome are routi-
nely diagnosed, resulting in a positive genetic diagnosis in < 20% of
azoospermia cases (Tuttelmann et al, 2011). The evolution of
sequencing technologies and the use of whole-exome or whole-
genome sequence (WES/WGS) analysis paves the way to a great
improvement in our ability to characterize the causes of genetically
heterogeneous pathologies such as NOA.

Spermatogenesis can be subdivided into three main steps: (i)
multiplication of diploid germ cells; (ii) meiosis, with the shuffling
of parental genes and production of haploid cells; and (iii) spermio-
genesis, the conversion of round spermatids into one of the smallest
and most specialized cells in the body, the spermatozoa. NOA is
expected to be mainly caused by failures in steps 1 and 2, and it is
indeed what has been observed in a majority of cases so far. Very
recently, defects in six genes were linked to azoospermia in man.
Most of these genes code for meiosis-controlling proteins such as
TEX11, TEX15, SYCE1, or MCMS8, and the absence of the functional
proteins induces a blockage of meiosis (Tuttelmann et al, 2011;
Maor-Sagie et al, 2015; Okutman et al, 2015; Yang et al, 2015;
Yatsenko et al, 2015). Another WES analysis of two consanguineous
families identified likely causal mutations in TAF4B and ZMYNDI15
(Ayhan et al, 2014). Study of Taf4b KO mice showed that homozy-
gous mutant males are subfertile with extensive pre-meiotic germ
cell loss due to altered differentiation and self-renewal of the sper-
matogonial stem cell pool, thus illustrating that pre-meiotic block
induces NOA. More surprisingly, ZMYNDI5 codes for a spermatid-
specific histone deacetylase-dependent transcriptional repressor and
its absence in mice induced a significant depletion of late-stage

Figure 1. Azoospermia in two consanguineous brothers.
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spermatids (Yan et al, 2010) suggesting that NOA can also be
induced by post-meiotic defects.

Here, WES analysis of two brothers with NOA led to the identifi-
cation of a homozygous truncating mutation in the SPINK2 gene
coding for a Kazal family serine protease inhibitor. Studying KO
mice, we observed that homozygous KO animals also suffered from
azoospermia thus confirming the implication of SPINK2 in NOA.
Furthermore, we observed that SPINK2 is expressed from the
round-spermatid stage onwards thus confirming that post-meiotic
anomalies can result in NOA. We suggest that SPINK2 is necessary
to neutralize the action of acrosomal proteases shortly after their
synthesis and before they can be safely stored in the acrosome
where they normally remain dormant until their release during the
acrosome reaction. We also show that in the absence of SPINK2,
protease-induced stress initiates Golgi fragmentation contributing to
the arrest of spermatid differentiation and their shedding from the
seminiferous epithelium. The characterization of the molecular
pathophysiology of this defect opens several novel therapeutic
perspectives which may allow the restoration of a functional
spermatogenesis.

Results

Medical assessment of two brothers with defective
sperm production

Two French brothers (Brl and Br2), born from second cousin
parents (Fig 1A), and their respective wives sought medical advice
from infertility clinics in France (Chatellerault, Tours, Poissy, and
Grenoble) between 2005 and 2014 after 2 years of unsuccessful
attempts to spontaneously conceive. Analyses of their ejaculates
(Fig 1B; n = 5) evidenced the absence of spermatozoa for the first
brother (Brl) and a very low concentration (0-200,000/ml, mean
126,000/ml n = 5) for the second (Br2). Moreover, all spermatozoa
were immotile and presented an abnormal morphology (pin-shaped
head devoid of acrosome; detached flagella) and were not suitable
for in vitro fertilization (IVF) with intracytoplasmic sperm injection
(ICSI). Interestingly, ejaculates of both brothers presented a signifi-
cant concentration of germ cells (8.6 x 10° 4+ 6.2 x 10°/ml and
9.0 x 10° + 7.0 x 10°/ml for Br-1 and Br-2, respectively) likely
corresponding to spermatids. As Brl and Br2 both present a severe
default of sperm production with a high number of spermatids in
the ejaculate, we believe that they present the same phenotype,
likely caused by the same genetic defect. A normal karyotype was
observed for both brothers (46,XY), and no deletions of the Y

A Genetic tree of the studied family showing affected brothers Brl and Br2 illustrating the consanguinity of the parents (P1 and P2).
B Comparisons of ejaculate volume (n = 5) and spermograms (n = 5) of brothers Brl and Br2 with those of fertile controls (n = 35) evidence the absence of mature
sperm and the presence of round cells in the ejaculates. Data represent mean + SEM. P-values are P = 4 x 10~ * (a), P = 06 (b, non-significant), and P = 4 x 10>

(c); statistical differences were assessed using t-test.

Testis sections from a fertile control and (D) patient Brl stained with periodic acid-Schiff (PAS). The lumen of tubules from the control is large and mature sperm

are present (C), whereas the lumen of most of seminiferous tubules from patient Brl is filled with non-condensed and early condensed round spermatids and no

mature sperm are observed. Scales bars, 100 um.
E F

In the fertile control (E) seminiferous tubule cross sections, spermatogonia (Sg), spermatocytes (Sc) and spermatids (RS) are regularly layered, whereas the different

types of spermatogenic cells are disorganized in patient Brl (F). Scales bars, 100 pum.

© 2017 The Authors
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chromosome were observed at the AZF loci. Testis sperm extraction
was carried out twice for Brl in 2008 and 2014. Each time the recov-
ery was unsuccessful (although a few spermatozoa were observed
in fixed dilacerated testicular tissues) suggesting a diagnosis of post-
meiotic NOA. Histological analysis of seminiferous tubules obtained
from Brl biopsies showed: (i) a disorganization of the structure of
the tubules; (i) that the lumen of the seminiferous tubules were
filled with immature germ cells, an indication of intense desquama-
tion of the germinal epithelium; and (iii) a reduced number of round
spermatids, with an overrepresentation of early round spermatids
(Fig 1C-F). Brother Br2 has only had spermograms for diagnostic
purposes which did not show any ICSI-compatible spermatozoa and
has not been able to attempt ART.

Whole-exome sequencing identifies a homozygous truncating
mutation in SPINK2

Since the brothers were married to unrelated women, we excluded
the possibility of a contributing female factor and focused our
research on the brothers. Given the familial history of consanguinity,
we postulated that their infertility was likely caused by a common
homozygous mutation. We proceeded with WES to identify a possi-
ble genetic defect(s) which could explain the observed azoospermia.
After exclusion of common variants, both bothers carried a total of
121 identical missense heterozygous variants (none appearing as
obvious candidate) and only five identical homozygous variants
common to both brothers (Appendix Table S1). Among these dif-
ferent genes, only the Chr4:57686748G>C SPINKZ2 variant was
described to be predominantly expressed in human testis
(Appendix Fig S1A) as well as in mouse testis (Appendix Fig S1B).
The mutation was validated by Sanger sequencing in both brothers
(homozygous) and their parents (heterozygous) (Fig 2A). SPINK2
thus appeared as the best candidate to explain the human condition.
The variant Chr4:57686748G>C was not present in > 121,000 alleles
analyzed in the EXAC database (http://exac.broadinstitute.org) and
could have an effect on RNA splicing. SPINK2 is located on chromo-
some 4 and contains four exons (Fig 2B). The gene codes for a Kazal
type 2 serine protease inhibitor also known as an acrosin—trypsin
inhibitor. The Ensembl expression database (www.ensembl.org)
predicts the presence of four transcripts. We studied the expression
of the different transcripts in human testis by RT-PCR, and only one
band was present corresponding to NM_021114, ENST00000248701,
which codes for a protein of 9.291 kDa consisting of 84 amino acids
(Fig 2C). All nucleotide sequences herein refer to this transcript. The
identified mutation, ¢.56-3C>G, is located three nucleotides before
exon 2 and may create a new splice acceptor site, leading to a frame-
shift and premature stop codon in exon 2 and the generation of an
abnormal transcript (T1) and/or to the skipping of exon 2 (44 nt)
giving rise to an early stop codon at the beginning of exon 3 and the
generation of another abnormal transcript (T2) (Fig 2B). To validate
these hypotheses, RT-PCR was performed on testicular extract from
Brl. Two bands were observed (Fig 2C) and sequenced after isola-
tion of each band following gel electrophoresis. Sequence analysis
demonstrated that the bands corresponded to T1 and T2, demon-
strating that both abnormal transcripts were present in the patient’s
testis (Fig 2D). Since the protease inhibitor and binding sites of the
protein are coded mostly by exon 3, it is expected that the truncated
proteins corresponding to T1 and T2 transcripts are not functional

© 2017 The Authors
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(Appendix Fig S2). Sequencing of Brl’s transcripts therefore
confirms that the identified splice variant abrogates the production
of a full-length protein thereby confirming its role as a deleterious
mutation.

Importance of SPINK2 variants as a cause for human infertility:
sequence analysis of a cohort of infertile men with an
altered spermatogenesis

We sequenced SPINK2 whole coding sequences of 611 patients
affected by azoo- or oligozoospermia (210 patients with azoosper-
mia, 393 subjects with oligozoospermia and 8 with unspecified
cause). Only one variant, identified in patient 105 (P105), was not
described in EXAC and was likely deleterious (Appendix Table S2).
This variant, c.1A>T (Fig EV1A), abrogates the SPINK2 start codon
and was present heterozygously in P105, a man with oligozoosper-
mia. An alternate start site could potentially be used in the middle
of exon 3 allowing the synthesis of a truncated protein of 2 kDa
lacking the reactive site and disulfide bonds, both known to be
crucial for SPINK2 function (Fig EV1B). However, overexpression of
the mutated gene in HEK cells did not produce any portion of the
SPINK2 protein indicating that the putative alternative start site is
not functional and that the alteration of the initial start site does not
permit the synthesis of any part of the SPINK2 protein. This was
evidenced by transfecting HEK293 cells with a plasmid containing
the full human SPINK2 ORF sequence with the c¢.1A>T mutation and
a C-terminus DDK-tagged. Extracted proteins were loaded onto a
20% acrylamide gel and detected with anti-DDK or anti-SPINK2
antibodies (Fig EV1C). P105 and his wife, born from non-consangui-
neous parents, experienced a 5-year period of infertility before
giving birth to a healthy boy conceived spontaneously. They sought
medical advice 2 years after their son’s birth to initiate a second
pregnancy. Sperm analysis resulted in the diagnosis of oligozoosper-
mia associated with a reduced percentage of progressive motile
spermatozoa (Table EV1). The patient’s sperm morphology was
assessed with Harris—Shorr staining using the modified David’s clas-
sification and showed that 34-39% of sperm had a normal morphol-
ogy (n =2). The main defects observed were abnormal acrosome
(34-39%) and defective neck-head junction (40-46%), defects that
are similar to those observed in patient Br2.

This analysis indicates that SPINK2 defects are extremely rare
with an allelic frequency of approximately 1/1,200 in the cohort of
infertile men analyzed. The rarity of SPINK2 variants and the fact
that P2, the father of Brl and Br2, also harboring a heterozygous
mutation, presents in a milder phenotype than P105 could indicate
that SPINKZ2 haploinsufficiency induces a milder phenotype of
oligozoospermia with an incomplete penetrance on infertility.

Homozygous Spink2 KO mice have azoospermia due to a
spermiogenesis blockade at the round-spermatid stage

In order to confirm that the absence of SPINK2 leads to azoosper-
mia, homozygous Spink2 KO (*/~) mice were obtained and their
reproductive phenotype was studied. We first performed qRT-PCR
on Spink2*/* and Spink2™/~ testis mRNA extracts to validate the
absence of Spink2 mRNA and thus of protein. Contrary to what was
observed in WT littermates, we observed no Spink2 amplification in
KO males, confirming Spink2 deficiency (Appendix Fig S3). Males

EMBO Molecular Medicine Vol 9 | No 8 | 2017
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Figure 2.

Identification of a SPINK2 variant (c.56-3C>G) by exome sequencing and its consequences on splicing and translation.

A The identified variant, homozygous in patients 1 and 2 and heterozygous in their parents, is located three nucleotides before exon 2 and creates an AG that

immediately precedes the original AG splice acceptor site.

B If recognized during splicing, this new acceptor site is expected to add two nucleotides (AG) at the beginning of exon 2, inducing a frameshift leading to a stop codon
3 amino acids later (transcript 1). The non-recognition of the abnormal acceptor site is expected to induce the skipping of exon 2 (transcript 2). The first stop codon

can be observed 15 codons after the mis-inserted exon 3.

C RT-PCR of mRNA extracts from fertile control (Ctrl) and the brother Brl. Results show one band for Ctrl. The sequencing of this band showed that it corresponds to
transcript NM_021114. For Brl, two bands were present, named T1 and T2. Bottom gel shows T1 and T2 after gel isolation.

D Transcripts T1 and T2 were collected and sequenced: T1 showed the insertion of an additional AG (red-dashed rectangle) leading to a premature stop codon (black
box), whereas transcript T2 showed that exon 2 had been excised; these two transcripts correspond to the expected transcripts 1 and 2 from panel (B). Stop codons

are shown in black boxes.

were completely infertile, whereas no reproductive defects were
observed in females (Fig 3A1). Homozygous KO mice had compara-
tively smaller sized testes and a testis/body weight ratio half that
of their wild-type (WT) littermates [3.63 + 0.21 in WT and
1.77 £+ 0.03 in KO (Fig 3A2)]. Furthermore, there was a complete
absence of spermatozoa in Spink2™/~ caudal epididymis (Fig 3A3)
which only contained round cells likely corresponding to round
spermatids and multinucleated cells, known as symblasts. Histologi-
cal studies of KO seminiferous tubules stained with periodic acid-
Schiff (PAS) revealed the presence of germ cells up to the early
round-spermatid stage but condensed and elongated spermatids and

1136  EMBO Molecular Medicine Vol 9| No 8 | 2017

mature spermatozoa were completely absent, contrary to WT
(Fig 3B1 and C1). The lumen of the seminiferous tubules of
Spink2™/~ males contained round cells and symblasts (Fig EV2A
and B), a result in agreement with observations of the cellular
content of the cauda epididymis, which showed the presence of
round cells only (Fig EV2C). In contrast to what was observed in
WT (Fig 3B2), sections of caudal epididymis confirmed the absence
of spermatozoa and the presence of symblasts and round cells
(Fig 3C2). Comparing PAS staining of Spink2*/* and Spink2~/~
seminiferous tubules, we noticed that contrary to WT, Spink2™/~
round spermatids did not contain an acrosomal vesicle, suggesting

© 2017 The Authors
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males are infertile and azoospermic, and spermatogenesis presents a post-meiotic blockade.

Al Litter size of Spink2™/~ and Spink2*’~ males mated with wild-type females (n = 5).

A2 Testis/body weight ratio for WT and Spink2~/~ mice (n = 6) and morphology and size of wild-type and Spink2~/~ testes of male siblings. Scale bar, 5 mm.

A3 Sperm concentrations from the cauda epididymis of wild-type, Spinkz*/ , and Spink2 /= male testes (n = 10).

B, C Histological comparisons of testis and epididymis from WT and Spink2~/~ mice. (B1, C1) Periodic acid-Schiff (PAS) staining of seminiferous tubule cross sections

shows complete spermatogenesis in WT (B1) contrary to SpinkZ’/’ mice (C1), where condensed, elongated spermatids and mature sperm are absent. (B2, C2)
Sections of epididymis stained with eosin/hematoxylin. In the lumen of tubules from WT mice, mature sperm are present (B2), whereas only round cells and

multinucleated symblasts occupy the lumen of tubules from Spink2~/~

mice (C2). (B3, C3) Enlargement of seminiferous tubule sections stained with PAS

evidences deep pink staining in round spermatids, which corresponds to the acrosome in WT mice (B3), whereas round spermatids from Spink2 = mice present
no deep pink staining, indicating that the acrosome is not formed (C3). Scale bars, 100 um.

D1, D2

Immunofluorescence experiments using an anti-Sp56 antibody (red staining) confirm the presence of the acrosome in seminiferous tubule sections from WT

contrary to those from Spink2~'~ mice, where no staining is observed. Scale bars, 100 pm.

Data information: Data represent mean & SEM. P-values are P =1 x 10 ° (a) and P = 1 x 10 (b); statistical differences were assessed using t-test. NS, not statistically

significant.

that the absence of Spink2 prevents acrosome biogenesis (Fig 3B3
and C3). This point was confirmed by immunofluorescent staining
using the Sp56 antibody, a specific marker of the acrosome (Kim
et al, 2001) (Fig 3D1 and D2). We then identified the spermatogonia
using an anti-PLZF antibody (Zhang et al, 2014) (Fig EV3A and B)
and observed no significant difference in the median number of
spermatogonia per tubule (n =30) between Spink2*’/* and
Spink2~/~ mice (Fig EV3C). These results indicate that the absence
of Spink2 does not impact spermatogonial survival but leads to an
early arrest of round-spermatid differentiation. Overall, the
Spink2~/~ mouse phenotype perfectly mimics the human condition
and confirms that SPINK2 deficiency is involved in human
azoospermia.

SPINK2 is an acrosomal protein

In order to further investigate the molecular pathogeny of this
SPINK2-dependent azoospermia, we determined the localization of
SPINK2 in human and mouse testis. We first verified the specificity
of a SPINK2 antibody through Western blot (WB) and immunofluo-
rescence (IF) experiments on HEK293 cells overexpressing human
SPINK2. In Western blots, the SPINK2 antibody recognized three
bands of less than 17 kDa weight, likely corresponding to oligo-
meric complexes (Appendix Fig S4A). No bands appeared in non-
transfected cells. Moreover, the overexpressed SPINK2 featured a
DDK-tag which was recognized by an anti-DDK-tag antibody reveal-
ing three bands of identical molecular mass (Appendix Fig S4B). No
bands were observed when the primary antibody was omitted.
SPINK2 expression was also studied by IF and confocal microscopy.
Transfected cells displayed a cytoplasmic staining, whereas no
staining was observed in non-transfected cells (Appendix Fig S4C).
Taken together, these results demonstrate the specificity of this anti-
body in WB and IF experiments. Next, the localization of SPINK2
was determined by IF in human and mouse seminiferous tubule
cross sections and in mature sperm (Fig EV4). In mouse, SPINK2
was present in the acrosomal vesicle from the beginning of the acro-
some’s biogenesis at the round-spermatid stage as indicated by a
colocalization with Sp56, a marker of the acrosome (Fig EV4A and
B). In accordance with the results shown in Fig 3D2, no SPINK2
staining was observed in SpinkZ_/ ~ testis cross sections (Fig EV4C).
A similar localization was observed for SPINK2 in human seminifer-
ous tubule sections (Fig EV4D). Finally, we observed that SPINK2
remains present in the acrosome of human and mouse mature sper-
matozoa (Fig EV4E and F).

EMBO Molecular Medicine Vol 9| No 8] 2017

Ultrastructure of Spink2~'~ round spermatids shows that fusion
of proacrosomal vesicles is hampered and that the Golgi
apparatus is fragmented

We showed that SPINK2 is located in the acrosome and that its
absence prevents acrosome biogenesis. To understand the reasons
for the absence of acrosome biogenesis, we performed transmission
electronic microscopy (EM) to study the ultrastructure of round
spermatids from Spink2~/~ males (Fig 4). In wild-type round sper-
matids, proacrosomal vesicles generated by the Golgi apparatus
docked in a specialized area of the nuclear envelope (NE) and fused
together to form a giant acrosomal vesicle (Fig 4A). Contrary to
WT, in Spink2~/~, the proacrosomal vesicles generated by the Golgi
apparatus of round spermatids were mostly unable to fuse (Fig 4B2,
white arrowheads), likely explaining the absence of acrosome
biogenesis. Moreover, the Golgi apparatus from Spink2~/~ animals
produced abnormal proacrosomal vesicles of irregular sizes
(Fig 4B2) and showed a considerable disorganization with a
decreased proportion of flattened membrane stacks (Fig 4B2)
displaying shorter lengths (Fig 4C). Acrosome biogenesis is depen-
dent on the simultaneous synthesis of vesicles by the Golgi appara-
tus and the modification of the nuclear envelope (NE) facing the
Golgi apparatus, with tight apposition of both nuclear membranes
and aggregation of a nuclear dense lamina (NDL) on the nuclear
side of the inner nuclear membrane (Kierszenbaum et al, 2003). In
Spink2™/~ round spermatids, the densification of the NE appears to
occur normally and the NDL is clearly visible in EM (Fig 4B2).
Using IF, the modification of the NE facing the Golgi apparatus was
followed with an anti-Dpy1912 antibody. We indeed had previously
shown that Dpyl1912 participates in linking the acrosome to the
nucleus and that it is located in the nuclear membrane facing the
forming acrosome (Pierre et al, 2012) and is thus a component of
this specialized area of the nuclear envelope. In costaining experi-
ments using anti-Dpy1912 and anti-GM130 antibodies to stain the
nuclear envelope facing the acrosomal vesicle (evidenced by the
NDL in EM) and the Golgi apparatus, respectively, we found that in
WT round spermatids, the Golgi apparatus is either located immedi-
ately in front of the NDL in the early phase of acrosome biogenesis
or, at a slightly later stage, lies adjacent to it (Fig 4D1 and D2). In
contrast to WT, the Golgi apparatus of Spink2~/~ round spermatids
was positioned randomly around the nucleus, often found on the
opposite side of the NDL (Fig 4D3-D6) indicative of a disruption of
the polarity of the NDL and of the Golgi apparatus, which should
both be located at the apical face of the round spermatid.

© 2017 The Authors
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Figure 4. Lack of Spink2 prevents the fusion of proacrosomal vesicles and induces a disorganization of the Golgi apparatus.

A Partial section of a WT round spermatid observed by EM showing the early biogenesis of the acrosome (Acr) due to the continuous formation and aggregation of
small vesicles (white arrows) coming from the Golgi apparatus (GA). The nuclear envelope (NE) facing the acrosome has a specific organization and is associated with

the nuclear dense lamina (NDL). N, nucleus. Scale bar, 400 nm.
B Ultrastructure of the Golgi apparatus in Spink2~/~

round spermatid observed by EM. (B1) Ultrastructure of a Spink2™

/= round spermatid observed at low

magnification. The black box corresponds to the Golgi apparatus and is enlarged in (B2). (B2) In the absence of Spink2, vesicles do not aggregate at the nuclear
envelope although modification of the NE and formation of the NDL occur. Unfused vesicles of different sizes accumulate in the cytoplasm with very few docking on
the nuclear envelope (white arrowhead). Moreover, the GA shows disorganization with strong decrease or absence of stacks of flattened membranes. Finally,
microautophagy-like structures and vesicles with a double membrane (black arrowhead) are observed around the GA (black arrows). M, mitochondria. Scale bars,

6 um (B1) and 2 pum (B2).

C The length of flattened saccules is statistically reduced in SpinkZ’/’ round spermatids (WT saccules, n = 74; and KO saccules, n = 136). Data represent mean + SEM;

the statistical difference was assessed with t-test, P-value as indicated.

D Absence of Spink2 induces Golgi apparatus fragmentation and mislocalization. (D1, D2) IF experiments using an anti-Dpy19I2 antibody marking the specific NE facing
the NDL (green staining) and an anti-GM130 antibody marking the cis-Golgi (red staining) show that the Golgi apparatus (GA) is a compact structure and located
either in front of the NDL or close to it in WT round spermatids (normal). (D3-D6) In contrast, similar double staining of round spermatids from Spink2~/~ mice shows
that only one-third of GA are compact and normally placed (D3) and the other GA are either displaced (D4), fragmented (D5), or both (D6). In panel (D6), white

asterisk corresponds to a GA belonging to a different cell.

E  Quantification of the morphology and the relative localization of the GA and Dpy19I2 staining in WT (n = 40) and Spink2 ™/~ (n = 39) round spermatids.

Disjunction of the Golgi apparatus and of the NDL was also
observed in EM (Fig EVSA). Moreover, anti-GM130 staining in
Spink2~/~ round spermatids appeared disseminated and punctu-
ated, confirming the disorganization of the Golgi apparatus and indi-
cating a fragmentation of the organelle (Fig 4D4-D6).

Interestingly, EM observations of Spink2~/~ round spermatids
showed the presence of multivesicular bodies, a known biomarker
of microautophagy (Li et al, 2012) (Fig EV5B). These latter struc-
tures strongly suggest that the absence of Spink2 activates an
uncharacterized self-degradation pathway. Visual signs of the initial
events of microautophagy occurring at the Golgi apparatus level are
the engulfment of vesicles (Fig 4B2, black arrows) and the presence
of already engulfed vesicles (Fig 4B2, black arrowhead). We note
that the thorough examination of round spermatids on EM images
did not reveal any detectable signs of morphological hallmarks of
apoptosis such as chromatin condensation, fragmentation of the
plasma membrane, and the presence of apoptotic bodies. Moreover,
no differences in DNA damage were observed between WT and
Spink2~/~ round spermatids when assessed by terminal deoxynu-
cleotidyl transferase (TdT)-mediated deoxyuridine triphosphate
(dUTP)-nick-end labeling (TUNEL) test (Appendix Fig SS5). Alto-
gether, these results suggest that the absence of Spink2 at the
round-spermatid stage does not activate the apoptotic pathway.

Rescue of acrosin-induced cell proliferation defects by
coexpression with SPINK2

During spermatid differentiation, several enzymes, involved in
sperm penetration through the protective layers surrounding the
oocytes, accumulate in the acrosomal vesicle. Among these different
enzymes, several proteases have been described to play a key role,
including acrosin, believed to be the main acrosomal protease (Liu
& Baker, 1993). Acrosin, a trypsin-like protease, is synthesized in
the reticulum as a zymogen (proacrosin), transits through the Golgi
apparatus, and accumulates in the acrosomal vesicle. Autoactivation
of acrosin is pH-dependent and occurs at a pH > 6 (Meizel &
Deamer, 1978) leading to sequential N-ter and C-ter cleavages of the
proacrosin (46 kDa), eventually giving active forms of acrosin with
lower weights of 20-34 kDa (Baba et al, 1989; Zahn et al, 2002).
Since the pH of both the endoplasmic reticulum and the Golgi appa-
ratus is greater than 6 (Rivinoja et al, 2012), we postulated that

EMBO Molecular Medicine Vol 9| No 8] 2017

Spink2, as a serine peptidase inhibitor, prevents acrosin autoactiva-
tion in these cellular compartments, thus preventing cellular stress
induced by uncontrolled protease activation. Such stress would
cause cellular defects including Golgi apparatus destabilization and
defective acrosome biogenesis leading to spermatid differentiation
arrest. To test this hypothesis, heterologous expressions of human
C-terminus DDK-tagged proacrosin (ACR), SPINK2, or both were
carried out in HEK293 cells and the Kkinetics of cell proliferation
were followed using xCELLigence Real-Time Cell Analysis (RTCA)
technology for the different conditions. It is worth noting that no
members of the SPINK family are reported to be expressed in
HEK293 cells. Analyses of kinetics showed that proacrosin expres-
sion quickly led to cell proliferation arrest and detachments in
contrast to what was observed in the control condition (Fig SA and
B). Interestingly, cells showed a normal proliferation when SPINK2
was coexpressed with proacrosin (Fig SA and B), therefore demon-
strating that cell stress and damages induced by the proacrosin were
prevented by SPINK2 coexpression. The presence of the different
overexpressed proteins was verified in the different conditions by
Western blotting using the SPINK2 antibody (Fig 5C), an anti-
acrosin (Fig 5D), and the anti-DDK (Fig 5E) antibodies. In extracts
of HEK293 cells transfected with proacrosin only and revealed with
an anti-acrosin antibody (Fig SD), two bands were present at
around 46 and 34 kDa. The latter (red arrowhead) likely corre-
sponds to the active form of acrosin resulting from the cleavage of
proacrosin upon autoactivation. This band was not present when
acrosin was coexpressed with SPINK2 or in non-transfected cells
(control). Moreover, a closer inspection of the band around 46 kDa
in the extracts of cells transfected with proacrosin only
or proacrosin + SPINK2 shows that this band is of lower MW
and was less intense in “acrosin” extract compared to
“acrosin + SPINK2” cell extract, showing the process of successive
cleavages occurring during proacrosin autoactivation (Zahn et al,
2002). Similar results were obtained with the anti-DDK antibody
(Fig SE). It is worth noting that anti-DDK antibody immunodeco-
rates the zymogen form only and not the active form of acrosin
because the C-terminus containing the DDK-tag is cleaved upon
autoactivation. Western blot results thus demonstrate that coexpres-
sion of proacrosin with SPINK2 prevented its autoactivation. We
can thus conclude that in the absence of a serine peptidase inhibitor,
proacrosin can autoactivate and induces a cellular stress leading to

© 2017 The Authors
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Figure 5. Heterologous expression of proacrosin in HEK293 cells induces acrosin activation and cell proliferation arrest, a phenotype rescued by SPINK2
coexpression.

A Representative kinetics of HEK293 cell proliferation measured with Real-Time Cell Analysis (RTCA) technology in different conditions as indicated. Each point
corresponds to the mean of four technical replicates measured simultaneously. Black arrows indicate the time of cell plating (t = 0 h) and introduction of the
different plasmids in the cell chambers (t = 16 h).

B Scatter plots showing the mean and SD of the cell index measured at 40 h after plating (corresponding to cell proliferation and detachment) in different transfection
conditions and measured for three independent biological replicates. Statistical differences were assessed using t-test, P-values as indicated.

C Western blot using an anti-SPINK2 antibody showing the expression of SPINK2 in cell extracts of HEK293 cells transfected with different plasmids containing SPINK2
(SP) or acrosin and SPINK2.

D Representative Western blot using an anti-acrosin antibody. In extracts of HEK293 cells transfected with proacrosin only (lane “acrosin”), two bands were observed,
one at around 34 kDa and corresponding to the active form of acrosin (red arrowhead) and one at 46 kDa and corresponding to the zymogen form, whereas in
extracts of HEK293 cells transfected with proacrosin and SPINK2 (lane “Acr + SP”), only the zymogen form was observed. Equal protein loading was verified by stain-
free gel technology (Taylor & Posch, 2014) and Western blots against tubulin (Appendix Fig S6). Note that the zymogen form in lane “acrosin” has a slightly lower
mass and that the band is less intense than that in lane “Acr + SP”.

E Representative Western blot using an anti-DDK antibody showing the expression of the proacrosin zymogen form in HEK293 cells transfected with different plasmids
as indicated. Note that once more, the zymogen form in the lane “acrosin” has a slightly lower mass and that the band is less intense than that in lane “Acr + SP”.
Similarly, equal protein loading was verified by stain-free gel technology (Appendix Fig S6).

cell proliferation arrest and cell detachment, a phenotype similar to
that observed in round spermatids from Spink2~/~ males.

SPINK2 haploinsufficiency induces sperm defects with
incomplete penetrance in man

Only one additional subject, P105, was identified with a SPINK2
heterozygous deleterious variant, and we cannot be sure that this

© 2017 The Authors

variant is the cause of the patient’s oligozoospermia. Two arguments
could in fact suggest that SPINK2 haploinsufficiency is not deleteri-
ous: (i) Brl and Br2’s father is SPINK2 heterozygous and has
conceived six children spontaneously, and unfortunately, we could
not obtain sperm samples to characterize this man’s sperm parame-
ters; and (ii) because heterozygous Spink2*/~ male mice are fertile,
they did not produce litters of reduced size (Fig 3A). We however
carried out a detailed characterization of Spink2*/~ and Spink2*/*
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sperm parameters to address the question of the impact of SPINK2
haploinsufficiency on mouse spermatogenesis. Heterozygous males
displayed a significant increase in teratozoospermia (Fig 6A). Abnor-
mal spermatozoa showed non-hooked heads, isolated heads, or a
malformed base of the head (Fig 6B). Moreover, sperm motility of
heterozygous males was impaired with lower total and progressive
motility (Fig 6C). We note that the observed defects are very similar
to those observed in the heterozygous patient P105 (Table EV1). We
can therefore conclude that in mice, SPINK2 haploinsufficiency
induces asthenoteratospermia with no alteration of reproductive fit-
ness, whereas in man it leads to oligoteratozoospermia with variable
expressivity and infertility with an incomplete penetrance.

Discussion

SPINK family emerges as an important family for human
genetic diseases

SPINK proteins are serine protease inhibitors containing one or
several Kazal domains which interact directly with the catalytic
domains of proteases blocking their enzymatic activity (Rawlings
et al, 2004). The Kazal domain structure contains three disulfide
bonds which are highly conserved. Different SPINK proteins are
specifically expressed in different tissues and inhibit a number of
serine proteases, such as secreted trypsin in the pancreas, acrosin in
sperm, or kallikrein in the skin. Downregulation of the activity of dif-
ferent SPINK proteins leads to severe pathologies such as chronic
pancreatitis and Netherton syndrome. In the pancreas, trypsin is
produced as an inactive zymogen to prevent cell damage, yet the
trypsinogen is occasionally able to autoactivate. This protease activ-
ity is then blocked by SPINK1. Chronic pancreatitis can be triggered
by mutations of SPINKI that decrease or suppress its trypsin inhi-
bitor function, leading to cell distress (Chen et al, 2000; Witt et al,
2000). In the skin, kallikrein-related peptidases are controlled by
SPINKS and unopposed kallikrein-peptidase activity due to SPINKS
deficiency leads to Netherton syndrome, a severe skin disease (Furio
& Hovnanian, 2014). SPINK6 and SPINK9 are also expressed in the
skin, and altered expression levels are associated with atopic
dermatitis or psoriasis (Redelfs et al, 2016). The other members of
the SPINK family, including SPINK2, have not yet been associated
with a human pathology. Here, we have clearly demonstrated that
the absence of SPINK2 induces azoospermia, a severe infertility
phenotype, emphasizing the importance of this family in human
pathologies.

Role of SPINK2 during spermiogenesis

We have shown that SPINK2 is located in the acrosomal vesicle in
round spermatids and remains present in mature spermatozoa,
suggesting that this protein is necessary for spermiogenesis and
sperm survival. SPINK proteins are known to control protease activ-
ities in different tissues (Witt et al, 2000; Rawlings et al, 2004;
Ohmuraya et al, 2012; Furio & Hovnanian, 2014) and since SPINK2
is located in the acrosome, it very likely neutralize acrosomal
proteases before their release prior fertilization. Several proteases
have been described to be present in the acrosome (Arboleda &
Gerton, 1987; Kohno et al, 1998; Cesari et al, 2004). Among these,
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acrosin (Acr) was the first to be described and is the acrosomal
protein which has been the most studied. Acrosin is present in the
acrosome as a zymogen called proacrosin (Huang-Yang & Meizel,
1975) which is predicted to be activated during the acrosome reac-
tion (Brown & Harrison, 1978) upon a rise in acrosomal pH to 7
which induces pH-dependent proacrosin autoactivation (Baba et al,
1989). Before the acrosome reaction, at least two mechanisms
prevent autoactivation: The first is the acrosomal acidic pH which is
below 5, which blocks autoactivation of proacrosin (Meizel &
Deamer, 1978); and the second is the presence in the sperm of a
non-fully characterized proacrosin conversion inhibitor of 12 kDa
which has been purified from boar acrosome (Kennedy et al, 1982).
The presented results strongly suggest that this protein is in fact
SPINK2. Proacrosin is however produced in the endoplasmic reticu-
lum and transits through the Golgi apparatus, two cellular compart-
ments with a pH of approximately 7 and 6.5, respectively. In these
compartments, autoactivation of proacrosin is thus possible and
would result in the release of active acrosin within these appara-
tuses. We therefore believe that SPINK2, which transits through the
same cellular compartments, quenches this premature protease
activity and prevents the described cascade of events leading to
azoospermia. This hypothesis is supported by heterologous expres-
sion experiments: We have indeed demonstrated that proacrosin
expression in HEK293 cells induces (i) autoactivation of proacrosin
and (ii) cellular proliferation arrest and cell detachment. Moreover,
cellular toxicity of proacrosin expression is prevented by SPINK2
coexpression, showing the ability of SPINK2 to inhibit acrosin activ-
ity.

One of the most striking effects of SPINK2 deficiency is the frag-
mentation of the Golgi apparatus, a key organelle for protein
processing and translocation, in particular for membrane proteins.
The notable strong desquamation of the germinal epithelium may
be due to severe changes in membrane protein composition result-
ing from a defective Golgi apparatus function.

Impact of SPINK2 deficiency

We have shown that the absence of SPINK2 in round spermatids
leads to several subcellular defects targeting the process of proacro-
somal vesicle formation by the Golgi apparatus. The observed
abnormalities include the disorganization and delocalization of the
Golgi apparatus, the presence of vesicles of various sizes, and the
absence of proacrosomal vesicle fusion. The absence of SPINK2
likely allows proacrosin autoactivation within the reticulum and the
Golgi apparatus compartments, leading to the above-described
subcellular defects. It was previously shown that transgenic expres-
sion of porcine proacrosin in mice led to post-meiotic cell death and
oligozoospermia, supporting the hypothesis that unbalanced expres-
sion of acrosin/Spink2 is deleterious (O’Brien et al, 1996). Interest-
ingly, we have demonstrated that the cell responds to this stress by
activating a microautophagy-like pathway: First, we showed that
larger vacuoles engulfed small vacuoles, likely leading to the
observed heterogeneity in vacuole size in the vicinity of the Golgi
apparatus; and secondly, multivesicular bodies, a hallmark of
microautophagy (Li et al, 2012), were clearly observed within
Spink2 ™/~ round spermatids, whereas they were never observed in
WT. Furthermore, the lack of various SPINK proteins induces autop-
hagy-induced cell death in regenerating Hydra (Chera et al, 2009)
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A Light microscopy analysis of sperm from Spink2*'~ heterozygous mice reveals the presence of numerous non-typical forms of sperm. Scale bars, 25 um. Graph on the
right shows the mean + SD percentage of defective sperm in WT (n = 3) and Spinkz"/’ mice (n = 3).

B Anomalies were observed in the head and the mid- and principle pieces in WT and SpinkZ*/’ mice (n = 3).

C Total and progressive sperm motility were strongly decreased in Spink2*/~ heterozygous mice (n = 5) in comparison with WT sperm (n = 5).

Data information: n represents the number of biological replicates, and for each replicate, more than 100 sperm were assessed per condition. Data are presented as
mean =+ SD. Statistical differences were assessed using t-test, P-values as indicated.
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and was also described in newborn mice when Spink3 (orthologue
of Spinkl) is mutated (Ohmuraya et al, 2005). Based on these
results, it has been postulated that SPINK1/Spink3 could have the
dual function of protease inhibitor and negative regulator of autop-
hagy (Ohmuraya et al, 2012). Our results show that the absence of
SPINK2 induces a microautophagy-like pathway in germ -cells
thereby further supporting this hypothesis.

Oligozoospermia and azoospermia is a continuum correlated
with SPINK2 haploinsufficiency

We observed that in man, the presence of a homozygous SPINK2 muta-
tion leads to azoospermia while a heterozygous mutation can induce
oligozoospermia suggesting that SPINK2 haploinsufficiency can result
in oligozoospermia. In mice, we showed that the complete absence of
the protein leads to azoospermia. We also showed that heterozygous
animals have terato-astheno-zoospermia but with no obvious decrease
in sperm number and no impact on fertility. A previous study carried
out in a different mouse hypomorphic mutant line showed that a
significant inactivation of Spink2 (likely in excess of 90%) led to a
reduction by half of sperm number within the epididymis and a five-
fold increase in morphologically abnormal spermatozoa. Male mice
also exhibited a reduced fertility and produced litters of reduced size
with an average of 5.19 pups by litter compared to 8.56 in controls
(Lee et al, 2011). These results and the results presented therein thus
confirm that in mice, the severity of the phenotype is dependent on
Spink2 expression levels and that there is a phenotypic continuum
ranging from (i) azoospermia in the complete absence of the protein
(ii) to teratozoospermia and oligozoospermia associated with subfertil-
ity when only a fraction of the protein is present and finally (iii) to
astheno-teratozoospermia with no impact on fertility when half of the
protein is present. These observations in mice strongly support the
notion that SPINK2 heterozygous mutations in man will impact sper-
matogenesis with a variable effect on fertility. We identified only one
heterozygous mutation out of 611 analyzed patients indicating that
SPINK2 variants are very rare, likely because heterozygous variants
underwent a strong negative selection during evolution. This hypothe-
sis is supported by data from the EXAC database which indicate that
the SPINK2 gene has a high probability of loss of function intolerance
(pLI = 0.72).

The testis is the organ which expresses the highest number of
tissue-specific transcripts (n > 500) (Feig et al, 2007; Dezso et al,
2008) and altered spermatogenesis has been observed in knockout
mouse models for more than 388 genes (Massart et al, 2012). It is
therefore expected that NOA is genetically highly heterogeneous and
that few patients carry causal defects on the same gene. Due to the
involvement of the corresponding proteins in multiple phases of
spermatogenesis, the causes of azoospermia are numerous and
involve genes controlling spermatogonial self-renewal, meiosis, and
spermiogenesis. Here, we have confirmed that alterations of
spermiogenesis do not only lead to teratozoospermia as described
several times previously (Dieterich et al, 2007; Harbuz et al, 2011;
Ben Khelifa et al, 2014) but also to azoospermia. The vast majority
of patients with an altered spermatogenesis can be treated with IVF
or by the direct injection of a sperm into the oocyte (ICSI). Most
patients with NOA however cannot benefit from ICSI-IVF treatments.
Identifying the genetic defects responsible for NOA and characteriz-
ing their molecular pathogeny will provide a basis for the
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development of therapeutic solutions tailored to the patient. In this
particular case, we have shown that SPINK2 deficiency can induce
azoospermia and demonstrated that unrestricted acrosomal protease
activity induces the arrest of spermiogenesis. Moreover, we provided
evidence that this process activates a microautophagy-like pathway.
As we have shown that the pool of undifferentiated spermatogonia is
not affected, we can envisage a method of treatment targeting
protease activity using a protease inhibitor, as is done for chronic
pancreatitis caused by SPINK1 deficiency (Kambhampati et al,
2014).

Materials and Methods
Patients and biological samples

Human sperm were obtained from patients consulting for diagnosis
or assisted reproductive techniques at the fertility center of the
Grenoble University Hospital. All patients signed an informed
consent for use of part of their samples in research programs
respecting the WMA declaration of Helsinki. The samples were then
stored in the CRB Germetheque (certification under 1SO-9001 and
NF-S 96-900) following a standardized procedure. Consent for CRB
storage was approved by the CPP Sud-Ouest of Toulouse (coordina-
tion of the multisite CRB Germetheque). The storage and transfer
authorization number for the CRB Germetheque is AC2009-886. The
scientific and ethical board of the CRB Germetheque approved the
transfer of the semen samples for this study. Additional DNA
samples from patients with azoospermia and oligozoospermia were
obtained from the CHU of Grenoble, Saint Etienne, and Marseille.
All patients gave their informed consent for the anonymous use of
their leftover samples. Brothers Brl and Br2 are French citizens
from a traveling group originating from Romania but whose recent
ancestors lived in Spain and the south of France. Subject P105 is
also a French citizen with eastern ascendants (from Russia).

Exome sequencing and bioinformatic analysis

Genomic DNA was isolated from saliva using Oragene saliva DNA
collection kit (DNA Genotek Inc., Ottawa, Canada). Exome capture
was performed using NimbleGen SeqCap EZ Kit version 2 (Roche).
Sequencing was conducted on an Illumina HiSeq 2000 instrument
with paired-end 76-nt reads. Sequence reads were aligned to the
reference genome (hgl9) using MAGIC (SEQC/MAQC-III Consor-
tium, 2014). Duplicate reads and reads that mapped to multiple
locations in the exome were excluded from further analysis. Posi-
tions with sequence coverage below 10 on either the forward or
reverse strand were excluded. Single nucleotide variations (SNV)
and small insertions/deletions (indels) were identified and quality-
filtered using in-house scripts. The most promising candidate
variants were identified using an in-house bioinformatics pipeline.
Variants with a minor allele frequency > 5% in the NHLBI ESP6500
or in 1000 Genomes Project phase 1 datasets, or > 1% in EXAC,
were discarded. We also compared these variants to an in-house
database of 56 control exomes. All variants present in a homozy-
gous state in this database were excluded. We used Variant Effect
Predictor (VEP) to predict the impact of the selected variants. We
only retained variants impacting splice donor/acceptor sites or
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causing frameshift, in-frame insertions/deletions, stop gain, stop
loss, or missense variants except those scored as “tolerated” by SIFT
(sift.jevi.org) and as “benign” by PolyPhen-2 (genetics.bwh.harva
rd.edu/pph2). All steps from sequence mapping to variant selection
were performed using the ExSQLibur pipeline (https://github.com/
tkaraouzene/ExSQLibur). Our datasets were obtained from subjects
who have consented to the use of their individual genetic data for
biomedical research, but not for unlimited public data release.
Therefore, we submitted it to the European Genome-phenome
Archive, through which researchers can apply for access of the raw
data under the accession number EGAD00001003326.

Sanger sequencing

Sanger sequencing of the four SPINK2 exons and intron borders was
carried out using the primers described in Appendix Table S3. Thirty-
five cycles of PCR amplification were carried out with a hybridization
temperature of 60°C. Sequencing reactions were performed using
BigDye Terminator v3.1 (Applied Biosystems). Sequence analyses
were carried out on ABI 3130XL (Applied Biosystems). Sequences
were analyzed using seqscape software (Applied Biosystems).

RT-PCR and quantitative real-time PCR

Total RNA from various tissues including testes from three WT and
homozygous KO mice was extracted using the mirVana™ PARIS™
Kit (Life Technologies®) according to the manufacturer’s protocol.
Human cDNAs were obtained from Life Technologies® mRNA.

Reverse transcription was carried out with 5 ul of extracted
RNA (~500 ng). Hybridization of the oligo dT was performed by
incubating for 5 min at 65°C and quenching on ice with the
following mix: 5 ul RNA, 3 ul of poly-T-oligo primers (dT) 12-18
(10 mM; Pharmacia), 3 pl of the four dNTPs (0.5 mM, Roche
Diagnostics) and 2.2 pl of H,O. Reverse transcription then was
carried out for 30 min at 55°C after the addition of 4 pl of 5x
buffer, 0.5 pl RNase inhibitor, and 0.5 pl Transcriptor reverse tran-
scriptase (Roche Diagnostics). One microliter of the obtained cDNA
mix was used for the subsequent PCR. Primers are described in
Appendix Table S4.

A specific region of the transcript was amplified using a StepOne-
Plus™ Real-Time PCR System (Life Technologies®) with Power
SYBR® Green PCR Master Mix (Life Technologies®) according to the
manufacturer’s protocol. PCR without template was used as a nega-
tive control to verify experimental results. The sequence for oligonu-
cleotide primers used and their product sizes are summarized in
Appendix Table S5.

After amplification, the specificity of the PCR was determined by
both melt-curve analysis and gel electrophoresis to verify that only
a single product of the correct size was present. Quantification of
the fold change in gene expression was determined by the relative
quantification method (2-24¢r) using the beta-actin gene as a refer-
ence. Data are shown as the average fold increase + standard error
of the mean.

Primary antibodies

SPINK2 rabbit polyclonal antibody was from Sigma-Aldrich
(HPA026813) and used at 1/1,000 for Western blot analysis. Sperm
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protein Sp56 and Golgi matrix protein GM130 (610822) mouse
monoclonal antibodies were from QED Bioscience Inc. (used at
1/800 and 1/200, respectively). Promyelocytic leukemia zinc finger
protein PLZF rabbit polyclonal antibody (Sc-22839) was from Santa
Cruz Biotechnology. Dpy1912 antibodies were produced in rabbit as
polyclonal antibodies raised against RSKLREGSSDRPQSSC and
CTGQARRRWSAATMEP peptides corresponding to amino acids
6-21 and 21-36 of the N-terminus of mouse Dpy1912 (Pierre et al,
2012). DDK antibody was from OriGene (TA50011) or Sigma-
Aldrich (FLAG® M2F1804) and used at 1/10,000 for Western blot
analysis. Acrosin antibody was previously described (Gallo et al,
1991) and is a gift from Denise Escalier.

Western blot analysis

HEK293 cells were lysed in 25 mM Tris pH 7.4, 5 mM EDTA, 1%
Triton X-100, and complete protease inhibitor cocktail (Roche) and
were then centrifuged. After centrifugation at 20,000 g for 15 min at
4°C, the soluble supernatant was conserved and subjected to SDS—
PAGE. The protein concentration from supernatants was quantified
by the bicinchoninic acid assay (BCA assay) using bovine serum
albumin as a standard. Sample concentrations were adjusted and
mixed with 1x high-SDS sample buffer (4% SDS, 62 mM Tris-HCl
pH 6.8, 0.1% bromophenol blue, 15% glycerol, 5% B-mercap-
toethanol) and separated using 4-20% SDS mini-PROTEAN® TGX
Stain-Free™ Precast Gels (Bio-Rad) or 10 and 20% polyacrylamide—
SDS gels and transferred into PVDF membranes (Millipore, 0.2 pum)
using Trans-Blot® Turbo™ Blotting System and Midi Transfer Packs
(Bio-Rad). The membranes were blocked in 5% non-fat dry milk in
PBS/0.1% Tween and incubated for 1 h at room temperature with
the primary antibody, followed by 45-min incubation with a
species-matched horseradish peroxidase-labeled secondary antibody
(1/10,000) (Jackson ImmunoResearch). Immunoreactivity was
detected using chemiluminescence detection kit reagents (Luminata;
Millipore) and a ChemiDoc Station (Bio-Rad).

Real-time cell analysis

The growth, proliferation, and adhesion kinetics of HEK293 cells
were determined using RTCA technology (ACEA Biosciences, San
Diego, CA, USA). Fifty microliters of DMEM supplemented with
10% HI-FBS and 50 pg/ml gentamicin (cell culture medium) was
loaded in each well of the E-plate 96 (gold-microelectrode array inte-
grated E-plate; ACEA Biosciences). E-plate 96 was then connected to
the system to obtain background impedance readings. Around
1.5 x 10 cells in 50 pl were added to the wells containing 50 ul of
culture medium. The E-plates were placed on the RTCA SP Station
located in a 37°C, 5% CO, tissue culture incubator for continuous
impedance recording. The cell index values measured by continuous
impedance recordings every 5 min are proportional to the number
of adherent cells. After 16-17 h, cells were transfected as described
below, and for each of the conditions, four replicates were done.
The assay was conducted for 40 h.

Mice

All animal procedures were run according to the French guidelines
on the use of animals in scientific investigations with the approval of
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the local ethical committee (Grenoble-Institut des Neurosciences—
ethical committee, study agreement number 004). Mice were eutha-
nized by cervical dislocation.

The Spink2tml.1 (KOMP)Vlcg mouse strain used for this
research project was created from ES cell clone Spink2_AGS5_M?Z7,
generated by Regeneron Pharmaceuticals, Inc. and made into live
mice by the KOMP Repository (www.komp.org) and the Mouse
Biology Program (www.mousebiology.org) at the University of Cali-
fornia Davis. The methods used to create the VelociGene targeted
alleles have been published (Valenzuela et al, 2003). They were
then reared by the Mouse Clinical Institute—MCI—Iocated in Stras-
bourg as part of the “knockout mouse project”. The colony used in
this study was initiated from two couples consisting of heterozygous
females and males. Mice were housed with unlimited access to food
and water and were sacrificed after 8 weeks of age (the age of
sexual maturity).

Genotyping

DNA for genotyping was isolated from tail biopsies. Tail biopsies
(2 mm in length) were digested in 200 pl of DirectPCR Lysis Reagent
(Tail) (Viagen Biotech Inc, CA, USA) and 0.2 mg of proteinase K for
12-15 h at 55°C followed by 1 h at 85°C for proteinase K inactiva-
tion. The DNA was directly used for PCRs. Multiplex PCR was done
for 35 cycles, with an annealing temperature of 58°C, and an elonga-
tion time of 60 s at 72°C. PCR products were separated by 2%
agarose gel electrophoresis. Genotypes were determined according
to the migration pattern. Primers are described in Appendix
Table S6.

Phenotypic analysis of mutant mice

To test fertility, pubescent Spink2™/~ males (8-week-old) were
mated with WT females.
sperm concentration, sperm samples were
collected from the cauda epididymis and vas deferens of 8-week-old
males, and sperm number was determined using a hemocytometer
under a light microscope.

To determine

Sperm motility analysis

Experiments were performed on a CASA CEROS v.12 (Hamilton
Thorne Biosciences, Beverly, MA, USA) using Leja double-chamber
slides (Leja Products B.V., the Netherlands) for standard count with
100 um depth. After epididymal extraction, sperm cells were
allowed to swim for 10 min at 37°C and then were immediately
analyzed. At least 150 cells were analyzed per sample with the
following parameters: acquisition rate: 60 Hz; number of frames:
45; minimum contrast: 50; minimum cell size: 5; low static-size
gate: 0.3; high static-size gate: 1.95; low static-intensity gate: 0.5;
high static-intensity gate: 1.3; minimum elongation gate: 0; maxi-
mum elongation gate: 87; and magnification factor: 0.7. The motility
parameters measured were curvilinear velocity (VCL), straight-line
velocity (VSL), average path velocity (VAP), and amplitude of
lateral head displacement (ALH). Motile sperm were defined by
VAP > 1 and progressive sperm were defined by VAP > 30 and
VSL/VAP > 0.7.
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Histological analysis

To analyze testicular integrity, testes from adult Spink2*/* and
Spink2™/~ mice were fixed by immersion in 4% paraformaldehyde
(PFA) for 14 h, embedded in paraffin, and sectioned (4 pm). For
histological analysis, after being deparaffinized slides were stained
with hematoxylin and eosin or by the PAS technique. The colored
sections were digitized at x40 magnification through an Axioscope
microscope (Zeiss, Germany) equipped with a motorized X-Y-
sensitive stage. For sperm morphology analysis, sperm were washed
twice in PBS and then displayed over slides, dried at room tempera-
ture, and then fixed in 75% ethanol for Harris-Shorr staining. At
least 100 sperm cells were analyzed per sample.

Testicular germ cell dissociation

C57BL/6 male or Spink2 KO mice (8-week-old) were euthanized by
cervical dislocation. The testes were surgically removed and placed
in PBS (at room temperature). The tunica albuginea was removed
from the testes with sterile forceps and discarded. Then, the testes
were incubated in 1 mg/ml of collagenase solution in EKRB cell
buffer containing (in mM) 2 CacCl,, 12.1 glucose, 10 HEPES, 5 KCl, 1
MgCl,, 6 Na-lactate, 150 NaCl, 1 NaH,PO,4, and 12 NaHCO; pH 7, and
agitated horizontally at a maximum of 120 rpm for 30 min at 25°C.
The dispersed seminiferous tubules were then washed with PBS and
cut thinly. Cells were dissociated by gentle pipetting filtered through
a 100-pm filter and then pelleted by centrifugation at 500 g for 7 min.
Cells were resuspended in 1 ml PBS, fixed with 4% PFA solution,
washed with PBS, and finally layered onto polylysine-coated slides.

Immunohistochemistry

Mice were anesthetized by intraperitoneal injection of a ketamine/
xylazine cocktail (87.5 mg/kg ketamine and 12.5 mg/kg xylazine)
and sacrificed through intracardiac perfusion of PFA (4%). The
testes and epididymides were removed and fixed for a further 8 h
before paraffin embedding and sectioning. Mature sperm cells were
obtained for analysis through mechanical dilaceration of the epidi-
dymis. Sperm cells were fixed in 4% PFA for 1 min and washed in
PBS before being spotted onto poly-L-lysine-pre-coated slides. Sper-
matogenic cells of the round-spermatid stage were purified by unit
gravity sedimentation from a spermatogenic cell suspension
obtained from sexually mature males as described in Yassine et al
(2015).

For immunofluorescence experiments, heat-induced antigen
retrieval was performed by boiling slides immersed in either 0.01 M
sodium citrate buffer-0.05% Tween-20, pH 6.0, or 10 mM Tris
base-1 mM EDTA solution-0.05% Tween-20, pH 9.0, for 15—
25 min. Sections were blocked in 2% goat serum-0.1% Triton X-
100 for 1 h at RT and incubated with primary antibodies overnight
at 4°C. The slides were then washed and incubated with secondary
antibody (DyLight 549-conjugated goat anti-mouse IgG or DyLight
488-conjugated goat anti-rabbit IgG, Jackson ImmunoResearch) and
Hoechst 33342 for 2 h at RT, rinsed, and mounted with Dako
mounting medium (Life Technology). Images were taken by confo-
cal microscopy (Zeiss LSM 710) and processed using Zen 2009
software.
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Electron microscopy (EM)

Adult male mice were anesthetized and fixed by intracardiac injec-
tion with 2% glutaraldehyde and 2.5% PFA in 0.1 M cacodylate, pH
7.2. For morphological analysis, samples were fixed with 2.5%
glutaraldehyde in 0.1 M cacodylate buffer pH 7.4 over 24 h at room
temperature. Samples were then washed with buffer and post-fixed
with 1% osmium tetroxide and 0.1 M cacodylate pH 7.2 for 1 h at
4°C. After extensive washing with water, cells were further stained
with 1% uranyl acetate pH 4 in water for 1 h at 4°C before being
dehydrated through graded alcohol (30%-60%-90%-100%—100%—
100%) and infiltrate with a mix of 1/1 epon/alcohol 100% for 1 h
and several baths of fresh epon (Flukka) during 3 h. Finally,
samples were embedded in a capsule full of resin that was left to
polymerize over 72 h at 60°C. Ultrathin sections of the samples
were cut with an ultramicrotome (Leica), and the sections were
post-stained with 5% uranyl acetate and 0.4% lead citrate before
being observed with an electron microscope at 80 kV (JEOL
1200EX). Images were acquired with a digital camera (Veleta; SIS,
Olympus), and morphometric analysis was performed with iTEM
software (Olympus).

Cell culture and transfection

Mycoplasma-free HEK293 cells were a gift from A. Andrieux from
Grenoble Neuroscience Institute and grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% FBS (Invitrogen, France)
and 50 pg/ml gentamicin (Sigma) in a 37°C, 5% CO, cell culture
incubator and transiently transfected with Cter-DDK-tagged human
acrosin (RC214256; OriGene, Rockville, MD, USA) and/or human
SPINK2 (RC205388; OriGene) and/or human c.1A>T mutated
SPINK2-containing pCMV6 plasmids, using JetPRIME Transfection
Reagent (Polyplus, France) according to the manufacturer’s instruc-
tions. For immunochemistry experiments, transfected cells were
fixed with 4% PFA 2 days after transfection.

DNA strand breaks

Sections were permeabilized using a 0.1% (v/v) Triton X-100 and
0.1% (w/v) sodium citrate in 1x PBS for 2 min and labeled by
terminal deoxynucleotidyl transferase-mediated deoxy-UTP nick-
end labeling (TUNEL) according to the Roche protocol of the In Situ
Cell Detection Kit (Roche Diagnostics, Mannheim, Germany). Nuclei
were counterstained in a 0.5 pg/ml Hoechst solution for 3 min,
washed in PBS for 3 min, and mounted with DAKO mounting
medium.

Statistical analyses

n represents the number of biological replicates. For sperm
analyses, for each replicate, more than 100 sperm were assessed
per condition. Statistical analyses were performed with SigmaPlot
10 and GraphPad Prism 7. t-Tests were used to compare WT and
KO samples. Data represent mean + SEM or SD, as indicated.
Statistical tests with a two-tailed P-value < 0.05 were considered
significant.

Expanded View for this article is available online.
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The paper explained

Problem

Infertility concerns one in seven couples and is usually addressed by
performing in vitro fertilization (IVF) often by injecting spermatozoa
directly into the oocytes by intracytoplasmic sperm injection (ICSI).
Some men have a non-obstructive azoospermia (NOA), caused by a
deficient spermatogenesis, and have no spermatozoa in the ejaculate.
In some cases, a testicular biopsy can be performed in hope of finding
some mature spermatozoa that will be used for ICSI, but most men
with NOA will not be able to have biological children. It is believed
that most cases of NOA are caused by a genetic factor, but a diagno-
sis is obtained for only approximately 20% of patients.

Results

We performed exome sequencing on two brothers with NOA and
identified a homozygous mutation in the SPINK2 gene coding for a
serine protease inhibitor believed to target the acrosin, the main
protease of the acrosome, a large vesicle located to the anterior part
of the spermatozoa and containing an enzyme mix necessary to
perforate the zona pellucida of the oocyte to achieve fertilization.
Mouse study allowed to observe that homozygous KO male also had
NOA, confirming the human diagnostic. Germ cells could go through
meiosis but were blocked at the round-spermatid stage. We further
observed that in the round spermatids, in the absence of SPINK2, the
acrosin could autoactivate during its transit through the endoplasmic
reticulum and the Golgi apparatus leading to a disorganization of the
Golgi and its inability to form the acrosome and a block at the
round-spermatid stage. We further demonstrate that the presence of
a heterozygous SPINK2 mutation was also deleterious leading to the
production of sperm with variable levels of anomalies.

Impact

We identified a new gene leading to male infertility permitting to
improve the diagnostic efficiency for NOA patients. We demonstrate
that whole-exome sequencing is an efficient technique to identify
new infertility genes and to realize a diagnostic for affected men. We
showed that the control of proteases by antiproteases, and in particu-
lar by SPINK2, is critical during spermiogenesis and demonstrate that
the SPINK gene family is involved not only in pancreatitis or skin
disease but also in male infertility.
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Figure EV1. Genetic analyses of the c.1A>T variant identified in patient P105.

A The c.1A>T variant, heterozygous in patient P105, abrogates the original start codon.

B An alternative start codon is present in the middle of exon 3 and may initiate translation to potentially produce a protein containing the last 27 amino acids of the
wild-type protein.

C Western blot of HEK293 cell extracts transfected with C-terminus DDK-tagged SPINK2 or ¢.1A>T SPINK2 mutant and revealed by anti-DDK or anti-SPINK2 antibodies
shows the absence of the putative truncated SPINK2 form.
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Figure EV2. Lack of Spink2 leads to germ cell desquamation and the presence of round cells in the cauda epididymis.

A, B Staining with hematoxylin and eosin of seminiferous tubule sections from SpinkZ‘/‘ mice showed the presence of numerous round cells or symblasts within the
lumen of tubules. Note that photograph (A) corresponds to a close-up of part of Fig 3C1 as it nicely illustrates the presence of symblasts in the tubule. Scale bar,
100 pm.

C Spermatocytograms of cauda epididymis extracts revealed the presence of only round cells at concentrations above 2 million/ml, whereas such cells were absent in
WT extracts. Data are presented as mean + SEM (n = 5).
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Figure EV3. Pool of non-differentiated spermatogonia is conserved in seminiferous tubules of Spink2 "~ mice.

A, B Identification of spermatogonia by IF experiments using an anti-PLZF antibody in WT and Spink2 /= seminiferous tubule sections, respectively. Scale bars as
indicated.

C Box plot showing the number of spermatogonia per seminiferous tubule section (n = 30 for each). No difference in the number of spermatogonia per seminiferous

tubule section was observed. The line within the box marks the median, whiskers (error bars) above and below the box indicate the 90" and 10" percentiles, and
black dots represent outliers.
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Figure EV4. SPINK2 is located in the acrosome of round spermatids and mature spermatozoa in mouse and human.

Immunofluorescence experiments using an anti-SPINK2 antibody (green staining) reveals that Spink2 is located in the acrosome of WT mouse round spermatids.
Scale bar, 10 um.

A double staining using an anti-SPINK2 antibody (green staining) and an anti-Sp56 antibody (red staining) shows that the two signals are colocalized. Scale bar,
10 pm.

No Spink2 staining is observed in seminiferous tubule sections from Spink2 ™/~ mice, stained with an anti-SPINK2 antibody. Scale bar, 10 um.

In sections of human seminiferous tubules, a similar localization of SPINK2 is observed in round spermatids, corresponding to the acrosome. Scale bar, 10 pm.

IF experiments using an anti-SPINK2 antibody (green staining) reveal that Spink2 is located in the acrosome of WT epididymal mouse sperm. Scale bar, 10 um.
SPINK2 localization within the acrosome is conserved in ejaculated human sperm. No staining is observed in the midpiece or principle piece. Scale bar, 5 pm.

EMBO Molecular Medicine © 2017 The Authors
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/-

Figure EV5. Disjunction of the polarity of the Golgi apparatus and the nuclear dense lamina (NDL) in Spink2 '~ round spermatids and presence of

multivesicular bodies in the cytoplasm of Spink2~'~ round spermatids.

A Partial section of a SpinkZ’/’ round spermatid observed by EM showing the spatial disjunction of the Golgi apparatus and the NDL. NDL is evidenced by apposition of
dense material on the nuclear side of the inner nuclear membrane. Another hallmark of this specialized area of the nuclear envelope is the tight apposition of both
inner and outer nuclear membranes along the NDL. M, mitochondria. Scale bar, 2 pm.

B Partial section of a Spink2~/~ round spermatid observed by EM showing structures corresponding to multivesicular bodies (MVB). M, mitochondria; NE, nuclear
envelope; NDL, nuclear dense lamina. Scale bar, 2 pm.

© 2017 The Authors EMBO Molecular Medicine EV5
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Appendix Table S1. List of homozygous variants present in B1 and B2.

Coordinates of all variations are based on the UCSC GRCh37/hg19 assembly. & No RefSeq transcript accession number currently available.

Nucleotidic references

. . . cDNA Amino acid o . .
Variant coordinates Transcript o o Prediction Testis expression
Variation variation

SPINK2

GUF1

ZCCHC5

ARR3

FTHL17

Chr4:57686748G>C

Chr4:44683156G>T

ChrX:77913158A>G

ChrX:69498482C>G

ChrX:31089629TC>AA

NM_001271718.1

NM_001271720.1

NM_001271722.1
NM_021114.3
NM_021927.2

NM_152694.2

NM_004312.2
ENST00000374495%&

NM_031894.2

Splice
acceptor site

€.637G>T

c.1056A>G

c. 947C>G
€.994C>G

c.542C>A

p.Ser148lle

p.Phe254Leu

p.Ser299Cys

p.Glul48Leu

Damaging

Damaging

Damaging

Damaging

Damaging

High and
predominant

Low

Low

Low

low



Appendix Table S2. List of SPINK2 variants identified in azoo- and oligo- spermic patients (RefSeq: NM_021114).

Coordinates of all variations are based on the UCSC GRCh37/hg19 assembly. & No RefSeq transcript accession number currently available.
The 5’UTR was only sequenced in 363 patients and the whole coding sequence was sequenced in all 611 patients . When the variant was
not identified in EXAC the number of EXAC controls indicated corresponds to the number of subject analyzed in ExAC for the nearest
described variant. We note that the beginning of SPINK2 exon1 is particularly poorly covered.

. Nb of Nb of EXAC Nb of Nb of EXAC
Localisation of Consequences
o cDNA reference . homozygous homozygous heterozygous heterozygous
the variation on the protein . .
patients (%) controls (%) patients (%) controls (%)
4:57687851 1816/4980
(rs115163565) 5" UTR c.1-23 A>T - 2/363 (0,55) 307/4980 (6,2) 32/363 (8,8) (36,5)
4:57687849 1852/5065
- 30/363 (8,3) /
(rs114591157) 5" UTR c.1-21 G>C 3/363 (0,83) 318/5065 (6,3) (36,0)

4:57687828 Exon 1 c.1A>T p.M1L 0/611 0/6054 1/611 0/6054



Appendix Table S3. Sequence of the primer used for SPINK2 sanger sequencing.

Primer name Primer sequence Size of amplicon

S\ LeS REE S E R GAGTGGCGCAGGTAACAGAC

CTGGGGAACCGCCAGTAAC 245 bp
TR E I TGGCTAATGCCTCAAATTCC
ACGCAGTCCTCAATGGTTTC 339bp
TR T R ca il ACACGGTGAAACCCTGTCTC
552 bp

SPINK2-hSeq-Ex3-R CAGAGGTTGCAGTGAACCAA
SPINK2-hSeq-Ex4-F GTGGGGACTTTCACCCTCTT
423 bp

S\ LeS MEESEE BN GCAAAAGCCAAGAAACAAGG

Appendix Table S4. Sequence of the primer used in RT-PCR and size of the amplified products

Primer name Primer sequence Size of amplicon

SPINK2-hRT-F CTGCTCCTGGCAGTTACCTT 221 b
SPINK2-hRT-R CAGGGTCCATTTCGAATGAT P

Appendix Table S5. Sequence of the primer used in real time RT-PCR and size of the amplified products

Primer name Primer sequence Size of amplicon

SPINK2-hqRT-F CACTTTAACCCTGTGTGTGG

TR TCAGCAGGGTCCATTTCGAA 117bp
CTCATGAGACTCTCGACTCTTCC -
e G TACATTCATTGCTGTAAGTGTTCATATC
CCAACCGCGAGAAGATGA
CCAGAGGCGTACAGGGATAG 97 bp
Actb-mqRT-F ACCAGAGGCATACAGGGACA
104 bp

Actb-mqRT-R CTAAGGCCAACCGTGAAAAG

Appendix Table S6. Sequence of the primer used for genotyping and size of the amplified products.

Primer name Primer sequence Size of amplicon

Spink2-WT-F GCAATGGGCGTATCTCAAAT

174 b
Spink2-WT-R GGGACCTGATTTTCATGCAC P
| Spink2-KO-F  [{e[ep[ealeclaleca (e
213 bp

IR GE I GGGATTCTCCCAATCTCTCC



Appendix Figure S1. Expression of SPINK2 mRNA in different organs in human and mouse.

The expression pattern of SPINK2 transcript in various human (A) and mouse (B) tissues was determined by Quantitative real-
time RT-PCR. Values were normalized to the expression level of beta-actin via the 2-AACT method. The 2-AACT value was set at 0
in heart, resulting in an arbitrary expression of 1. Data are presented as mean # standard error mean (n=3). Statistical differences
were assessed using t-test.
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Appendix Figure S2. Impact on the protein structure of the ¢.206-3C>G SPINK2 variant

(A) The normal transcript encodes for an 84 amino acids protein predicted to contain a signal peptide at the N-terminus region (blue)
and a Kazal-type serine protease inhibitor domain at the C-terminus region (orange and red). UniProtKB accession number for human
SPINK2 is P20155. (B) The c.206-3C>G splice variant generates two abnormal transcripts, T1 and T2 (see figure 2). Translation of these
transcripts is predicted to produce truncated proteins lacking the Kazal-type serine protease inhibitor domain.
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Appendix Figure S3. Absence of Spink2 expression in testicular extracts from KO mice.

Relative quantification of Spink2 transcript in testicular cells from (A) WT mice (n=3) and (B) Spink2 /- mice was determined by
quantitative real-time RT-PCR. Values were normalized to the expression level of beta-actin via the 2-AACT method. The 2-AACT value was
set at 0 in liver cells from WT mice (n=3), resulting in an arbitrary expression of 1. Data are presented as mean * standard error mean.

Statistical differences were assessed using t-test.
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Appendix Figure S4. Specificity of antibodies targeting SPINK2.

(A) Western blot of protein extracts from HEK 293 cells heterologously transfected with or without a plasmid containing human isoform of
SPINK2 tagged with DDK and revealed with an anti-SPINK2 antibody. (B) Similar experiment but revealed with an anti-DDK antibody. (C)
Confocal images of HEK 293 cells transfected with human SPINK2-DDK and stained with an anti-SPINK2 antibodies (green) (top). All cells

were counterstained with Hoechst (blue, staining) to mark the nuclei. Only transfected cells showed specific staining. Bottom, confoncal
images of control non transfected cells showing no staining.
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Appendix Figure S5. Absence of Spink2 does not lead to DNA fragmentation in spermatogenic cells.

(A) Representative images of TUNEL staining (green) counterstained with Hoechst (blue) of WT and Spink27/- seminiferous tubule. Scale bar
70 um. (B) Graph showing the % of cells with non fragmented DNA in WT (99.6 +/- 0.3 mean +/- SD, number of cells assessed 230-270 per
biological replicate, n=3) and in Spink27- (99.6 +/- 0.1 mean +/- SD, number of cells assessed 300-380 per biological replicate, n=4)
seminiferous tubules. NS “not statistically significant” (t-test) (C) Representative images of TUNEL staining (green) counterstained with
Hoechst (blue) of fertile control and patient B1 seminiferous tubule. Scale bar 70 um. (D) Graph showing the % of cells with non fragmented
DNA in fertile control (number of cells assessed 812, n=1) and patient B1 control (number of cells assessed 789, n=1) seminiferous tubules.
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Appendix Figure S6. Equal protein loading was verified by stain-free gel technology and Western blots against house keeping protein
(A) Stain-free™ technology was used to control protein loading levels. Left, activated gel showing loading of Western-blot of Fig 9D and
right of Fig 9E (B) ldentical loading as tested in figure 9D and 9D were revealed by anti-tubulin antibody and confirmed equal protein
loading between different lanes.
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C: CRISPR as a tool for characterising human infertility

1. Article: Creation of knock out and knock in mice by

CRISPR/Cas9 to validate candidate genes for human male

infertility, interest, difficulties and feasibility

Kherraf Z-E, Conne B, Amiri-Yekta A, Christou-Kent M, Coutton C, Escoffier J, Nef S, Arnoult C,
Ray PF. Molecular and Cellular Endocrinology, March 2018.

1.1. Context

The CRISPR/Cas9 technique has dramatically accelerated the process of generating transgenic
mouse strains for the study of human infertility. Since its availability, the GETI Lab has made
good use of this technique to rapidly generate lineages for candidate genes in collaboration with
the University of Geneva. The following article gives details on technical aspects of this process
based on the experience of generating four Knockout strains and one HA-tag knock-in strain for
genes associated with a phenotype known as ‘multiple morphological anomalies of the flagella’
(MMAF). The article describes the experimental design and timeframe of the procedure, and

shows the genetic results obtained as well as difficulties experienced.

The method described for the creation of the Kl lineage is the same method used for the
generation of the tagged PATL2-HA lineage. | was particularly involved in the processes of
designing the guide RNA (gRNA) sequence and ssDNA repair template and selecting the method
of delivery of these elements and the Cas9 expression plasmid into the mouse zygote. As
evidenced in the article, this newly available method is a robust and efficient means of
generating transgenic mouse lineages for the characterisation of genes associated with human

infertility.
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ARTICLE INFO ABSTRACT
Article history: High throughput sequencing (HTS) and CRISPR/Cas9 are two recent technologies that are currently
Received 12 October 2017 revolutionizing biological and clinical research. Both techniques are complementary as HTS permits to
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identify new genetic variants and genes involved in various pathologies and CRISPR/Cas9 permits to
create animals or cell models to validate the effect of the identified variants, to characterize the
pathogeny of the identified variants and the function of the genes of interest and ultimately to provide
ways of correcting the molecular defects.

We analyzed a cohort of 78 infertile men presenting with multiple morphological anomalies of the

fﬁgzilﬁz}‘ughput sequencing sperm flagella (MMAF), a severe form of male infertility. Using whole exome sequencing (WES), ho-
CRISPR/Cas9 mozygous mutations in autosomal candidate genes were identified in 63% of the tested subjects. We
Spermatogenesis decided to produce by CRISPR/cas9 four knock-out (KO) and one knock-in (KI) mouse lines to confirm
Sperm flagella these results and to increase our understanding of the physiopathology associated with these genetic
Knock out mice variations. Overall 31% of the live pups obtained presented a mutational event in one of the targeted

regions. All identified events were insertions or deletions localized near the PAM sequence. Surprisingly
we observed a high rate of germline mosaicism as 30% of the F1 displayed a different mutation than the
parental event characterized on somatic tissue (tail), indicating that CRISPR/Cas9 mutational events kept
happening several cell divisions after the injection.

Overall, we created mouse models for 5 distinct loci and in each case homozygous animals could be
obtained in approximately 6 months. These results demonstrate that the combined use of WES and
CRISPR/Cas9 is an efficient and timely strategy to identify and validate mutations responsible for
infertility phenotypes in human.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Fertility disorders affect more than 15% of couples worldwide
and are considered as a major health concern by the world health
organization (WHO). Approximately half of these cases are related
to male factors but despite the large number of genes specifically
expressed in testes during spermatogenesis (Soumillon et al., 2013)
and the multitude of KO infertile male mice described in the liter-
ature, only few genes have so far been associated with human male
infertility and its molecular basis remains largely unknown
(Coutton et al., 2015). The recent development of new high
throughput sequencing (HTS) techniques and efficient targeted
enrichment methods such as whole exome sequencing (WES) now
allow the sequencing of all the coding sequences of any human
being. The increased use of WES in human genetics allowed the
identification of a large number of new Mendelian disease genes
(Alkuraya, 2016) and the technique is now increasingly used in the
field of male infertility (Ray et al., 2017). Using WES, the identifi-
cation of plausible candidate genes for a particular phenotype is
now relatively easy, quick and affordable. The difficulty comes from
the large number of likely deleterious variants identified for each
patient which renders difficult the identification of the causal
mutation(s). For each candidate variant/gene, the main challenge is
to validate the direct link between the identified variant and the
patient's phenotype. Cellular or animal models are thus critical to
confirm the link between a gene defect and a phenotype and to
characterize the physiopathology associated with the identified
genetic anomalies. Because of the high genetic homology between
mice and men, the mouse model represents one of the best models
for confirming and characterizing gene defects identified in human
and this is particularly true for male reproductive disorders.

Mutant mice were traditionally generated using insertional
mutagenesis or gene-targeting strategies (Wang et al., 2013). Using
conventional gene targeted strategy, mutations are introduced by
integrating exogenous repair templates through homologous
recombination in embryonic stem (ES) cells. Injection of modified
ES cells into blastocysts then allows the production of chimeric
mice (Capecchi, 2005). This process is however laborious and
expensive as the frequency of desired events was extremely rare
(<0.01%) (Capecchi, 1989) and this is the reason why alternative
technologies bypassing these difficulties were needed to accelerate
this process. Recently, the use of artificial site-specific nucleases,
such as zinc finger nuclease (ZFN) and transcriptional activator-like

effector nucleases (TALENSs) has enabled genome editing without
the use of ES cells (Barman et al., 2017). However, difficulties
associated with nucleases design and synthesis limited the wide-
spread adoption of these technologies. The CRISPR (clustered
regularly interspersed short palindromic repeats)/Cas9 (CRISPR-
associated protein 9) technique which does not require the syn-
thesis of target specific proteins has recently emerged as the
method of choice for producing mutations in cells or animal models
(Sapranauskas et al., 2011). The system requires the use of a single
guide RNA (sgRNA) which will define the nucleotide sequence to be
targeted and the Cas9 nuclease which will create a double strand
break (DSB) underneath the RNA/DNA hybrid complex (Fig. 1A). The
DSBs are usually repaired by the error-prone non-homologous end
joining (NHEJ) mechanism that often creates small insertions and
deletions (indels) thereby initiating truncating mutations (Fig. 1B).
DSB can also be repaired by homology-directed repair (HDR) (Hsu
et al.,, 2014) if a DNA template with homology to the sequence
surrounding the DSB is found during the repair mechanism
(Fig. 1C). The co-injection of a single stranded DNA (ssDNA) mole-
cule homologous to the sequences flaking the targeted region will
therefore favor HDR over NHE] and will permit the replacement of
the original sequence by the newly introduced sequence. Using a
ssDNA slightly modified from the target genomic DNA permits to
create a specific knock in (KI) or to insert a defined sequence that
will be transcribed and translated. For the creation of mutant mice,
the sgRNA and the Cas9 protein and potentially a ssDNA can be
directly microinjected in a zygote to create a mutation at a pre-
defined locus (Fig. 2). Homozygous mutant animals can be obtained
after 1 or 2 back crossing permitting to create specific KO animals in
only a few months (Fig. 2).

The recruitment of patients presenting with specific morpho-
logical anomalies of the spermatozoa enabled us to identify several
genes associated with specific infertility phenotypes. We have
demonstrated that approximately 80% of patients with large
headed multiflagelled spermatozoa have a defective AURKC gene
(Dieterich et al., 2009, 2007) and that in excess of 70% of men with
round acrosomeless spermatozoa have a homozygous deletions of
the DPY19L2 gene (Coutton et al., 2012; Harbuz et al., 2011). The
absence of spermatozoa in the ejaculate can also be caused by post
meiotic defects and WES allowed to demonstrate that mutations in
SPINK2, coding for a protease inhibitor targeting the acrosin could
in fact prevent acrosome formation and block the spermiogenesis
process (Kherraf et al.,, 2017). We now focus our research on
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Fig. 1. The CRISPR/Cas9 system for genome editing.

R 4
I
4) Homology directed repair
(HDR)

- _Imm mi
> >
B ] B

ssDNA donor l

IR Hases

1) The Cas9 endonuclease is directed to the targeted sequence by base pairing between the specific sgRNA (orange) and its target within the genomic DNA sequence. A “NGG” PAM
sequence (Green NGG) located immediately downstream from the target sequence in the non-complementary strand is required for Cas9 recognition.

2) The Cas9 induces a DSB (red arrow-head) within the sgRNA targeted genomic DNA (orange box), normally between the third and the fourth bases from the PAM (orange box).
3) The error-prone NHE] repair mechanism induces unpredictable insertions or deletions (InDels) represented by a red box, close to the initial DSB and usually within the sgRNA
targeted sequence (orange box). The majority of InDels (which are not a multiple of 3 nucleotides) induce a frameshift that introduces a premature stop codon (black rectangle)
which induces mRNA degradation (by non-sense mediated mRNA decay) and/or give a truncated non-functional protein. In most cases a null allele is obtained.

4) Co-injection of a ssDNA template homologous to the targeted sequence permits to repair the ds break by homology directed repair (HDR). Here the ssDNA template contains a
small sequence (27 bp) coding for an HA-tag (yellow box) inserted immediately at the end of the protein of interest just before the stop codon (black box) to add a 9 amino acid tag
to the targeted protein to facilitate its detection in-vivo. Compared to the targeted sequence, the ssDNA is also modified at the PAM sequence, the NGG (green box) is replaced by a
TTG (blue box) to prevent new targeting by the sgDNA and ds breaks of the modified allele.

subjects presenting with Multiple Morphological Anomalies of the
sperm Flagella (MMAF) characterized by the presence of short,
bent, and coiled flagella and flagella of irregular width or absent
mainly due to numerous ultrastructural defects of the axoneme
leading to terato-asthenozoospermia. In 2014, we identified path-
ogenic mutations in the dynein axonemal heavy chain 1 (DNAH1)
gene in 28% of the MMAF patients analyzed (Ben Khelifa et al.,
2014). This result indicates that MMAF is genetically heteroge-
neous phenotype and that DNAH1 is likely to be only one of the
genes involved in this phenotype. Analysis of familial MMAF cases

subsequently allowed us to confirm the implication of DNAH1 in
this syndrome (Amiri-Yekta et al., 2016). We then carried out WES
analysis on 78 patients presenting with severe MMAF phenotype
and identified CFAP43 and CFAP44 as two other genes involved in
this phenotype (Coutton et al., 2018). Others have also reported
mutations in CFAP43 and CFAP44 as important causes of MMAF in
human (Tang et al., 2017; Sha et al., 2017). Further analysis of WES
data allowed us to identify 9 other candidate genes which are
currently being analyzed (data not published). To investigate the
role of all these newly identified genes we performed gene
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Fig. 2. Creation of KO/KI mice using the CRISPR/Cas9 system.

1) A minimal injection will contain a eukaryotic plasmid allowing the transcription of the sgRNA and the Cas9 (box on the left). The Cas9 protein will then be produced by the oocyte
endogenous machinery. Knock in (KI) production can be achieved by the coinjection of a single stranded (ss) DNA for HDR. For insertion of a 5’ Tag, the sgRNA target (red line) is
centered on the stop codon (TGA) marking the end of the coding sequence. The plasmid and, if necessary, the ssDNA are microinjected into the pronuclei of mice zygotes.

2) Obtained embryos are transferred into pseudopregnant females.

3) Genotyping of the obtained pups by Sanger sequencing allows the identification of founder mice (FO) carrying frameshift indels (or the correctly inserted sequence of choice).
Because CRISPR/Cas9 system can remain active after several mitotic divisions founder mice can be mosaics carrying different mutations.

4) Breeding selected founder mice with wild-type (WT) C57BL/6] mice allows alleles segregation and transmission to the F1 mice generation. Sanger sequencing allows the
identification of F1 mice with the same heterozygous frameshift indel.

5)Breeding these mice together leads to the production of F2 mice normally comprising 50% of heterozygotes, 25% of mutated homozygotes and 25% of WT mice. The mouse lineage
is established and can be maintained for phenotypic characterization and further functional work.

invalidation in mouse using CRISPR/Cas9 technology for Cfap43 and 2. Material and methods
Cfap44 and two of the 9 newly identified genes referred as FlagC

and FlagF. Furthermore, as we could not obtain any specific anti- 2.1. CRISPR/Cas9-mediated mice genome edition
bodies for FlagF by conventional methods, we have generated a
mouse lineage containing a HA-tagged FlagF gene. We describe The aim of this work was to generate 4 mouse lineages invalided

here the techniques used and the results obtained to create these 5 for the Cfap43, Cfap44, FlagC and FlagF genes, respectively, to vali-
transgenic mouse lines in a context of male infertility. date the candidate genes by assessing the spermatogenesis of the
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corresponding knock-out mice. Additionally, the generation of a
knock in (KI) was also carried out consisting of inserting 27 nu-
cleotides coding for the HA tag at the end of the FlagF gene.

Generation of CRISPR/Cas9 edited mice was done at University
of Geneva (UNIGE). All the procedures were done in Geneva until
the birth of the modified litters. Mice were housed with unlimited
access to food and water and were sacrificed by cervical dislocation
after 8 weeks old, which means that they were pubescent and that
their reproductive organs were fully established. All animal pro-
cedures were ran according to the Swiss and French guidelines on
the use of animals in scientific investigations with the approval of
the French local Ethical Committee (ComEth Grenoble N° 318,
ministry agreement number #7128 UHTA-U1209-CA) and the Di-
rection Générale de la Santé (DGS) for the State of Geneva.

All KO mice were created using the CRISPR/Cas9 technique as
described in Figs. 1 and 2. To maximize the chances of generating
deleterious mutations, two gRNA located in two distinct coding
exons located at the beginning of the targeted genes were always
used. For each gene the two gRNAs were inserted in two distinct
plasmids, each plasmid also containing the Cas9 sequence. The
Cas9 gene was driven by a CMV promoter and the gRNA and its
RNA scaffold by an U6 promoter. Full plasmids (pSpCas9 BB-2A-
GFP (PX458)) containing the specific sgRNA were ordered from
Genescript (https://www.genscript.com/crispr-cas9-protein-
crRNA.html). Both plasmids were co-injected in the zygotes’
pronuclei as described in Fig. 2 at a concentration of 2.5 ng/uL. We
note that we directly injected the plasmids as delivered by the
supplier avoiding the in vitro production and purification of Cas9
proteins and sgRNA.

For the realization of the KI, one plasmid containing one sgRNA
and the Cas9 was injected (5 ng/uL) with the single stranded DNA
(50 ng/uL) for homology directed repair (Fig. 2). The single stranded
DNA was 187 nt long and contained two 80 nucleotide-long arms
homologous to the nucleotides located before and after FlagF stop
codon, surrounding the 27 nucleotides encoding the HA Tag ending
with a TAG stop codon (TAC CCA TAC GAT GTT CCA GAT TAC GCT
TAG). The sgRNA sequence overlapped the native Flagf stop codon
which was followed, 8 nucleotides further, by a TGG suitable as a
Protospacer Adjacent Motif (PAM) sequence, which is an essential
targeting component for efficient Cas9 binding and cleavage. PAM
sequence consists of any nucleotide followed by two G (XGG). It is
important to understand that if successful, the sgRNA will induce a
double strand break near the site where the DNA modification is
wanted (here at the end of the target gene to allow the insertion of
a fusion HA Tag) and the break will either be repaired by HDR with
the ssDNA and introduce the Tag, or, if unsuccessful by NHE]. Due to
the persistence of Cas9 and sgRNA several dsbreak can occur suc-
cessively in the zygote or in early cleavage stage embryos. A suc-
cessfully inserted Tag by HDR can therefore undergo a new DSB and
repair by NHE] thus altering the initial event and likely preventing
the traduction of the Tag sequence. To limit this risk, in the ssSDNA
the TGG PAM sequence was changed to TTG. As the presence of a
PAM sequence is necessary for DSB, this will normally prevent the
occurrence of secondary events leading to the alteration of
correctly inserted Tag. The synthetic ssDNA was purchased from
IDT (https://www.idtdna.com/pages/products/dna-rna/ultramer-
oligos). After the injection, zygotes were left for 4—6 h before be-
ing introduced into pseudopregnant host females and carried to
term.

Edited founders were identified by Sanger sequencing from digit
biopsies. Mice carrying the desired modification events (frameshift
mutation or tag insertion) were crossed with C57BL6/] to ensure
germline transmission and eliminate any possible mosaicism.
Heterozygous animals with the same modification were then
mated to generate homozygous offspring.

2.2. Mice genotyping strategy

DNA for genotyping was isolated from tail/digit biopsies. Tissues
biopsies were digested in 200 pl of DirectPCR Lysis Reagent (Tail)
(Viagen Biotech Inc, CA, USA) and 0.2 mg of proteinase K for
12—15hat 55°C followed by 1hat 85°C for proteinase K inacti-
vation. The digested tissues were directly used for PCRs. Thirty-five
cycles of PCR amplification were carried out with a hybridization
temperature of 60 °C. Sequencing reactions were performed using
BigDye Terminator v3.1 (Applied Biosystems). Sequence analyses
were carried out on ABI 3130XL (Applied Biosystems). Sequences
were analyzed using seqscape software (Applied Biosystems).

3. Results
3.1. Genetic results

WES had been performed on a total of 78 subjects with a MMAF
phenotype (Coutton et al, 2018). After applying a series of
computing filters permitting in particular to exclude all the non-
rare variants (>1% in the EXAC database), we considered a gene to
be a candidate gene if a homozygous loss of function variant was
found in at least two subjects and if the gene was described to be
highly expressed in the testis. A total of 11 genes corresponding to
these criteria were identified (Table 1). Ten patients had a homo-
zygous loss of function variant in CFAP43, six in CFAP44 and six in
DNAH]1, three genes previously described as MMAF related genes
(Coutton et al., 2018). Eight additional undisclosed autosomal genes
were found to harbor homozygous mutations in at least two pa-
tients and are referred as FLAG A-H. FLAGA was mutated in 7 sub-
jects, FLAGB in 4 subjects, FLAG C and F in 6 patients and FLAG G and
H were found to be mutated in 4 patients. The variants localization
and their respective impact on the FLAGC and FLAGF proteins are
shown in Supp. Table 1. If all mutations are confirmed to be causal, a
total of 49 subjects will have been diagnosed by WES with an
overall efficiency of 63% (49/78).

To confirm the involvement of these genes in MMAF and to
further characterize their function we decided to create KO animals
for Cfap43, Cfap44 (Coutton et al., 2018) and FlagC and FlagF (char-
acterization still in progress). Seven subjects carried a homozygous
FlagA deleterious variant but as this gene had already been
described to be coding for an axonemal protein and the creation of
KO animals was not undertaken for this gene. Finally, KO for the
other genes (FlagB, D, E, G, H) may be done at a later stage.

Table 1

List of autosomal genes identified as candidate after exome sequencing of 78 MMAF
patients and number of patients harboring a homozygous deleterious homozygous
mutation.

Gene Number of mutated subjects % of tested subjects
CFAP43 ¢ 10 12.8
FLAGA 7 9.0
CFAP44* 6 7.7
DNAH1 6 7.7
FLAGB 4 5.1
FLAGC* 3 3.8
FLAGD 3 3.8
FLAGE 3 3.8
FLAGF*® 3 3.8
FLAGG 2 2.6
FLAGH 2 2.6
Total 49 62.8

2 Indicates the genes for which KO mice were produced by CRISPR/Cas9.
b The gene for which a HA Tag was inserted. Identity of FLAG (for Flagellar gene)
A-F is currently undisclosed.
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3.2. Creation of FO KO mice for Cfap43, Cfap44, FlagC, FlagF and of a
HA tagged FlagF gene using the CRISPR/Cas9 technique

3.2.1. Creation of KO mice for Cfap43

Two separate series of injections were performed to generate
mutated mice carrying frameshift indels. Data related to injected/
transferred zygotes were not recorded for these first two experi-
ments. The first injection allowed the production of 12 animals but
none carried a mutation in either of the targeted exons (Supp.
Table 2). The second injection resulted in 9 births with 5 mutated
mice. Two mice had heterozygous complex indels, probably caused
by the presence of two different variants on both alleles (not
characterized) in the target region 1 (TR1), two mice had a het-
erozygous deletion (delAAGG or delTGTGAAGGGC) in the target
region 2 (TR2) and a fifth mouse had a homozygous mutation delG
in the TR2 (Supp. Tables 1 and 2). By chance, this latter mouse was a
male and enabled us to analyze the morphology of the sperm of a
KO Cfap43 animal without further crossing. All the observed sper-
matozoa were immotile with very short flagella, typical of the
MMAF phenotype (Coutton et al., 2018). Although it was impossible
to generate a lineage from this infertile male, this first result
strongly suggested that CFAP43 was one of the genes responsible of
the MMAF syndrome. Because we could not rule out an off target
effect, a new colony was established by mating the FO mouse car-
rying the delAAGG variant with a C57BL/6] WT animal for pheno-
type confirmation and further investigations. Of the 15 F1 pups
obtained in two separate litters, 5 (33%) inherited the genotyped
parental mutation (Supp. Table 3) and three additional F1 (20%)
harbored a four nucleotides insertion (insTCCA) that had not been
detected in the mutant parent (Supp. Tables 1 and 2). Homozygous
Cfap43~/~ delAAGG F2 males generated from F1 animals were
infertile. All spermatozoa showed similar defects to those observed
in the initial FO homozygous delG mouse and were short
(approximately 1/5th of the normal size) or absent and did not
show any movement (Fig. 3).
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Fig. 3. Morphology of spermatozoa from Cfap43 and Cfap44 KO mice.

3.2.2. Creation of KO mice for Cfap44

A total of three injections were performed in order to invalidate
this gene. Despite the large number of pups obtained (n = 26), only
one mouse was mutated and had an insertion (insTCAGATA) in the
TR1 (Supp. Tables 1 and 2). Backcrossing of this mouse permitted to
obtain three F1 litters (Supp. Table 3). Out of the 27 newborns, 8
mice (30%) had inherited the parental mutation (insTCAGATA). Two
additional mutations (delTAC and delTATA in same target region,
TR1) were found in a total of six mice (23%). Breeding were done for
InsTCAGATA and delTATA animals and homozygous males were
generated for both these Cfap44 mutations. All Cfap44~/~ male mice
were infertile. Their sperm flagella were of normal size but often
presented irregular caliber of the midpiece (Fig. 3). All spermatozoa
were however immotile, often with a mild vibrating pulse.

3.2.3. Creation of KO mice for FlagC, FlagF and tagged mice FlagF-HA

A total of five injections were carried out for FlagC, FlagF and
FlagF-HA (Supp. Table 2). An average of 139 zygotes were injected
per session. Seventy percent of the zygotes survived the 1-cell stage
and could be transferred into pseudopregnant females. On average
30 embryos were transferred per female. The transfer of 479
injected embryos permitted the birth of 65 pups indicating that
only 14% of the embryos transferred led to a live birth (Supp.
Table 2). Three of the five injections realized permitted to obtain
>50% mutated live pups (Supp. Table 2). At least two mutated pups
were obtained following each injection session.

Only one FlagC targeted injection was performed which
permitted to obtain two FO heterozygous animals. The first carried
two uncharacterized events on TR1 and the second had a hetero-
zygous delTAC on TR1 and a 12 nucleotide deletion in TR2
(delAAACCCGTTAGC). Following the backcrossing of the second
mouse, 7 out of 19 (37%) newborn inherited the parental mutated
allele (delTAC + delAAACCCGTTAGC) and 5 (26%) presented an insT
in TR1. FlagC~/~ animals have just been produced. Homozygous
male are unfertile and we observed that all spermatozoa present a

, Cfap44+/+

_ Cfap44-/- 3
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\

All spermatozoa from Cfap43~/~ mice were short (approximately 1/5th of the normal size) or absent. Spermatozoa from Cfap44 /- mice were of normal size but often presented a
kink at the end of the mid-piece. They did not show any progressive movement but sometimes a mild vibration. Scale bar 20 pm.
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short flagella, a feature typical of the MMAF phenotype and very
similar to what was observed on Cfap43~/~ mice (data not shown).
Creation of KO FlagF animals was also successful. Seventeen animals
were created following two series of injections. A delG mutation
was identified in one homozygous female mouse. Two animals
carried a heterozygous event in TR1 (delTTCG, delCAGCTGGAA) and
one had a complex event (uncharacterized) with the presence of a
complex genomic rearrangement. Furthermore one FO had a 12
nucletides insertion in TR2 (insAATGTACATAG). Generation of F1
animals carrying the delTTCG is still in progress.

Finally, we decided to insert an HA tag at the end of FlagF gene to
compensate the lack of specific antibodies. The co-injection of the
plasmid with the target RNA and the Cas9 gene along with the
single stranded DNA for HDR was very successful in creating
mutated pups. Six animals had the correct HA tag inserted by HDR,
four of which had an indel on the other allele (Supp. Tables 1 and 2).
Eight animals had a heterozygous indel created by NHE]. In total 9
animals were compound heterozygotes (with two indels or one
indel and one TAG insertion or perhaps sometimes a third event,
possibly in mosaic. Due to the complexity of the events, we esti-
mate that at least 12 events could not be characterized.

The two mice with only the HA tag insertion were bred with WT
C57BL/6] animals to generate FlagF tagged mice. FlagF-HA homo-
zygous males showed a normal fertility demonstrating that the tag
does not interfere with the protein function. Studies of FlagF-HA
localization and pulldown experiments are currently ongoing.

3.3. Size and position (in regards to the PAM) of the obtained
mutations

Overall, following 10 series of injection targeting a total of 9
distinct sequences, we obtained (in FO and F1) a total of 24

20

characterized individual de novo mutations (with a total of 20
different mutations). All the characterized mutations were indels
and the HA tag was inserted correctly in 6 FO animals. In addition,
there were at least 18 bi-allelic heterozygous variants, often in
mosaic that were not characterized. Deletions removed 1 to 21
nucleotides and insertions added 1 to 11 nucleotides. Approxi-
mately 80% of the indels were deletions. Half the events were small
deletion of —1 to —4 nucleotides. The longest deletion and insertion
were 15 and 11 nucleotides long respectively (Supp. Table 4 and
Fig. 4).

All observed indels were located less than 20 nucleotides away
from the PAM and the median point for indels was located 4 nu-
cleotides before the PAM's first nucleotide. Only 4 events concerned
some nucleotides located after the PAM (Supp. Table 4 and Fig. 5).

3.4. Overall results

Overall a total of 10 injection sessions were realized and all but
three permitted to obtain at least one mutated pup. We can see that
despite the three failures, we obtained an average of 3.4 mutated
pups per injection session, highlighting the fact that the injections
were very successful in producing mutated pups (Supp. Table 2).

Mutated animals were obtained for all genes investigated.
Phenotypic characterization of the mutated animals has so far only
been done for Cfap43 and Cfap44 genes. We obtained two inde-
pendent mouse strains or homozygous animals for Cfap43 and
Cfap44 with different insertions/deletions of a few nucleotides, all
inducing a translational frameshift expected to lead to complete
absence of the protein or production of a truncated protein. We
observed in each case the same reproductive phenotype, so for
Cfap43 we restricted our study to a strain with a 4 bp deletion in the
exon 21 (delAAGG) and for Cfap44 we focused on a strain with a 7
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Fig. 4. Distribution of all de novo indels identified according to their size.

(3) 3)

mm Deletion
mm Insertion

0 +5 +10 +5 +20

Indel size

The graph shows the frequency of the indels according to their size in nucleotide. We counted all events observed in FO animals as well as the new, non-parental events observed in
F1. Identical indels identified in several FO are independent mutational events and were all taken into consideration whereas identical non-parental indels transmitted by the same
FO parent were considered as a single event (due to parental germline mosaicism) and were counted only once.

As the HDR mechanism does not result in the production of indels, insertions of the HA tag which occurred during FlagF-HA production were not taken into consideration here. Are
presented here all the observed NHE] events (including those which took place following injections for FlagF-HA production). All indels are described in Supp. Table 2.
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Fig. 5. Localization of NHE] events on the sequence surrounding the PAM.

As in Fig. 4, all FO and F1 de novo indels are taken into consideration. The plot indicates the number of times (frequency) a nucleotide was concerned by an indel. For the deletions, all
deleted nucleotides were taken into account. For the insertions, both nucleotides located before and after the insertion were considered as affected by the NHE] and counted. When
an event occurred within a single nucleotide repeat, the most 5’ nucleotide was taken into consideration. All indels are described in Supp. Table 2. NGG corresponds to the PAM

sequence.

bp insertion in exon 3 (InsTCAGATA). RT-PCR was performed on
testis ARN from Cfap43~/~ and Cfap44 ™/~ mice which confirmed the
production of abnormal transcripts in both mutants leading to a
premature stop codon.

Reproductive phenotype was studied for both KO mice models.
Homozygous KO males exhibited complete infertility when mated
with WT females. Sperm concentrations fell within the normal
values for mouse but all spermatozoa were immotile. For Cfap43 /",
100% of sperm had a short flagella whereas Cfap44 ™/~ had a flagella
of normal length with some moderate morphological abnormalities
but with a complete absence of motility (Fig. 3). In both cases the
axonemal structure was altered, often with an absence of the
central microtubule pair. We note that the short flagella observed in
Cfap43*/ ~ animals is one of the hallmark of the MMAF phenotype in
human, the KO model thus producing a faithful reproduction of the
human anomalies. Sperm from Cfap44’/ ~ animals do not present
any obvious morphological anomalies of the flagella but are
immotile and present the same ultrastructural defects observed in
human. This confirms the human genetic results but highlights
some slight differences between human and mouse flagellar
growth (Coutton et al., 2018).

4. Discussion

Whole exome sequencing is a powerful technology that enables
discovering new candidate genes implicated in different human
disorders such as infertility. Validation of these genes through the
study of transgenic animal models is important and enables to
greatly improve our understanding of spermatogenesis and male
reproduction. We observed here that CRISPR/Cas9 delivers its
promises as mutated FO animals were usually obtained in one
month after the first injection and stable lineages producing ho-
mozygous animal could be obtained in approximately 6 months.
Interestingly, we observed that the three KO models we have

created (i.e. the Cfap43, Cfap44 and FlagC genes) reproduced the
human phenotype. This confirms that mouse is a good model to
study human male infertility and spermatogenesis. Furthermore,
we have worked on several other models and have so far always
observed a good correlation between the mouse and the human
phenotype: we observed for instance that Dpy1912‘/ ~ mice
perfectly mimicked the globozoospermia phenotype (Pierre et al.,
2012) and Spink2~/~ mice had azoospermia, like our mutated pa-
tients (Kherraf et al., 2017).

4.1. Frequent occurrence of FO mosaic

It has been reported that gRNA and Cas9 can be passed on
through several successive mitoses initiating double strand break
and NHE] in different daughter cells thus producing mosaic ani-
mals carrying different mutations in different tissues (Inui et al.,
2014; Midic et al,, 2017; Yen et al., 2014). Here FO animal were
genotyped using tail/digit DNA, containing mostly bone, cartilage,
muscle and skin tissues. We observed that all bred FO animals did
not only pass the initially identified mutation but that 23% of
their offspring carried one of two different indels not present in
the FO's tail. Most of these mutations were found in several sib-
lings thus indicating that the analyzed FO presented a germinal
mosaic, often with three different mutations. As such variants
were not detected in the tail/digit biopsies it seems that germ cell
progenitors have been more subjected to CRISPR induced double
strand breaks than the progenitors of the tested somatic cells.
However, during the course of Sanger sequencing we observed a
few abnormal electropherograms of very low intensity over-
lapping the normal sequence that could sign of the presence of
low level mosaicism. When breeding these FO animals we never
obtained any mutations in the F1s, thus indicating that these
abnormal sequences could have been the signs of low level so-
matic mosaicism.
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The high rate of mosaicism observed here could be due in part to
the fact that we chose to inject plasmids permitting the expression
of the sgRNA and the Cas9 protein. It is likely that the plasmids will
not be as quickly degraded than native RNA and protein thus
permitting to induce some mutational even after several cell di-
visions. This can be an advantage as we could obtain some new
mutations and an increased number of mutated animals. It how-
ever complicates the analysis and to limit the extent of mosaicism
we can suggest to reduce the quantity of plasmid injected or to
directly inject the protein and RNA. Interestingly, it was observed in
human embryos that the rate of mosaicism was reduced when
injecting the MI oocyte directly during the fertilization by ICSI
rather than to inject the zygote (Ma et al., 2017) as is usually done
and as was done here. Earlier injection of the CRISPR/Cas9 elements
could therefore be an interesting alternative to reduce the occur-
rence of mosaicism.

4.2. Localization of the mutational events and off target mutations

The PAM, a short sequence motif adjacent to the gRNA-targeted
sequence on the invading DNA, plays an essential role in Cas9
binding and DNA break (Shah et al., 2013). In our experience a
suitable PAM sequence can always be found, especially if the
objective is to create KO animals allowing great flexibility for
choosing suitable target regions. For the creation of KI, gRNA has to
be located near the target region leaving fewer choices and thus
restricting the number of available gRNA sequences. We only have
one experience with KI production but we had excellent results and
could quickly obtain animals with the desired insertion, these re-
sults confirms that CRISPR/Cas9 is an efficient tool to generate KI
animals (Seruggia and Montoliu, 2014). Double strand breaks nor-
mally occur 3 nucleotide prior the PAM sequence. As the breaks are
repaired we cannot have a direct localization of the break. What can
be observed is the localization of the modified nucleotide during
the NHE] repair process. We observed in Fig. 5 that the nucleotides
that are most often modified are in fact the nucleotides located in
positions 3 and 4 before the PAM. These results thus confirm that
the DSB occurs most often between these two nucleotides and
confirm that the obtained indels are located within the target
sequence.

Many studies describe a relative high level of off-target muta-
genesis induced by the CRISPR-Cas9 system when injected into
cultured human cells (Fu et al., 2013; Kuscu et al., 2014) whereas
many others showed a low incidence of this undesirable effect
when this system is injected into mouse zygotes (Hryhorowicz
et al., 2017; lyer et al.,, 2015). Concerning our experience, we only
sequenced the targeted sequences and have no way of assessing the
frequency of such events. We therefore expect that Cas9 usage will
slightly increase the overall rate of de novo indels. Simple statistic
tell us that 90% of these events will not occur in coding sequence
and an even greater percentage will have no deleterious effect. To
be absolutely sure that the observed phenotype is due to the
selected mutation, we used the following two strategies: 1)
breeding with WT C57BL6/J animal and use F3-F5 animals. As off
target events are unlikely to be allelic with the targeted sequence,
the selection and backcrossing of the selected KO/KI will quickly
eliminate the unwanted mutations. 2) Analyze several animals with
different mutations. As we have seen here the CRISPR/Cas9 tech-
nique allows to obtain several animals with different indels.
Furthermore, some FO can have a homozygous mutation. An
acceptable solution is to phenotype one or two FO homozygous
animal and to establish a stable line with a different mutation. The
observation of the same phenotype in several animals with
different indels rules out the possibility of a non-specific effect from
an off target event.

4.3. Technical difficulties

The microinjection of Cas9-sgRNA into embryos requires a
relatively high skill level. Recently, electroporation was used as an
alternative to microinjection and demonstrated a high efficiency
for introduction of Cas9-sgRNA into zygotes (Kaneko, 2017; Wefers
et al,, 2017). The injection can however be easily performed by any
staff trained for mouse ICSI. As any highly technical gesture, there is
a learning curve. We observed that our results improved with time
(we had more births and mutations in the later injections). We
believe that this might be partly related with skills improvement of
the technical staff.

In our experience the use of “all in one” vectors (with the sgRNA
and Cas9) and its direct injection into the male pronucleus saved
much time and many operator dependent operations (such as RNA
isolation and purification).

We note that some sgRNA did not permit to obtain any mutated
animals (or very few) but the co-injection of two sgRNA always
permitted to obtain several mutated pups. The use of two sgRNA
located within the same gene has been described to mediate large
deletions loosely delimited by the two sequences targeted by the
sgRNAs (Chen et al.,, 2014; Han et al., 2014). In our experience such
events are rare as we did evidenced them. Here, our main goal was
to produce KO animals and the occurrence of such large deletion
would be interesting as they would necessarily be deleterious and
would have the added advantage of being easy to detect by a simple
PCR. As we did not observe any disadvantage associated with the
co-injection of two sgRNA we recommend this strategy.

4.4. Timing of CRISPR/Cas9 gene editing projects

Overall a CRISPR/Cas9 project can be divided into three steps: 1.
target sequence selection, design of mutant alleles and preparation/
ordering of plasmids/reagents, 2. microinjection or electroporation
of zygotes and embryo transfer, and 3. genotyping of founder mice,
back crossing and phenotyping. The first step only take a few hours
of intellectual work and 2—3 weeks of production, usually by a
service provider. In step 2 female mice are treated with hormones
for superovulation starting three days before zygote microinjec-
tions. Upon the mating of superovulated females to males, zygotes
are collected the next day, microinjected with CRISPR/Cas9 re-
agents and transferred into foster mothers, which give rise to birth
after 3 weeks. Step 3 is the longest and usually takes approximately
6 months (Fig. 2). Biopsies can be taken from the pups derived from
microinjected zygotes at the age of 10 days and used for genotyp-
ing. Initial genotyping will have to be done by double stranded
sequencing of the target region, usually taking approximately 2
weeks. In many cases CRISPR/Cas9 microinjection permit the birth
of mutant FO founders that can be mated to WT animals when they
reach fertility around 9 weeks. Considering that mice will reach
reproductive age at 9 weeks, the expected timeframe to obtain the
first mutated mature F1 animals is therefore of 24 weeks (2
gestation periods of 3 weeks and 2 periods of sexual maturation of
9 weeks) and mature F1 progeny will be available after 36 weeks
(See Fig. 2). Mutated FO pups recovered from manipulated zygotes
are however not always successfully produced and a new series of
injection must then be performed. It will usually take at least a
month to reschedule the injection procedure.

5. Conclusion

Our genetic study on infertile subjects with flagellar defects
(MMAF phenotype) permitted to identify some very plausible
mutations located in 11 candidate genes in 63% of the analyzed
subjects. This clearly confirms the interest of WES for both
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pathological gene identification and diagnostic purpose in the
context of male infertility. We also confirmed that the CRISPR/cas9
technique is very efficient to create KO and KI animals and is a
promising strategy to study the function of candidate genes for
infertility while permitting to convincingly confirm their
pathogeny.
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Supplementary table 1: List of homozygous variants identified in

FLAGC and FLAGF.

Gene Nucleotide change Amino-acid change gnomAD frequency
€.2353_2354delTT p.Leu785MetfsTer5 (p.L785X) 0

FLAGC | c.1023+1G>A Splicing variant 0
€.2279T>A p.lle760Asn (p.I760N) 0
¢.1084C>T p.Arg362Ter (p.R362*) 4.69x10°

FLAGF | c.2112delG p.Arg704SerfsTer7 (R704X) 0
C.2324A>5T p.Asp775Val (p.D775V) 0




Supplementary table 2: Generation of FO mice after CRISPR/cas9 injection and number of homozygous (hmz)
or heterozygous (htz) mutated (mut) pups in target region 1 (TR1) and target region 2 (TR2).

Cfap43 Cfap44 FlagC FlagF FlagF-HA Total Av./Inj.

Inj. 1 | Inj. 2 Inj.1 | Inj.2 | Inj. 3 Inj. 1 Inj. 1 | Inj. 2 Inj.1 | Inj.2
Injected zygotes 97 130 | 166 135 | 167 695 139
Transferred embryos 66 66 118 94 135 479 95.8
Newborns 12 9 7 10 9 8 3 14 10 20 102 10.2
Pups with 1 htz TR1 mut. 0 2 0 0 1 1 1 1 4 4 15 1.5
Pups with 22 TR1 mut. 0 0 0 0 0 1 0 1 1 8 10 1
Pups with 1 TR1 hmz mut. 0 0 0 0 0 0 1 0 0 0 1 0.1
Pups with 1 htz TR2 mut. 0 2 0 0 0 1 0 1 / / 4 0.4
Pups with = 2 TR2 mut. 0 0 0 0 0 0 0 0 / / 0 0
Pups with 1 TR2 hmz mut 0 1 0 0 0 0 0 0 / / 1 0.1
Total No of mut. pups 0 5 0 0 1 3 2 3 5 12 31
% mut. Pups per live pup 0.0 55.6 0.0 0.0 111 37.5 66.7 | 21.4 50 60 30.4
Total No of de novo indels 0 6 0 0 1 4 3 3 6 20 43




Supplementary table 3: Generation of F1 mice from CRISPR/cas9 created FO and number of pups presenting

the parental mutation FO or a new mutation Mut. 1 or Mut. 2.
Litter 1 and 2 for a same gene are generated with the same parents. The new mutations mut. 1 and mut.2 are identical from one litter to another. A
maximum of two different “new” mutations (plus the parental mutation) were identified the 3 analyzed couples.

Cfap43 Cfap44 FlagC Total % mut.
Litter 1 | Litter2 Litter 1 |Litter2 |Litter3 Litter 1 | Litter 2
Newborn 3 12 6 11 10 9 10 61
Pups with mut. FO 2 3 1 3 4 4 3 20
% pups with FO mut. 66,7 25,0 16,7 27,3 40,0 44,4 30,0 32,8
Pups with mut. 1 0 3 1 2 0 4 1 11 18,0
Pups with mut. 2 0 0 1 1 1 0 0 3 4,9
Total with non parental mut 0 3 2 3 1 4 1 14
% pups with non parental mut 0,0 25,0 33,3 27,3 10,0 44,4 10,0 23,0
Total Nb mut. pups 2 6 3 6 5 8 4 34
% overall mut. pups 66,7 50,0 50,0 54,5 50,0 88,9 40,0 55,7




Supplementary table 4: List of all mutations identified in FO and F1

animals and position in regard to the PAM 1st nucleotide.

*indicates the mutations selected for generation of F1.7indicates the FO homozygous mutations.
Position refers to the position in regards to the PAM 1° nucleotide (CGG).ie: in
“CAGCTGACTCATATACCGACGG”delTATA (italic) is in position -5 in regards to the PAM (in bold).

FO, F1 indicates if the mutation was first identified in FO or F1 animals. “Target” indicates if the indels
occurred in the first or second targeted region.

Gene
Targeted Position | Size | FO | F1 Mutation
G NC NC 2 Uncharacterized events
Targetl
4 1 2 delG*
Cfap43 -4 +4 1 insTCCA
Target2 -6 -4 1 delAAGG*
-10 -10 1 delTGTGAAGGGC
Cfapad -4 +7 1 INSTCAGATA*
ap 6 3 1 delTAC
Targetl
-8 -4 1 delTATA*
Cfap44 /
Target2
NC NC 2 Uncharacterized events
FlagC Tk
Taraetl -4 +1 1 insT
. 4 3| 1 delTAC
FlagC -13 12 1 delAAACCCGTTAGC
Target2
FlooE Uncharacterized events
Tar"it ; 3 1| 2 delG'
o 6 4 | 1 delTTCG
AL -4 11| 1 inSAATGTACATAG
Target2
NC NC | 212 Uncharacterized events
- 6 HA inserted
-3 -2 1 delAG
FlagF-HA -3 -3 1 delAGC
-4 -9 1 delCAGCTGGAA
-5 -3 1 delGCA
-9 -8 3 delTTCAGCAG
-15 -15 1 delAATTAGTTCAGCAGC
Median -4 -3
Total >40 | 5
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Scientific perspectives and future directions

1. PATL2

Our study is the first to characterise a mammalian PATL2 protein in its native cellular context.
We have confirmed that mouse and human PATL2 are crucial for oocyte maturation. We have
also demonstrated that murine PATL2 is strongly expressed in growing oocytes and that its
absence leads to the dysregulation of specific key transcripts. Much remains to be learned
regarding its specific mode of action and molecular interactions, especially in view of the
differences that our results indicate between the murine and amphibian PATL2 orthologues and
its role at multiple stages of oocyte/zygote development as suggested through study of our

murine models.

Our mouse KO model showed a mixed arrest phenotype whereby a low rate of normal
development was possible, however the majority of oocytes and early embryos arrested at
various stages. This phenotype is likely linked to the diverse collection of dysregulated genes in
Patl2 KO GV and MIl oocytes brought to light through transcriptome analysis. These included a
more than twofold downregulation of genes that are activated during oocyte maturation (such
as Gatsl3 of the mTORC1 pathway and Pgrmc1), genes involved in the MI-MII transition (such as
Fgf9 and Cdc25a) and numerous other factors important in the acquisition of
meiotic/developmental competence (e.g. transcription factor Sohlh2, spindle assembly factors,
secreted factors and stress/DNA damage response factors). It remains to be investigated how
these dysregulations translate to the proteome level and which are direct/indirect consequences

of PATL2 absence.

It is remarkable that, following in vitro fertilisation, the rate of embryo development continued
to be inferior to the WT rate beyond EGA, until the blastocyst stage. This highlights the
importance of oocyte factors and the necessity of correct meiotic maturation for true
developmental competence. Surprisingly, a considerable number of genes expressed in the
embryonic trophoblast were also found to be significantly downregulated in Pat/2 KO oocytes.
These include three Ephrin A genes involved in implantation and maternally imprinted Phlda2

involved in placental development. It would be pertinent to determine whether the
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dysregulation of these genes, whose known functions are executed after EGA, are of

consequence in the maturing oocyte or indeed in the early embryo.

We have evidence that murine PATL2 is detectable at weak levels until the zygote stage (through
immunostaining and immunoblotting, unpublished), which is different to the system described
in Xenopus oocytes whereby xPatla is rapidly degraded upon GVBD [160,183]. Taking into
account the human GV-arrest phenotype linked to PATL2 invalidation, we hypothesise that in
mammals, PATL2 regulates groups of mRNAs that function in oocyte growth, meiotic maturation
and after fertilisation, and that in humans PATL2 is indispensable for meiotic progression. A key
objective for this project is now to clarify the role of PATL2 at each specific stage of oocyte
maturation and post-fertilisation. Planned experiments include 1) transcriptome analyses on
zygotes from WT and PATL2 KO mice at fixed time points 2) proteomic analyses at stages
corresponding to those studied in the transcriptomic analyses and 3) Knock-down of PATL2 in
GV and MII WT oocytes using the ‘Trim-Away’ method [307] followed by in vitro maturation,
fertilisation and culture to the blastocyst stage to test developmental competence. It would also
be of interest to investigate the expression profile of PATL1 in mammalian oocytes and zygotes
and compare the transition from PATL2 to PATL1 expression to what has been demonstrated in

Xenopus.

The variation in gene-invalidation phenotypes between mice and humans that we have
described here is not unprecedented (another example is CFAP44 [294]). Differences of this
nature can perhaps be explained by variation in the PATL2 N-terminal sequence, the possible
existence of compensatory mechanisms in mice and differences in the respective reproductive
systems. Indeed, major differences exist in the reproductive systems of humans and mice such
as mono versus poly-ovulation and late versus early onset of major EGA. The timing of EGA is
important since this determines the timeframe during which the dysregulations caused by the
absence of PATL2 can have consequences for the developing embryo. It would be interesting to
explore the PATL2-deficiency phenotype in species whose reproductive systems are closer to
humans in these respects. In rabbits, for example, major EGA occurs at a similar stage to humans
(8-cell stage). It would therefore be interesting to generate a PATL2 knockout rabbit model and

to compare the severity of the OMD phenotype to that observed in humans and in mice.

In this study, we were unable to show colocalisation of Patl2-HA with either CPEB1, MSY2 or

DDX6, whose orthologues have all been shown to interact with xPatla in either a direct (Cpeb1
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and Ddx6) or RNA-dependent (Msy2) manner in Xenopus oocytes. These differences could be
due to variations in the N-terminal sequence, which shows poor conservation between the two
vertebrate classes and is much shorter in mammals than Xenopus (733aa in Xenopus, 543aa in
humans and 529aa in mice). The domain through which xPatla interacts with Cpeb1 has not yet
been specified, but it is known that the DDX6/Dhh1-binding peptide that is present in the N-
terminal of xPatla, xPatlb and yeast Patlp is absent in mammalian PATL2 [176]. Lack of
colocalisation with DDX6 is then perhaps not surprising. Furthermore, whereas xPatla was
shown to co-precipitate with c-Mos and cyclin B1 mRNA (whose translation is repressed by the
CPEB1 complex) and its overexpression impacted the accumulation of both transcripts in
Xenopus oocytes [160,183], neither were found to be altered in our Pat/2 KO oocyte

transcriptome study.

It is an intriguing possibility that in mammals, the function of PATL2 may have evolved to control
a different or more specific subset of mRNAs in a CPEB1-independent complex, and may repress
their translation until after fertilisation or be inactivated through a different mechanism. In order
to pinpoint the role of mammalian PATL2 more precisely, it would be necessary to characterise
the PATL2 RNP complex, including protein partners and, if possible, bound mRNA. These
techniques are challenging due to the large numbers of oocytes required to provide sufficient
material, although throughout the course of my PhD | have made considerable progress refining
a protocol for immunoprecipitation of the PATL2-HA complex for mass spectrometry analysis.
Given these species-specific differences and the variety of functions and interactions that have
been attributed to its various members, the Patl protein family would appear to be highly

versatile and multi-functional.
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2. SPINK2

We have successfully characterised the pathology associated with mutation of Spink2 which is
in line with the role of SPINK2 as an acrosin-inhibitor. Spink2 invalidation in mice reproduces the
human phenotype of azoospermia and revealed the cause of this to be degradation after the
post-meiotic round spermatid stage. This stage corresponds to the stage of spermiogenesis
during which the acrosome is formed, which is where we showed SPINK2 protein to be localised.
Studying the consequences of SPINK2 inactivation in round spermatids, we observed signs of
proteolytic damage, including to the Golgi apparatus, and microautophagy. We confirmed
through HEK cell transfection that proacrosin is capable of autoactivation at neutral pH and that
this unchecked activity leads to cell proliferation arrest and detachment: effects which are
reversed by co-transfection of SPINK2. We therefore have strong evidence for the hypothesis
that SPINK2 inhibits the activity of autoactivated proacrosin as it transits through the Golgi

apparatus and thus preventing damage that otherwise leads to azoospermia.

This model could be of further value as a means to study and potentially treat acrosin-induced
cell damage in spermatogenic cells. The particular mode of induced cell death is intriguing, since
it apparently occurs by an apoptosis-independent pathway, and this could be of interest to
further characterise. This murine model may also be used for the development and refinement
of a novel form of therapy to treat this specific form of infertility through targeted delivery of

SPINK2.
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Clinical perspectives

In showing that Patl/2-deficient mice have impaired fertility and oocyte meiotic deficiency, we
have confirmed the causality of the PATL2 mutation in the human OMD phenotype representing
the second genetic cause of OMD to be confirmed after TUBB8 [249]. During the course of my
PhD, four additional reports were published describing a total of 21 PATL2 variants in association
with OMD in Chinese and Saudi Arabian cohorts [308-311]. The OMD-associated PATLZ2 variants
(including nonsense, missense, frameshift and splicing variants) all contained mutations before
or within the PAT1 domain. One of the variants in the Saudi-Arabian cohort is the same variant
reported in our study (Arg160*). Biallelic mutations gave rise to a GV-arrest phenotype and
compound heterozygous mutations to a range of phenotypes from GV to early embryo arrest.
These reports are in line with our findings and reinforce PATL2 invalidation as a cause of human

infertility.

Mutation of PATL2 was the cause of infertility for over a quarter of the patients in this cohort of
23. Combined with the other recent reports, this gives a total of 29 patients from 22 separate
families across North African, West Asian and East Asian populations. The prevalence of PATL2-
related OMD within the cohorts studied ranged from 2.8% in a large OMD cohort (180 patients
[308]) to 44% in a cohort of uniquely GV-arrest OMD patients [310]. Whilst further such studies
on larger cohorts would be needed to more accurately estimate the prevalence of PATL2-related
OMD, these studies indicate mutation of PATL2 as a major cause of this rare pathology with a
wide global spread. This finding makes PATL2 a good candidate for genetic screening in a clinical
setting for patients with suspected OMD: information which would be invaluable in correctly

diagnosing the cause of infertility and could avoid repeated cycles of ineffective ART procedures.

Regarding SPINK2: this familial case of azoospermia in association with homozygous SPINK2
mutation is the first to be reported. With increased accessibility of WES, further cases may be
identified, and this gene could be a good candidate for genetic screening in azoospermia. The
fact that we have also associated SPINK2 mutation with the more common OATS phenotype with
varying penetrance in the heterozygous state may be of wider clinical interest, adding to the list
of genes that may contribute to this pathology in a dose-dependent manner. Currently, routine
genetic screening for men in cases of infertility is limited to detection of numeric and structural

chromosomal abnormalities and Y chromosome microdeletions, giving rise to a genetic diagnosis
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for less than 5% of infertile couples [252]. If we were to widen this list to include genes with
confirmed association to human infertility, such as SPINK2 in men and PATL2 in women, our

diagnostic capacity for genetic-based infertility could be dramatically improved.

Studies such as these create a framework for the development of targeted therapies. Whereas
it may not currently be possible to envisage a treatment for many genetic subtypes of infertility,
it is reasonable to assume that with the advancement of ART techniques, certain subtypes may
become treatable in the near future. In particular, infertility linked to a single gene mutation
such as in the case of PATL2 or SPINK2, in which the ovarian reserve/pool of spermatogonia is
unaffected could feasibly become treatable (even more so if the gene is late-acting) by targeted
delivery of the missing protein combined with in vitro maturation. Such potential treatment
strategies would, of course, have to be carefully designed to respect ethical restrictions such as

non-modification of the germline genome.
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The importance of characterising actors of gametogenesis

1. Severe infertility as an opportunity to identify new actors

The GETI Lab has successfully identified a considerable number of gene mutations in association
with severe human infertility through WES and the study of transgenic mice, proving this to be
an efficient and robust methodology. WES is increasingly employed in clinical settings, and the
fact that variants of the same genes with the same associated phenotype have been reported in
geographically distant populations shows that our findings from this particular cohort are
relevant to a wider population. Although this method may be limited to identifying single-gene
causes for rare and severe types of infertility, it has proven to be a valuable method for
uncovering important actors of human gametogenesis. The generation of transgenic mice
permits not only validation of the genetic association but also characterisation of candidate
genes in a mammalian system. This is important since the high degree of homology allows us to

be more confident about the relevance of the conclusions drawn for the human system.

Despite high sequence homology, differences are occasionally revealed between human and
mouse gene orthologues for reproductive functions, and this possibility must be taken into
consideration when interpreting results and assessing the suitability of the mouse model. Such
differences can be informative if the context of the particular reproductive system is taken into
account when interpreting and comparing results. In the case of PATL2, the milder PATL2-
deficiency-related infertility phenotype that appeared in the murine model made it possible to
observe late-acting functional aspects of Patl2 in later stages of oocyte maturation and beyond

fertilisation, which may otherwise have been masked.

2. Relevance for ART therapies

The elucidation of molecular pathways involved in gametogenesis generates knowledge that can
be used to the benefit of patients in several ways. It is clear that if we are to attempt to develop
personalised therapies for specific genetic subtypes of infertility, a detailed understanding of the
corresponding protein function is indispensable. Beyond this, we hope that the knowledge
generated can be used to inform the improvement of existing ART techniques such as in vitro

gamete maturation, thus benefitting a larger number of patients.
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In vitro maturation is a technique currently applied to immature retrieved oocytes for IVF or ICSI
in which oocytes are cultured to induce oocyte maturation to make fertilisation possible. The
success of this technique is intimately dependent on culture conditions, and its effectiveness is
currently limited to oocytes derived from larger follicles. A better understanding of the processes
that occur during oocyte growth and maturation could inform the optimisation of culture
conditions and pave the way for expansion of this technique to the maturation of younger, more
immature oocytes. This would have far-reaching applications, including creating the possibility
for fertility preservation for young cancer patients whose oocytes may be cryopreserved ahead
of reprotoxic therapy. As highlighted here, the oocyte growth phase is essential for correct
meiotic maturation, response to fertilisation and subsequent development, and we must strive
to understand the oocyte’s exact requirements at this stage if we are to recreate conditions

favourable to the acquisition of full developmental competence.

3. Wider applicability of findings

As well as informing the field of ART, the characterisation of actors of gametogenesis can have
wider applications or relevance for other biological systems. As already mentioned, SPINK2
expression has been associated with certain cancers [210,211]. SPINK2 has also been found to
be expressed in retinal ganglion cells and modulates their susceptibility to apoptosis after optic
nerve damage [312]. Finally, very recently, an engineered form of SPINK2 was used as a scaffold

structure in the targeted engineering of high affinity protease inhibitors [313].

The unique properties of the oocyte make it a model for translational regulation, cellular
dormancy and reprogramming. Elements or paralogues of the specific mechanisms that exist to
satisfy the particular requirements of the oocyte have been found to exist elsewhere in the body.
Translational regulation for example plays an essential role in cell division and in the
establishment of a body plan in embryogenesis. The RBP Musashi has recently been found to
play a pivotal role in stem cell maintenance and was shown to repress translation by competing
with elF4G for binding of PABP in mammalian neural stem cells [135]. CPEB RNPs have been
identified at neuronal synapses and implicated in synaptic plasticity and long-term memory
consolidation as well as cellular senescence [120]. These examples illustrate how the findings

from reproductive biology can be relevant to a wide range of medical fields.
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