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Abstract

This thesis aimed to characterize the tubulin PTM profile of human
oocytes and spermatozoa. Tubulin rich structures play critical roles
in the cellular behavior of human gametes. Mutations in tubulin or
related proteins can affect oocyte maturation and flagellum motility.
We first focused on tubulin post-translational modifications (PTMs)
in the oocyte spindle and sperm flagellum. We characterized the PTM
spindle profile of MII oocytes cultured in vitro and matured in vivo,
and compared PTM enzyme transcript levels with two additional
groups: GV and failed to mature oocytes. Further determination of
the transcripts’ translational fate was performed using the
cytoplasmic polyadenylation element code with verification
experiments on Xenopus oocytes. Additionally, we sought to
deteremine the pattern and levels of tubulin PTMs along the sperm
tail and correlate these profiles with pathologies like

asthenozoospermia and teratozoospermia.

Resumen

Esta tesis tuvo como objetivo caracterizar el perfil de PTM de los
microtubulos de ovocitos y espermatozoides humanos. Las
estructuras ricas en tubulina juegan un papel fundamental en el
comportamiento celular de los gametos humanos. Las mutaciones en
la tubulina o proteinas relacionadas pueden afectar la maduracion de
los ovocitos y la motilidad del flagelo. En primer lugar, nos
centramos en las modificaciones posteriores a la traduccion (PTM)

de la tubulina en el huso del ovocito y el flagelo del esperma.
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Caracterizamos el perfil de PTM del huso en ovocitos de MII
cultivados in vitro y madurados in vivo, y comparamos los niveles de
transcripcion de PTM enzimas con dos grupos adicionales: GV y
ovocitos que no maduraron. Ademas se estudio la regulacion de la
transcripcion de los RNA mensajeros por el codigo del elemento de
poliadenilacion citoplasmica con experimentos en oocitos de
Xenopus. Ademads, investigamos el patrén y los niveles de PTM de
tubulina a lo largo de la cola del esperma y su correlaciodn potencial

con patologias como la astenozoospermia y la teratozoospermia.



Preface

The work presented here was mainly conducted in the basic research
laboratory of Clinica Eugin and partially in the Cell and
Developmental Biology Program at the Center for Genomic
Regulation (CRG). This work has been supervised by Dr. Rita
Vassena (Clinica Eugin). The project was funded as part of the
DiViDE consortium (project number 675737) focused on elucidating
the mechanisms and principles of cell division and to reproduce them

in vitro with synthetic approaches.

Our study aims to expand our knowledge in the field of human
gamete biology focusing on tubulin post translational modifications
(PTM). Basic research in reproduction has gained momentum as
initial in vitro fertilization procedures by Robert Edwards were
successful in 1978 and have since spawned a global industry based
on assisted human reproduction techniques. A central and complex
question in the field is the following: how can the oocyte and
spermatozoon of the best quality be selected? What exactly do we
mean by ‘quality’ and how do we measure it? The findings presented
in this thesis explore previously unkown territory. We have
characterized the spindle microtubule PTM profile of human oocytes
cultured in vitro and matured in vivo, compared the levels of PTM
enzymes of the previous groups with immature oocytes and oocytes
that have failed to mature. Furthermore, we have optimized a
protocol for determining and quantitatively comparing the PTM

pattern along the human sperm flagellum.
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Introduction

INTRODUCTION

1. Basic research in infertility: focus on the

gametes

Infertility (or subfertility) is defined as involuntary childlessness after
one year of regular unprotected intercourse (Zegers-Hochschild et
al., 2017). In western countries, one in six couples are affected
(Farquhar et al., 2019), resulting in significant psychological and
financial burden for individuals, couples and society at large.
Infertility can occur due to pathologies of the male and/or female
reproductive system or idiopathic reasons (unexplained infertility).
More than half of infertility cases are due to male factor (Inhorn and

Patrizio, 2014).

Assisted reproduction technologies (ART) are defined as “all
interventions that include in vitro handling of human gametes or
embryos for the purpose of reproduction. This includes, but is not
limited to, IVF and embryo transfer (ET), intracytoplasmic sperm
injection (ICSI), embryo biopsy, preimplantation genetic testing
(PGT), assisted hatching, gamete intrafallopian transfer (GIFT),
zygote intrafallopian transfer, gamete and embryo cryopreservation,
semen, oocyte and embryo donation, and gestational carrier cycles”
(Zegers-Hochschild et al., 2017). The field of ART started with the
birth of Louise Brown, the first human to be born with the technique
of in vitro fertilization developed by Robert Edwards in 1978. Since
then, the field has thrived, with more than 5 million live births to date
using IVF and ICSI (Chen and Heilbronn, 2017).
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A major cause for infertility is gamete dysfunction. Research on
cryopreservation, in vitro culture of follicles, in vitro oocyte
maturation and “omics” studies have widened the range of medical

approaches for assisted reproduction treatments.

1.1) Oocyte quality

Oocyte developmental capacity (ODC) is the ability of the oocyte to
produce a healthy embryo capable of reaching the blastocyst stage
after fertilization with non-compromised sperm and implantation into
a healthy uterus (Kempisty et al., 2015). ODC is determined by
molecular and cellular aspects of the oocyte, such as structural and
accessory proteins, signalling elements, antioxidant stores, the
calctum response machinery, and the state of the MII spindle,
chromosomes and organelles (mitochondria, cortical granules and the
endoplasmic reticulum) (Coticchio et al., 2013a). Less than 5% of'the
total number of oocytes collected for fertility treatment result to a live
birth, failing at the stages of maturation, fertilization or embryonic
divisions (Albertini, 2014). The low efficiency can be due to intrinsic
compromised function, advanced maternal age, lifestyle factors and
medical conditions (obesity, diabetes) as well as major ART
interventions that can interfere with oocyte quality, such as ovarian

hyperstimulation, cryopreservantion and in vitro maturation.

Folliculogenesis
Folliculogenesis is the process of antral follicle formation, the
spherical cyst that encapsulates the maturing oocyte. Follicles in the

ovary can be found in four different stages: primordial, primary,
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secondary and antral. During the latter half of human fetal life, the
first step of folliculogenesis occurs (Fig.1). Oocytes that survive the
germ cell cluster apoptotic breakdown are encapsulated in a single-
layer of squamous somatic pre-granulosa cells, forming the
primordial follicles. Follicle rectruitment can occur as initial
activation of primordial follicles throughout life until menopause and
after puberty, as cyclic recruitment of a specific number of follicles
from the growing cohort, out of which a portion is selected for
dominance and ovulation (Baerwald et al., 2012). The morphology
of the somatic cells changes to cuboidal when the transition to
primary oocytes occurs. The pool of existing primary oocytes are
arrested in prophase I at the diplotene stage (also known as
dictyotene) during which the synaptonemal complex disappears, the
chiasmata are visible and RNA synthesis is maintained at basal levels
(Lenormand et al., 2016). The next stage of preantral follicle
formation is marked by oocyte growth, granulosa cell proliferation
and appearance of a second somatic cell layer, the theca cells. Upon
formation of the antrum, the fluid-filled cavity granulosa cells form
either the lining of the follicle (mural) or enclose the oocyte
(cumulus). The meiotic arrest in antral follicles is achieved by high
cAMP levels within the oocyte, which are maintained by cGMP-
mediated PDE3A inhibition. cGMP is diffused in the oocyte through
its gap junctions connecting it with the cumulus and mural granulosa

cells (Edson et al., 2009; Adhikari and Liu, 2014).
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Oocyte maturation

Natural ovulation cycles are initiated once every month when the
female enters into puberty. Upon the release of follicle-stimulating
hormone (FSH) from the pituitary gland, the oocyte will enter a
growth phase during which its volume increases, cellular components
are accumulated (RNA, proteins, lipids and organelles) while
structures like the zona pellucida and the cortical granules are
formed. The luteinizing-hormone (LH) peak triggers ovulation of the
mature oocyte that has undergone both nuclear and cytoplasmic
modifications, organelle redistribution and cytoskeleton remodeling
as well as establishment of polarity for the resumption of the
asymmetric division until metaphase II (Verlhac and Terret, 2016).
In particular, the signaling cascade affected by the LH receptor leads
to decreased cGMP levels and thus increased phosphodiesterase
activity which results to the drop of cAMP levels. Within the GV
nucleus, the key event is the activation of cyclin B1-cyclin dependent

kinasel (CDKI1) (Coticchio et al., 2013a).
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Figure 1. The process of folliculogenesis from germ cell cyst to the corpus luteum in humans. (Image adapted from Edson
et al 2009)
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Factors affecting oocyte quality

The first successful in vitro maturation (IVM) was performed 85
years ago for rabbit oocytes (Pincus and Enzmann, 1935). Further
research led to the concept of maturation inhibition within the follicle
as well as the connection between maturation and ovulation. In 1965,
the first human IVM was reported (Edwards, 1965) and for the first
decades it was mainly offered as an answer to high responders in
order to prevent the ovarian hyperstimulation syndrome (Trounson e?
al., 1994; Barnes et al.,, 1995). In other cases, through IVM,
surgically removed unstimulated ovaries become a source of oocytes
for autologous infertility treatment or donation (Cha et al., 1991; Cha

and Chian, 1998).

Following studies used the term IVM for a broader range of practices,
including oocytes derived from hormonally stimulated women or
cumulus cell-free culture. These methodologies introduce variables
that can affect meiotic fidelity and thus the term should not be used
interchangeably (De Vos et al., 2016). Cumulus-stripped oocytes
derived from stimulated cycles demonstrated similar fertilization
rates when compared to the in vivo group, while day 2 embryos
divided improperly (Reichman et al., 2010), which shows that the
oocyte’s developmental capacity is compromised. Another study
focusing on the oocyte itself revealed differences in endoplasmic
reticulum clusters, membrane potential and cortical actin thickness,
offering an additional explanation to the reduced efficacy of in vitro
cultured gametes that have already failed to mature in vivo after

hormonal stimulation (Ferrer-Vaquer et al., 2019). Additionally, only
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a few case reports describe live births from ICSI of in vitro cultured
germinal vesicle oocytes that failed to mature in vivo after hormonal

stimulation (Nagy 1996).

It is important to clarify that the type of oocytes used in our study fall
in the category of failed to mature in vivo/matured in vitro in the
absence of cumulus cells. Thus, their developmental potential is
expected to be compromised. The assessment of their spindle
characteristics in terms of size, shape and post-translational
modifications will reveal if in vitro culture affects the oocyte’s

development at the stages of spindle formation.

Ovarian hormonal stimulation results in the growth of multiple
follicles leading to a heterogenecous pool of maturing oocytes.
Stimulation was initially used to increase the yield of oocyte retrieval
and potentially the IVF/ICSI success rates. Exogenous
supraphysiologic FSH is administered daily in parallel with GnRH
agonists or antagonists in order to control premature ovulation, which
can occur after priming with hCG and the LH peak (ESHRE, 2019).
However, adverse symptoms known as ovarian hyperstimulation
syndrome manifested in patients and oocyte donors (5%). The
syndrome is clinically classified in four types: mild, moderate, severe
and critical. Its main pathophysiology is increased vascular
permeability which can lead to fluid accumulation in third space
compartments. Classical symptoms involve enlarged ovaries and
abdominal distension, while severe case present thromboembolic

phenomena (Claman et al., 2011). The effect of hyperstimulation at
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the organism level is currently under intense research. For example,
no clear correlation with breast cancer has been shown apart from
sporadic case studies in which the cause of the carcinoma cannot be
confirmed (van den Belt-Dusebout et al., 2016; Schneider et al.,
2017; Derks-Smeets et al., 2018). Similar conclusions are drawn
from a meta-analysis of data for ovarian, endometrial and cervical
cancer (Siristatidis et al., 2013). Regarding hyperstimulation, it is
noteworthy that resulting mature oocytes would in all probability
have remained dormant or have been recruited but become atretic

within an unstimulated, natural, cycle.

Cryopreservation is a well established technique used for fertility
preservation and oocyte donation. Evidence demonstrates that
gamete freezing, either short- or long-term does not affect embryo
development (Goldman et al., 2015) while spindle structure is
reformed within one hour of thawing (Cobo et al., 2008; Bromfield
et al., 2009).

The human oocyte has higher levels of aneuploidy compared to other
mammalian species, like ruminants and rodents (Albertini, 2014). A
natural decline in oocyte quality is observed with advancing maternal
age (>35 years) and correlates with genetic instability (Duncan ef al.,
2012; Gruhn et al., 2019), mitochondria deterioration and defects in
cell cycle regulatory mechanisms. Furthermore, in human females,
meiosis I is more error prone compared to meiosis II (Hassold and
Hunt, 2001). Recent research has also shown that aged oocytes suffer

from cohesion loss and centromere decompaction, leading to
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incorrect kinetochore-microtubule attachments and aneuploidy

(Zielinska et al., 2019).

1.2) Sperm fitness

Spermatogenesis

During the fifth week of gestation, the sexually undifferentiated
precursors of the germ line, called primordial germ cells (PGC),
begin their migration towards the genital ridge. Their differentiation
is initiated after colonization of the fetal gonads, and by 6 weeks, they
reach the stage of gonocyte, and remain arrested until birth. After
birth, their mitotic activity resumes and they differentiate into two
types of spermatogonia: Type A and Type B. Type A spermatogonia
have a developmental choice: they can either self-renew, or
differentiate into Type B spermatogonia which become primed to

enter meiosis and are then called spermatocytes (Fig. 2).

Throughout fetal life and until puberty, germ line meiosis appears to
be inhibited by Sertoli cells (Bowles et al., 2006; Feng et al., 2014).
At puberty, this inhibition is lifted and spermatocytes begin the
process of meiosis. The organization of spermatogenesis within the
seminiferous tubule is finely regulated. The diploid spermatocytes
undergo the first and second meiotic divisions, thus forming the
haploid spermatids. These cells accumulate in the epididymis, where
they undergo spermiogenic differentiation to form spermatozoa
(Bolcun-filas and Handel, 2018). The succession of all of these
stages, from spermatogonia A to the spermatozoa, constitutes a cycle

whose duration is approximately 42-76 days in humans.
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Figure 2. The process of spermatogenesis from the primordial germ cells
(PGC) to spermatozoa. C value is for DNA content and N value is for
the number of sets of chromosomes (ploidy). (image adapted from
Bolcun-Filas and Handel, 2018)
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Sperm fitness criteria

Sperm fitness is assessed based on semen volume, acidity and
viscosity as well as spermatozoa number, motility and morphology.
It is noteworthy that the measured parameters can vary greatly with
time for the same individual (Castilla et al., 2006). Sperm motility is
categorized as progressive (linear or large circle movement), non-
progressive (movement around itself) and immotility. Sperm
morphology is evaluated based on the head, midpiece and tail
characteristics. Disproportionate head size, amorphous shape,
presence of vacuoles, decreased midpiece diameter, excess of
residual cytoplasm and short, coiled or multiple tails are the main

criteria for characterizing sperm as abnormal.

Based on the motility, the morphology and the quantity the sperm
sample can be classified as normozoospermic, asthenozoospermic,
teratozoospermic and oligozoospermic. The diagnosis of
asthenozoospermia is made when progressive motility is less than
32% (WHO, 1999). Teratozoospermia is diagnosed when normal
sperm are below 4%. In terms of spermatozoa quantity, the lower
reference limits for spermatozoa concentration are 15x10° cells/ml
and 39x10° cells per ejaculate (Cooper et al., 2009). When this

threshold is not reached the diagnosis is oligozoospermia.
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2. Tubulin and human gametes

2.1) The tubulin family

Tubulin is the main protein constituent of microtubules, centrosomes,
basal bodies and microtubule organizing centres. It consists of a
superfamily formed by ten members (a through «). a- and - tubulin
(55kDa each) form heterodimers through non-covalent bonds,
polymerizing in linear polarized protofilaments which give rise to
microtubules by lateral interactions (Bryan and Wilsont, 1971;
Luduena et al.,, 1977). The 450-residue-long peptides are 41%
identical (Krauhs et al., 1981; Ponstingl et al., 1981). Protein
conservation extends to all eukaryotic species with up to 60%
homology (Wade, 2009), reaching 95% among vertebrate a- and -
tubulin genes (Sirajuddin ef al., 2014). The heterodimer’s structure
at 3.7-A atomic resolution was first reported in 1998 by Nogales et al
(Nogales et al., 1998).

2.2) The multi-tubulin hypothesis

In 1976, Fulton and Simpson proposed the multi-tubulin hypothesis
(Fulton and Simpson, 1976). The hypothesis states that tubulin gene
diversity determines functional specification at the level of structure
and interaction sites. The system complexity is established by the
presence of multiple genes for each tubulin type, known as isotypes.
They are found in almost all eukaryotes: animals and plants, some
species of sea urchins as well as in certain protists and fungi (Wilson
and Borisy, 1997). Extensive isotype characterization is available
mainly for the alpha and beta tubulins (for detailed lists see (Luduefia

and Banerjee, 2009)).
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The multi-tubulin hypothesis is supported by several lines of
evidence. Conservation of four chicken B-tubulin isotypes in humans
and mouse that differ mainly in the carboxy-terminal tail.
Interestingly, the fruit fly B3 isotype cannot fully replace the B2 in
terms of spindle and nucleus shaping of spermatocytes (Hoyle and
Raff, 1990). Furthemore, B1-isoform cannot generate axonemes in
the absence of 2. Moreover, excess 1 led to axoneme abnormalities
without affecting meiotic divisions and cytoplasmic microtubules of
the precursor germ cells (Raff et al., 2000). These observations
support the hypothesis that different B-tubulin isotypes have distinct

functional significance (Sullivan and Cleveland, 1986).

In the case of C. elegans, the mec-7 tubulin isotype is found only in
microtubules of specific neuronal populations (touch neuron
microtubules (Hamelin et al.,, 1992)), accounting for the 15-
protofilament cylinder formation structure typical of this cell type
(four extra protofilaments compared to other cell types in this
organism) (Savage et al., 1994). Furthermore, incorporation of the
moth B2 ortholog into a subset of Drosophila microtubules overrides
their default protofilament number by adding three extra ones,
supporting the notion that microtubule anatomy is isotype-dependent
(Raff et al., 1997). The same applies to the human B3 and (2B
isotypes which quantitively alter lattice composition, polymerization

dynamics and microtubule stability (Ti et al., 2018).

The use of recombinant human B-tubulins with different isotypes,

differing in their globular and carboxy-terminal domains showed the
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catastrophe rate of the chimeric molecules was established by the
tubulin core domain (Pamula et al., 2016). Parker et al. reported that
human BI and PII isotype-specific carboxy-terminal tails
differentially determine microtubule growth rate and interactions
with depolymerizing protein mitotic centromere-associated kinesin
(Parker et al., 2018). Moreover, in vitro polymerization rate of
unmodified a1 B/BI+BIVD tubulin from an embryonic kidney cell line
is faster than neuronal tubulin (which consists of different isotypes)
(Vemu et al., 2017). Microtubule growth and severing rates are major
parameters of microtubule dynamics and are affected by tubulin

genetic variability.

Conversely, multiple genes may not reflect functional differences but
offer regulation platforms for the transcription machinery throughout
differentiation pathways. Intra- and inter-species gene-swap
experiments by various groups (in protists, yeast, fungi, chicken,
mammalian cells and human cell-lines) revealed partial or complete
redundancy. In these cases, expression levels and not individual role
was the major determinant of microtubule fitness (Schatz et al., 1986;
May et al., 1990; Luduena, 1998). Furthermore, according to
Kemphues ef al, in Drosophila, spermatocyte-specific f2-tubulin has
a dual function, being required for nuclear shaping as well as spindle
and axoneme formation in the spermatocyte (Kemphues et al., 1982).
This implies functional versatility, as a single isotype can be used for
different cellular stuctures in the same cell. However, the reason
behind the tissue-specific expression of B2-tubulin remains to be

discovered.

44



Introduction

2.3) The human tubulin isotypes

Humans have nine isotypes for each of the a- and B-tubulins (Fig.3).

(Roll-Mecak 2019).

13 1A/B  1C 3C/DIE 4A 4B 8
433 ™ ?

EDAVr >0

Figure 3. Tubulin heterodimer with B-tubulin shown in red and a-tubulin
in blue. The sequences of the carboxytelic tails are given separately for
each isotype (imaged adapted from Janke et al/ 2014).

Beta tubulin isotype expression patterns deviate in malignant cells
and may correlate with treatment efficacy. For example, BIII-tubulin
is differentially expressed in neuronal and non-neuronal tumors.
Malignant pulmonary cells require BIII-tubulin overexpression to
proliferate and survive under chemotherapeutic treatment. Clinical
data demonstrate taxane resistance in breast and ovarian cancer or
lung tumors impervious to paclitaxel when BIII levels are higher (D.

Katsetos and Draber, 2012). Taxol resistance in ovarian epithelial
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cancer is correlated with altered B-tubulin expression (Kavallaris et
al., 1997). Based on this, the isotype degree of expression may act as

prognostic marker for treatment responsiveness in certain cancer

types.

The carboxy terminal tails of soluble tubulin can block mitochondrial
voltage-dependent anion channels in an isotype-specific manner.
Homogeneous solutions of two types of recombinant tubulin, ol1/32
and al/B3, differentially regulate pore permeability, severely
affecting the mitochondrial energy load (Rostovtseva et al., 2018).
Human carboxyterminal tail sequences fused to yeast globular
domain affect kinetics of human kinesinl and kinesin2 motor
proteins. The shorter BVI tail and the positively charged BIII tail
decrease kinesin-1 velocity and processivity, respectively (Sirajuddin

etal.,2014).

A genetic screen on patients with oocyte meiosis I arrest led to the
discovery of BVIII as the main isotype in primate oocytes (Feng et
al., 2016). Autosomal dominant mutations inherited paternally or
appearing de novo may interfere with dimer assembly, stability,
polymerization and interactions with motor and/or microtubule
associated proteins. Affected oocytes may lack the spindle structure
completely or form amorphous mesh-like spindles, as observed with
polarized light and fluorescence microscopy. Over the last three years
several mutations have been described accounting for phenotypes of
different severity (Chen et al., 2017, 2018; Wang et al., 2017; Yuan

et al., 2018). The spindle was visible in two types of homozygous
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mutations while polar body extrusion occurred in three cases with
missense mutations. Exogenous expression of wild type and mutant
BVII tubulin in HeLa cells and mouse oocytes was in accordance

with the mutation manifestation in the human oocytes.

2.4) Microtubule properties and polymerization cycle
Microtubules (hollow tubes with a diameter of 25nm and structural
polarity) are found in the vast majority of eukaryotic cells regardless
of their function, shape and developmental stage. They can be
categorized as dynamic microtubules (ti12=5-10 min) or stable ones
(tiz up to hours). The tubulin chains, called protofilaments, are
subsequently non-covalently combined in species- or cell-dependent
numbers (11-15) leading to the formation of the microtubule lattice.
In humans, microtubules have 13 protofilaments are found, although
microtubules with 14 and 15 protofilaments have been observed in
human blood platelets. For eukaryotes in general, the canonical
microtubule consists of 13 protofilaments (Chaaban and Brouhard,

2017).

Microtubule building blocks, alpha and beta tubulin, dimerize and
then polymerize in a self-assembly fashion.. Termed as dynamic
instability, the phenomenon of bidirectional transition between
elongation and shrinkage is mediated by GTP binding. a-tubulin
maintains a GTP stable bond (N-site)(minus end) while the B-subunit
facilitates the ligand hydrolysis and re-acquisition (E-site) (plus end)
(Fig.4) (Alushin et al., 2014; Severson et al., 2016). Aside from GTP,

tubulin polymerization also requires a temperature higher than 30° C
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and magnesium ions (Wade, 2009). In the absence of the GTP-cap at
the plus end, microtubules depolymerize. The balance between the
two antagonistic reactions at a given tubulin concentration defines
microtubule quantity, which fluctuates throughout a cell life cycle.
Tubulin conformational cycle intrinsically modulates the growth-

catastrophe rate through its GTPase activity.

—
| - )

—End Growth ———» + End

- GDPT+ GTP

-3

Catastrophe <€——

@ o-Tubulin - @ GDP B-tubulin -~ @ GTP B-tubulin

Figure 4. Microtubule dynamics (Image adapted from Severson et al
2016).

Microtubule dynamics regulation comes from a large variety of
associated proteins including severing enzymes, whose activity
localizes along the MT cylindrical surface and not the ends. Three in
vitro MT severing enzymes are known: katanin (Mcnally and Vale,
1993), spastin (Evans et al., 2005; Roll-Mecak and Vale, 2005) and
fidgetin (Mukherjee et al, 2012). They belong to the meiotic
subfamily of AAA ATPases for depolymerization and severing. The
only in vivo data come from overexpression of Katanin-like 1 in cells
where MTs are disrupted. Paradoxically, microtubule content drops
when severing activity is nullified. Research by Vemu et al
demonstrated that spastin and katanin create MT cavities sealed by
GTP-bound tubulins, resulting in the formation of GTP islands
(Vemu et al., 2018).
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Microtubules main roles involve structural support, formation of
cilia, propella-like movement of flagella, spindle formation and
intra-cellular transport of molecules and vesicles. Tubulin
mutations lead to impairments of the neuronal, muscular and

reproductive system among others.

2.5) The oocyte meiotic spindle

Termed after the greek word peiwon (meiosi), meaning lessening,
meiosis refers to the reductional asymmetric division of diploid cells
to form haploid gametes. While it has most likely evolved from
mitosis, meiosis is significantly more complex and its exact
mechanisms remain among the hardest to solve (Wilkins and
Holliday, 2009; Lenormand et al., 2016). After germinal vesicle
breakdown (dissolution of the nuclear membrane), the main meiotic
stages include prophase I, metaphase I, anaphase 1 and telophase I
followed by polar body extrusion and the second meiotic division
which arrests at metaphase II until fertilization. During these steps,

the meiotic spindle undergoes two cycles of assembly/disassembly.

The meiotic spindle consists of two microtubule focal points, known
as poles, which consist of bundled microtubules anchored to the
chromosomes centromeric regions (kinetochore MT or k-fibers) and
interpolar microtubules (Maiato et al., 2004). The preference of
kinetochores for GTP bound MT and thus plus-ends is also
demonstrated in vitro (Severin et al., 1997). One major difference

between the metazoan meiotic and the mitotic spindle is the absence
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of centrioles and astral microtubules, which orientate towards the
cortex side of the cell (Szollosi et al., 1972; Gruss and J., 2018)

The most basic spindle characteristic is the poleward flux, “the
poleward movement of MTs that is coupled to minus-end
disassembly at the spindle pole”(Maddox et al., 2003). The flux is
responsible for chromosome migration while serving as a spindle
length control mechanism (Rogers et al., 2005). During metaphase
the spindle length is maintained while plus-end tubulin addition and
minus-end depolymerization occur at the same rate (treadmilling)
(Mitchison ef al., 1986). The dynamics are altered at anaphase so that
the k-fibers are shortened with disassembly happening at both MT
ends (Mitchison and Salmon, 1992).

Abnormal chromosome distribution is naturally occurring at a rate of
10-30% in fertilized human oocytes leading either to miscarriages or
genetically-caused disabilities. An important phenomenon in
prophase I is that of homologous chromosome synapsis and
recombination through the formation of chiasmata. Chromosomes
then slide on the surface of the spindle forming end-on attachments
by trial and error at the spindle equator when alignment occurs
(Kitajima ef al., 2011). Homologous chromosomes are segregated in
meiosis I while sister chromatids are segregated in meiosis II.
Impaired MI segregation includes ‘true’ non-disjunction (paired
homologues travel together to the same spindle pole), ‘achiasmate’
non-disjunction (failed to pair and/or recombine chromosomes travel
independently towards the same pole) and premature separation of

sister chromatids. Non-disjuction in meiosis II refers to failure of
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sister chromatids to separate (Hassold and Hunt, 2001). A key
mechanism for correct meiosis is the spindle assembly checkpoint
(SAC) which delays anaphase until kinetochores are correctly bound
to centromeres. Once SAC is inactivated and cohesion resolution is
complete, chromosomes migrate towards the poles (Touati and

Wassmann, 2016; Lane and Kauppi, 2018).

The inherent trend towards aneuploidy in oocytes can be partially
explained by the large cytoplasmic volume of the oocytes, as it
affects the diffusion of anaphase inhibitors and the convergence of
microtubules to the poles (Kyogoku and Kitajima, 2017). Moreover,
oocytes have no centrioles and therefore microtubule nucleation
stabilization and organzisation is entirely controlled by the
chromosomes through the small guanosine triphosphatase Ran. The
process of spindle assembly is quite long (~16 h) with multipolar
spindle intermediates, resulting in an inherent spindle instability
which contributes to the intrinsic human oocyte aneuploidy
(Holubcova et al., 2015). A meta-analysis of live spindle
visualization with polarized light microscopy has shown no
predictive value when it comes to implantation rates and clinical
pregnancy, although a correlation exists with increased fertilization

and blastocyst rates (Petersen et al., 2009).

2.6) The sperm flagellum

The spermatozoon consists of three parts. The sperm head, the
midpiece and the flagellum. It is during the last steps of

spermatogenesis (known as spermiogenesis) that remodelling occurs
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to form the sperm tail of an average length of 50-60 um in the human
species. The axoneme derives from the basal body of the midpiece
where mitochondria are also present. The sperm tail (flagellum) is
composed by microtubules, outer dense fibers and fibrous sheaths
(Fawcett, 1975). A central pair of microtubules is enclosed in nine
doublets which are formed either by 13 protofilaments (A-tubule) or
10 protofilamets (B-tubule). The tail movement is mainly mediated
by dynein which is a microtubule minus-end directed ATP-dependent
motor (Lindemann and Lesich, 2010). The dynein structure is
composed by an inner and outer arm complex which differentially
interacts with the A- and B-tubules of the neighboring microtubule
doublets. The forces exerted by the variations in the bond stability

result in flagellum curvature (Nicastro ef al., 2006).

3. Tubulin post translational modifications

Soluble and polymerized alpha and beta tubulins undergo several
post-translational modifications (PTM) that alter microtubule
properties, converting them into mosaic structures (Fig. 5).
Acetylation, detyrosination, (poly)glutamylation and
(poly)glycylation are the most prevalent tubulin PTMs (McKean et
al., 2001). Phosphorylation, polyamination, methylation,
ubiquitination, palmitoylation are also detected (Amargant et al.,
2018). Acetylation is the only PTM found in the lumen of
microtubules while the rest appear in the outer surface of the tube. In
particular, the carboxy-terminal tails of each tubulin heterodimer

constitute PTM “hot spots”, located 4 nm apart longitudinally and
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Snm laterally. Their negative charge and intrinsically disordered,
flexible nature facilitate polymerization in cylindrical disposition
(Luduena, 2013). Proteolytic tail trimming affects interactions with
motor proteins such as dynein, kinesin-1 and kinesin-2 (Roll-Mecak,
2015). Thus in addition to isotypes, PTMs introduce another level of
microtubule regulation with a the dominant role of the tubulin

carboxy-terminal tails, generating what is known as the tubulin code.

A2 Tubulin x

Glycylation/
Degycylation

a

Tyrosination/
Detyrosination

Glutamylation/

Glutamylation/ Deglutamylation

Deglutamylation

Phosphorylation

(@ Tyrosine
@ Glutamate
O Glycine
@ Acetate
' & Phosphate
Lys 40 Acetylation/
Deacetylation
b O Tyrosinated Tubulin dimer =
@ Glutamylated
@ Glycylated \.
@ Acetylated N

Figure 5. Tubulin post-translational modifications on the a-f tubulin
heterodimer (a) and on the microtubules (b-c). (Image adapted from
Roll-Mecak 2015 Seminars in Cell and Dev Bio)
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3.1) Acetylation

Acetylation is the only modification targeted to the inner lumen of
the microtubules, specifically at lysine 40 of all the alpha-tubulin
isotypes (Choudhary et al., 2009). It is found in long-lived
microtubules, more likely at the middle or the minus-end (Song and
Brady, 2015); its presence is associated with stability. The
modification is conserved from protists to human and plants but not
in yeast (L1 and Yang, 2015). It was detected almost exclusively in
flagella and not in soluble a-tubulin (L’Hernault and Rosenbaum,
1985), which led to the first characterization of acetylation biological
function, the regulation of MT assembly (Maruta et al., 1986; Perdiz
etal.,2011).

Along the phases of the cell-cycle in mouse oocytes, acetylation is
found at the centrosomes in metaphase, followed by localization in
the spindle during anaphase and the midbody during the telophase
(Schatten et al., 1988). In 1987, LeDizet and Piperno [10] identified
the acetylation site as the Lysine 40 conserved e-amino group of the
N-terminal domain of a-tubulin (LeDizet and Piperno, 1987). A few
years later they developed the most widely used specific monoclonal
antibody (6-11B-1) for microtubule acetylation (LeDizet and
Piperno, 1991). The use of cryo-electron microscopy revealed no
effect of acetylation on microtubule architecture, such as
protofilament  distributions and microtubule helical lattice

parameters, or tubulin conformation (Howes ef al., 2014).
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Acetylation-Deacetylation enzymes

The enzymes responsible for the addition of the acetyl- group are
oTAT1 (Akella et al., 2010; Shida et al., 2010) and NAAS50, while
SIRT2 (Inoue et al., 2007) and HDAC6 (Hubbert, 2002) catalyze the
removal of the modification. aTAT1 -/- mice lack acetylated
microtubules demonstrating that this enzyme is indeed solely
responsible for MT acetylation in vivo. The knockout phenotype
involves brain and testis abnormalities without overall affecting the
animal survival and fertility (Kim ez al., 2013). Overexpression of
oTATI in a cell line destabilized microtubules independently of its
enzymatic activity (Kalebic 2013), while RNA1 inhibition had no
effect on mitosis. Experiments done in vitro by the same researchers
demonstrate that both active and inactive forms of mouse aTATI

bind to MTs and destabilize them.

The rationale behind long-lived acetylated microtubules was the
presence of the catalytic site in the filament lumen which allowed
slow enzyme diffusion rate. However, recent study demonstrates that
it is due to the slow catalytic rate of the aTAT1 in combination with
its preference for microtubules instead of free tubulin (Kull and
Sloboda, 2014; Szyk et al., 2014). Acetylation of the B-tubulin
subunit by NAASO at lysine 242 is detected only in soluble
heterodimers inhibiting their polymerization into microtubules (Chu

etal,2011).

Overexpression of exogenous HDAC6 in mouse oocytes and

zygotes, in which the enzyme is detected in the cytoplasmic area,
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leads to premature chromatin condensation. The phenotype is
attributed to the ubiquitin-binding property of the enzyme, which
rescues the phenotype when mutated, while inhibition of the
deacetylase activity maintains the overexpression phenotype (Verdel
et al., 2003). The presence of HDAC6 in mouse oocytes at the
germinal vesicle stage has been confirmed (Zhou et al., 2017). After
GV breakdown and throughout the presence of the spindle, HDAC6
was detected in aggregates around the chromosomes and later on the
spindle microtubules. Supplementation of the culture medium with
tubastatin-A, a selective HDAC®6 inhibitor, resulted to unsuccessful
spindle migration and actin cap formation, thus revealing the
importance of the enzyme for the completion of meiosis. On the other
hand, HDAC6 inhibition has a stabilizing effect on MTs, which
cannot be attributed to the increased acetylation levels (Zilberman et
al., 2009). Hyperacetylated tubulin found in HDAC6 KO mice
supports its role as a tubulin deacetylase, however mice viability and
development remains unaffected by HDAC6 absence (Zhang et al.,
2008). Overall, no causation can be found between MT acetylation
and stability. An explanation for the observed correlation, however,
lies in the substrate selectivity of the enzymes. HDAC6 binds only to
soluble tubulin heterodimers, which are rapidly deacetylated. Their
incorporation to newly generated MTs accounts for the deacetylated

phenotype of the short-lived microtubules (Song and Brady, 2015).

SIRT?2 is found in the cytoplasm, colocalizing with microtubules and
occasionally with HDAC6 in an interactive manner (North et al.,

2003). SIRT?2 inhibition in mouse oocytes caused spindle defects and
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disorganized chromosome distribution with affected MT-kinetochore
attachments, while overexpression of the enzyme compensated for
meiotic defects in aged mouse oocytes (Zhang et al., 2014). This
finding was further supported by Qiu et al (Qiu et al., 2017), who
showed that the crucial Sirt2-deacetylated-substrate responsible for
the age-related defects is BubR1 and not microtubules. SIRT2 is
found in the spindle of mitotic cells, where acetylation is also
detected. Nagai et al proposed a mechanism of SIRT2 inhibition by
Furry in order to explain the simultaneous presence of acetylation and

the deacetylase (Nagai et al., 2013).

3.2) Detyrosination-Tyrosination cycle

Tyrosination refers to the addition of tyrosine as the last residue of
the carboxy-terminus of a-tubulin which is primarily genomically
encoded (TUBA4 and TUBAS are the only exceptions) (Barra et al.,
1973). Cycles of detyrosination and ribosome independent
tyrosination alter the tubulin tail and thus the microtubule
characteristics. Detyrosinated MTs undergo slower turnover in vivo,
hence the correlation of microtubule detyrosinated profile with
microtubule longevity (Webster et al., 1987). However, it should not
be implied that detyrosination itself increases the microtubule
intrinsic  stability (Khawaja, 1988; Song and Brady, 2015).
Tyrosination is indispensable for survival, as TTL knockout mice
develop only until the perinatal stage due to neuronal defects (Erck

et al., 2005). Tyrosination and detyrosination coexist in vivo on
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interphase and mitotic microtubules in a spatially-dependent manner

(Gundersen et al., 1984).

Metaphase II spindles in mouse oocytes contain acetylated and
tyrosinated MT but detyrosination is not detected. Upon fertilization
detyrosinated MT appear in the midbody, together with acetylation
and tyrosination (de Pennart et al., 1988). The importance of this
modification in meiosis is demonstrated by the finding that CENP-E
dependent transport of polar chromosomes towards the spindle
equator is favoured by detyrosinated MT tracks (Barisic et al., 2015).
Increased tyrosination of the cortex side hemisphere of the metaphase
I spindle in mouse oocytes is induced by GTPase cdc42 signaling.
The resulting tyrosination gradient mediates the meiotic drive by
altering the microtubule affinity to the selfish centromeres (Akera et

al., 2017).

Regarding interactions with other factors, kinesin-13 family
members depolymerize MTs with tyrosine in the C-terminal tail
(Peris et al., 2009), a modification also required for the binding of
CAP-Gly (cytoskeleton-associated protein Gly-rich) domain
proteins, a subgroup of +TIPs (Peris ef al., 2006). On the contrary,
kinesin-1 (KIF5) binding and motor activity is shown to be regulated

by detyrosination (Kreitzer et al., 1999; Dunn et al., 2008).

Detyrosination-Tyrosination enzymes
The first PTM enzyme to be discovered was tubulin tyrosine ligase

(TTL), the enzyme responsible for the addition of tyrosine (Hallak et
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al., 1977). The substrate of TTL is not the polymerized protofilament,
but rather the soluble heterodimer composed of a- and B-tubulin
(Raybin and Flavin, 1977). The enzyme full sequence was deposited
several years after its discovery (Ersfeld et al., 1993). Two enzymes
for the reverse reaction, vasohibins 1 and 2, were recently
characterized as tyrosine carboxypeptidases by two independent

groups (Aillaud et al., 2017; Nieuwenhuis et al., 2017).

TTL overexpression or RNA interference result in chromosomes
retained at the spindle poles or performing random movements,
respectively (Barisic and Maiato, 2016). This is in line with the
observation that TTL overexpression inhibits MT polymerization

(Szyk et al., 2011).

3.3) A2-tubulin

Microtubules of mammalian cells and sea urchin flagella and cilia
can be excluded from the tyrosination cycle after removal of the
penultimate glutamate of the o-tubulin tail. This modification is
irreversible and is known as A2-tubulin (Paturle-Lafanechere et al.,
1991; Mary et al., 1996). A2-tubulin is most abundant in brain
microtubules. To date it was found to occur during the first stages of
neuronal differentiation of the rat cerebellum (Paturle-Lafanechere et

al., 1994).
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A2-tubulin enzymes

The enzymes responsible for the removal of the glutamate exposed
after detyrosination of the o-tubulin tail belong to the cytosolic
carboxypeptidase family (CCP), which is composed of six members
(Kalinina et al., 2007; Rodriguez De La Vega et al., 2007). CCP1,
CCP4 and CCP6 are capable of catalyzing the formation of A2-
tubulin (Rogowski et al., 2010). CCP1 has been extensively studied
as the lack of functional protein causes the pcd mouse phenotype
(Purkinje cell degeneration). In vitro experiments with purified
porcine brain tubulin and polymerized HEK293T microtubules are
marked by an increase in A2-tubulin after addition of CCP1. In vivo
overexpression and knock down assays in HEK293T cells modify

A2-tubulin levels up to 5-fold (Berezniuk et al., 2012).

3.4) Glutamylation- Glycylation

The addition of glutamic acid or glycine residues (from 1 to more
than 20) can occur in glutamates of both a- and B-tubulin C-terminal
tails. Polyglutamylation was first reported by Eddé et al in brain
tubulin (Edde et al., 1990). It is found in protists, plants and animals
(Luduena, 2013). While glycylation is mostly found in stable
microtubules (axonemes and cilia) (Redeker et al., 1994; Iftode et al.,
2000), glutamylation is not associated with microtubule stability. The
glutamylated tubulin tails may differentially bind to microtubule
associated proteins (MAP), thus creating a regulatory mechanism for
MAP interactions (Bonnet et al., 2001). In spermatozoa, differential

pattern of glutamylation is detected between the middle and the
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terminal piece in the peripheral and central doublets (Prigent ef al.,
1996). The importance of microtubule glutamylation for motility is
demonstrated through its interaction with the dynein arm (Kubo et
al., 2010, 2012).Throughout mitotic phases, glutamylated tubulin
levels increase in polar and kinetochore microtubules but not in astral

ones (Bobinnec ef al., 1998).

TTLL and CCP family enzymes

The tubulin tyrosine ligase-like (TTLL) family consists of 13
members that were discovered in three different organisms: mouse,
Tetrahymena thermophila and zebrafish (Regnard ef al., 2003; Janke
et al., 2005; Pathak et al., 2007). Their name derives from their
structural similarity to the TTL domain (van Dijk ef al., 2007). TTLL
members may have differential affinity for alpha or beta tubulin
subunits, acting either independently or as part of a multi-protein
complex (Janke et al., 2005). TTLL7 is the most abundantly
transcribed member of the family, mostly in the nervous system. Its
affinity for B-tubulin was first observed when the enzyme was
exogenously expressed in HEK293T cells (Ikegami ef al., 2006). The
glutamylases TTLL4 and TTLLS5 catalyze the addition of the
branching glutamate which subsequently forms the substrate for the
elongating glutamylases. TTLL4, 5, 6, 7, 11 and 13 can act
individually while the activity of TTLL1, 2 and 9 is dependent on
other proteins (Janke et al., 2005; van Dijk et al., 2007). TTLL10 is
the enzyme responsible for tubulin polyglycylation, which is absent
in humans due to a deleterious mutation (Rogowski et al., 2009).

Thus, only monoglycylated MTs are found in humans, catalyzed by
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TTLL3 and TTLLS. The enzymes catalyzing the removal of glutamic
residues are the cytosolic carboxypeptidases (CCPs) consisting of six
members, while the ones for glycine removal have not yet been

discovered.

4. Oocyte translational regulation

Oocyte maturation is a transcriptionally silent biological process (De
La Fuente et al., 2004). Most of the mRNA molecules that are
necessary for the meiotic divisions are already present and translated,
while another mRNA population remains inactive until embryo
cleavage prior to embryonic genome activation. This system’s
dynamics demands accurate translational regulation, defining which
mRNA molecules should be translated at the required levels at the
precise time. A major regulatory hotspot for mRNA translation is the
3" untranslated region (3’- UTR). In particular, the cytoplasmic-
polyadenylation-element binding protein (CPEB) plays a central role
in mRNA translation regulation throughout vertebrate oocyte
maturation and early development. Its effect is manifested through
interaction with the cytoplasmic polyadenylation element (CPE), a
uridine-rich sequence (Gebauer and Hentze, 2004). This interaction
can result in mRNA silencing prior to maturation or trigger
cytoplasmic polyadenylation and translational activation upon
resumption of meiosis. Pique et al have synthesized a translation
prediction code based on CPE presence and configuration, initially
studied in Xenopus laevis oocytes and verified for mammalian genes

as well (Fig. 6) (Piqué et al., 2008).
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Figure 6. Schematic representation of the cis elements and trans-acting factors recruited, with their covalent modifications.
The distances required to mediate translational repression and activation as well as the time of activation are indicated.
Optional factors/elements are displayed with dotted lines. Pum: Pumilio, P: pumilio binding sequence, CPEB: cytoplasmic
polyadenylation element binding protein, H: hexamer (polyadenylation signal), p: phosphoryl group, CPSF: cytoplasmic
polyadenylation signal factor, Prog: progesterone (image from Pique et al 2008).
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Overall, the thesis focuses on human gametes (both oocytes and
spermatozoa) and the tubulin post translational modifications in
addition to their enzymes. Previous characterization of tubulin PTM
in human and animal somatic and mitotic cells has produced the
existing body of knowledge regarding the role of PTM for
microtubule properties and function within fully differentiated or
dividing cells. Nevertheless, apart from some animal model studies
(mice and sheep), no studies investigated the role of PTM in oocyte
meiosis or the human flagellum. Adding some clinical value, no data
exist regarding PTM presence in in vivo matured and in vitro cultured

oocytes, as well as in sperm samples of different diagnosis.

5. Objectives

e Characterize MII spindle tubulin PTM of in vivo matured
human oocytes in comparison to their in vitro cultured
counterparts

e Determine the comparative transcript profiles of tubulin
PTM enzymes in immature human oocytes, matured in
vivo, cultured in vitro and failed to mature

e Determing whether the detected PTM enzyme transcripts
are translated during maturation

e Characterize PTM pattern along the human sperm

flagellum and correlate with motility pathologies
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MATERIALS AND METHODS

1.Ethical approvals

Approval to conduct these studies was obtained from the local Ethical
Committee for Clinical Research. All procedures performed were in
accordance with the ethical standards of the institutional research
committees and with the 1964 Helsinki declaration of the Ethical
principles for medical research involving human subjects, as revised
in 2013 in Fortaleza (World Medical Association, 2013). Written
informed consents to participate were obtained from all participants

prior to their inclusions in the studies.
2. Oocyte collection and culture

Oocytes were retrieved from donors who underwent hormonal
stimulation cycles. The cumulus oophorus was removed by
hyaluronidase treatment which allows for morphological evaluation
of the meiotic stage of the oocyte. For calculating duration of oocyte
in vitro culture, time zero was set at oocyte retrieval from the ovary
until the end point of metaphase II spindle formation. Oocytes at the

GV stage were cultured for 33 hours in G2 PLUS medium .

2.1) Microscopy

Time-lapse microscopy (PrimoVision system) was used to accurately
determine the timepoint of polar body for the specific sample type
under the established culture conditions. The Oosight system was
employed for oocyte live imaging to confirm the presence of the

metaphase II spindle.
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3. DNA-RNA molecular techniques

3.1) genomic and complementary DNA preparation

Genomic DNA was isolated from HEK293T cells through size
exclusion column chromatography (QIAGEN, DNeasy Blood and
Tissue kit). HEK293T cells (2,5x10°) and BeWo cells (10°)
underwent guanidine-isothiocyanate lysis and RNA was recovered
through silica-membrane purification (QIAGEN RNeasy Mini Kit,
Cat No. 74106). cDNA was produced from HEK293T cell , BeWo
cell, fetal brain (TaKaRa, Cat No. 636526) and testis (TaKaRa, Cat
No. 636533) total RNA with the Invitrogen™ Cloned AMV First-
Strand c¢cDNA Synthesis Kit (Cat No. 12328032), as per

manufacturer’s instructions.

3.2) phusion polymerase PCR

MicroAmp™ 8-Tube Strip 0.2ml tubes were used for all PCR
experiments with the Phusion High-Fidelity DNA Polymerase (2
U/uL, ThermoFisher, Cat No. F530L). Reactions were performed in
a thermal cycler with the final volumes set at 20 pl or 50 ul. Reagents
were prepared in a “master mix” solution which allowed for
finalizing the 5X Phusion HF Buffer concentration to 1X upon
separate addition of template. PCR amplicons were visualized by
agarose gel between 1% to 1.5% depending on their size, stained with
SYBR™ Safe DNA Gel Stain (Invitrogen, Cat No. S33102)
alongside the GeneRuler 100 bp Plus DNA Ladder (Thermo
Scientific, Cat No. SM0321).
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3.3) single cell cDNA libraries

Individual oocytes from each group were subjected to pronase
treatment (40 mg/ml, 1:20 for 3 min, 37 °C) for the dissolution of the
zona pellucida. Subsequent incubation of each oocyte at 65 °C for 15
min in lysis buffer (20 mM DTT, 10 mM Tris.HCI pH 7.4, 0.5% SDS,
0.5png/ul proteinase K) was followed by storage at -80 °C until further

processing.

Total RNA isolation using magnetic beads, cDNA synthesis, library
preparation and 24-cycle-amplification by random hexamer priming
were performed according to the described protocol by Gonzalez-
Roca et al 2010, followed by a cDNA purification step (PureLink
Quick PCR Purification Kit, Invitrogen) (Gonzalez-Roca et al.,
2010).

3.4) quantitative PCR

gPCR reactions were performed with the SsoAdvanced™ Universal
SYBR® Green Supermix (Bio-Rad, Cat No. 1725271) in the Bio-Rad
CFX96 C1000 Touch thermal cycler system following the steps: 95
°C (30 sec), [95 °C (5 sec)- 60 °C (30 sec)]x40, 65 °C (5 min), 95 °C
(5 min).

Sequences of the selected post translational modification enzymes’

primers are listed in Table 1.
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3.5) DNA purification and Sanger sequencing

PCR products were purified through silica spin columns (QIAquick
Gel Extraction t, Cat No. 28706). Sequencing was performed with
the Sanger method.

70



GENE
oTAT1
HDAC6
SIRT2
TTL
TTLLA1
TTLL2
TTLL3
TTLL4
TTLLS5
TTLL6
TTLL7
TTLLY
TTLL10
TTLL11
TTLL12
CCP1
CcCP2
CCP3
CCP5
CCP6

Materials and Methods

PRIMER SEQUENCES

FORWARD(5°-3")
GGCGAGAACTCTTCCAGTAT
TTGCCAGTGGCCGCATTATC
CTGAAGGACAAGGGGCTACTC
GCACCAAGCACCTCCCTTAC
GCCACCTAAGGAAGTCCTCG
GGACCTGTGTTCCTCCACAC
GCTGATTGAGATCAACGCCAG
GACGGTCCCACTTCAAAATC
CGACCCATCATCAGTCCTAG

REVERSE(5"-3")
TTGTTCACCTGTGGGACT
CGCCAGTATCTGCGATGGAC
CAGCTTAGCGGGTATTCGTG
GATGCCTTGGCACAGTTCTG
TCTCCCCGAGTCTCTCGATC
TGCTTCCTGTAGCCTTGCTC
GCCCACATATTGAGGCACC
CTGCATACGTGACAGGTTCC
TAGCCTGGCTGTACACGTTG

CAATGAGAATTGGCACCCCAACCTCCATATCTGCTCCACGTTG

TTCCACGCATCTGGAAGGTG
GTAGGCTGAAGGACATCGTG
GTTTGACGTGCGCTCCTAC
ACTTCTACCCTCGCTCATGG
ACTTTGCCTACGGAGAGACG
GCAGTGAAGCGTTTACCCT
ACGTCTTCGAGAACCCCAAG
ATCAGCTAGGGAGATGGGTG

AGCTTTCCTTTTCATGGCAGTC ACTAGTAGGAGCTGGGGATGG

GACTCCTGGACCACACTTCC

CCACCTCCGGGCTTTTATTG
ATCACCAGCACATAGACACG
GGGCTCTTCTTCTGCATGAAC
CCTGACAACCACCATCAGGTT
ACGGGGTTGATGTCAAGTGG
GCTGGGGCGATATGGCTC
ATATTCTGGTTGAGGTGGAGC
AAAGGGGTTCCGTTTCTAAGC

CACGGGGTTCAGCCGATAAT

SIZE (bp) E (%) R?

139
190
161
143
142
139
187
176
154
142
165
160
156
129
169
188
139
195
183
164

101,5
92,9

>0,99
>0,99
98,4 >0,99
97,7
96,3

88 >0,99

>0,99
>0,99
91,9 >0,99
98,4 >0,99
97,8 0,989
92 0,984
117,2 >0,99
103,3 0,97
108,7 0,985
102,4 >0,99
101,3 >0,99
108,3

95,8

0,989
>0,99
91,9 0,986
94,5

92,5

0,985
>0,99

Table 1. Primer sequences for qPCR amplification of PTM enzyme genes

71



GENE

aTAT1_204/206

TTLL11_206tst1

CCP1_201tst2

CCP5_202

CCP6_204tst1

Materials and Methods

PRIMER SEQUENCES

FORWARD (5°-37)
gcata/GTTAAC/CCGCAG
CCCCGTCAAACATC
ttatc/GTTAAC/CCCCTCC
TGGAAGCCCAC
ttcaa/AGATCT/GCCCGC
TGCCATCTCTTG
tgtcc/AGATCT/GCCTTTA
TGTTCAAGCCCAGG
gcatg/GTTAAC/ACGGAG
TCCTGGGAGGTCTTAT

REVERSE (5°-3°)
gacct/GGATCC/TCTTGTGATAA
AAATAAATACTTTTATTG
tccgg/GGATCC/TTTAATGAGGT
AGATTCCATCACCCTGAC
gttag/lGGATCC/TTTATTATCTTG
AAACCAAACTGGCCC
caagt/GGATCC/GATTTTTCCAA
ACAACTTTTATTTCCTCAGAG
ctacg/GGATCC/TTTAATTAAAC
TACCGAGGAAATTGGG

SIZE (bp)

180

73

147

353

642

Table 2. Primer sequences for PCR amplification of PTM enzyme alternative
polyadenylation and splice variants that are detected in human oocytes. Lowercase
letter are random nucleotides followed by the restriction enzyme sites used for
subcloning to the luciferase vector.
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3.6) statistical analysis

SPSS software was used for statistical analysis. For the comparison
of the spindle morphometric parameters, non-parametric Kruskal—
Wallis test was performed to compare continuous not-normally
distributed values. For spindle pole distribution comparison was
made according to Fisher test of exact count data. Transcript levels
were compared according to the non-parametric Mann Whitney test.
Luciferase UTR induced expression levels were compared with
applying chi-square test. For all tests the level of significance was set

at p <0.05.

4. Molecular cloning

4.1) pJET

Ligation in the pJET1.2/blunt cloning vector was performed
according to the manufacturer’s protocol (CloneJET PCR Cloning
Kit, ThermoFisher, Cat No. K1231).

4.2) LUCassette constructs

The LUCassette (T7-luciferase-PTME 3"UTR) constructs were
synthesized with PCR-based cloning. Primers were designed so that
the 3'UTR of interest maintained its CPE sequences and the polyA
signal, whose presence was verified with sequencing (primer

sequences are found on Table 2.
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4.3) Bacteria transformation

Transformation of One Shot™ TOP10 Chemically Competent E.coli
cells (ThermoFisher, Cat No. 404010) was carried out with the
following steps: incubation at 4 °C for 30min- heat shock at 42 °C
for 45sec, 4 °C for 5min, LB addition and culture at 37 °C for 1h.
Cells were subsequently spread on ampicillin-containing (100pg/ml)
agar plates at three serial dilutions and placed at 37 °C O/N.
Individual colonies were added in 3ml ampicillin-containing LB and
bacteria were left to grow at 37 °C O/N. Their plasmid DNA was
isolated with the QIAprep Spin Miniprep Kit (Cat No. 27106) as

instructed by the accompanying protocol.

5. Immunocytochemistry (ICC)

5.1) Oocyte

Oocyte fixation was carried out in 4% w/v Pierce™ methanol-free
formaldehyde (ThermoFisher, Cat No. 28906) in PBS and stored for
a maximim of one month in 0.1% Tween20 PBS until ICH was
performed. Permeabilization in 0.2 % TritonX-100 PBS lasted for 15
min with a subsequent 1-hour-incubation at room temperature in 0.2
% Tween20 2% BSA FBS PBS for blocking unspecific binding. All
primary (1°) and secondary (2°) antibodies used are listed in Table 3,
alongside the respective dilutions and incubation conditions.
Incubation with the primary antibody for tubulin PTM preceded that
of a- or B-tubulin unless mentioned otherwise in the results section.
Primary antibodies were diluted in the blocking solution while

secondary ones in 0.2 % Tween20 2% BSA PBS. Three to six 10-
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min washing rounds were performed after each antibody incubation.
DNA was stained by adding Hoechst dye (1:200) in the secondary
antibody solution. The ZEISS confocal microscope LSM780 was
used for image acquisition of samples either mounted in Vectashield
or placed in a PBS droplet. Mounted samples with coverslips No 1
(0.13-0.16 mm) were visualized with the 63X glycerol plan-neofluar
objective (80% glycerol as immersion liquid), while the 40X water
c-apochromat objective was used for the free-in-droplet ones,
adjusted for coverslip No 1.5 (0.17 mm). Images were analysed with

F1JI software (version 2.0.0-rc-69/1.521).
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INCUBATION CONDITIONS

ANTIBODIES HOST CLONE COMPANY CAT No. DILUTION TEMPERATURE DURATION (hours)
anti-a-tubulin mouse DM1A Sigma-Aldrich T6199 1:200 RT 2
anti-B-tubulin rabbit polyclonal abcam ab6046 1:200 RT 2
anti-acetylated tubulin mouse 6-11B-1 Sigma-Aldrich T7451 1:500 RT 2
. anti-A2-tubulin rabbit polyclonal Millipore AB3203 1:500 RT 2
! anti-tyrosinated tubulin rat YL1/2 Chemicon MAB1864 1:500 RT 2
anti-detyrosinated tubulin rabbit polyclonal Millipore AB3201 1:200 RT 2
anti-polyglutamylated tubulin mouse GT335 AdipoGen AG-20B-000B 1:500 RT 2
anti-polyglutamylated tubulin mouse B3 Sigma-Aldrich T9822 1:200 RT 2
anti-mouse Alexa fluorophore 488 goat polyclonal ThermoFisher A-11029 1:500 RT 1
anti-rabbit Alexa fluorophore 488 goat polyclonal ThermoFisher A-11008 1:500 RT 1
2° anti-rat Alexa fluorophore 488 goat polyclonal ThermoFisher A-11006 1:500 RT 1
anti-mouse Alexa fluorophore 568 goat polyclonal ThermoFisher A-10037 1:500 RT 1
anti-rabbit Alexa fluorophore 568 goat polyclonal ThermoFisher A-11036 1:500 RT 1

Table 3. Primary and secondary antibodies used for immunofluorescence experiments
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5.2) Sperm

Circular coverslips with 12mm diameter were prepared by applying
100-150 pl of poly poly-L-lysine solution 0,1%w/v (in H>O)
[P(8920) SIGMA] and incubating for 40 min, followed by 3 washes
of 10 min each. In the meantime, the frozen straws content was
emptied in Iml of PBS so as to dilute the cryopreservation agent for
5 min at 37 °C. Three washing steps of 10 min in PBS were performed
by centrifuging at 400g. Dilutions were prepared so as to adjust the
final cell concentration at around 1500-3000 cells, out of which 30 ul
were added on the coverslip leaving it for 40min to 1h to dry. Fixation
was performed with PFA 4% for 1h at RT. After 3 x 10min washes,
membrane permeabilization was performed with PBS 0,5 % Triton
100X for 15 min at RT. 5% BSA in PBS 1X was added for 1 h to
block the unspecific binding sites, followed by 3 x 10min washes.
The primary antibodies for tubulin modification and tubulin were
diluted in 5% BSA in PBS 1 X and incubation lasted 1h at RT.
Primary antibody dilutions were the following: acetylation (mouse,
T7451) 1:1000, monoglycylation (mouse, MABS277) 1:200, GT335
(mouse, AG-20B-000B) 1:200, polyglutamylation (homemade)
1:200, a-tubulin clone DM1A (mouse, T6199) 1:1000, B-tubulin
(rabbit, ab6046) 1:200. After 3 x 10min washes the secondary
antibodies were also diluted in 5% BSA in PBS 1 X and incubation
lasted 1h at RT. Primary antibody dilutions were the following: anti-
mouse 488 (A-11029) 1:1000, anti-mouse 568 (A-10037) 1:1000,
anti-rabbit 488 (A-11008) 1:100 and anti-rabbit 568 (A-11036)

1:1000. Finally, after 3 x 10min washes, the samples are mounted on
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microscope slides with one drop of Fluorsave (CalBiochem, Cat No
#345789).

Image acquisition was performed with a DMI-600 Leica wide-field
fluorescent microscope (63X objective) and FIJI software (version
2.0.0-rc-69/1.521) was used for the analysis. As tubulin was used for
signal normalization, the final value corresponding to each point is
the following ratio:

(PTMtai—P TMbackground)/(tubulingii — tubulinpackground)

Applying the Plot profile command, the maximum intensity
resolution is 0.1 um. As each tail has different length, each tail was
standardized to 1000 units and a mathematical equation of linear

regression was applied to obtain an intensity value in every unit.

6. Luciferase assay

The circular plasmids with the luciferase coding region and the
3’UTR of cyclinB or the one of interest (TTLL11, CCP1, CCP5 and
CCP6) were linearized with BamHI-HF while the restriction enzyme
Ecl13611 was used for the plasmid with the Renilla coding sequence
for an incubation of 2h at 37 °C. The reactions were terminated by
the addition of 0,5M EDTA (1/20 vol.), 3M Na acetate (1/10 vol.)
and EtOH (2 vol.) and 15 min incubation at -20 °C. Removal of
supernatant and resuspension in RNase free water was performed. /n
vitro transcription of 1ug of each linearized plasmid was performed
for 2h using the mMessage RNA kit (AM1348) and subsequently
purified with the MEGAclear kit (AM1908), eluted in 50 pl of elution

solution, according to the manufacturer’s protocols. The RNA
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concentration was then brought to 100 ng/ul which is checked in a
formaldehyde agarose gel (for 100 ml: 72 ml nuclease free water, 2g
agarose, 10 ml MOPS 10X and 18 ml formaldehyde). For 500ml
MOPS 10X, we mixed 20.93 g MOPS (200 mM), 4.1g sodium
acetate (100 mM) and 10 ml EDTA 0.5M (10 mM) in distilled water
and then adjusted to ph=7 with NaOH 10M. The gel was run at 130V
for 15min prior to which the solution to be loaded was heated to 70
°C for Smin and then placed in ice. Each luciferase RNA was mixed
with an equal volume of Renilla RN A and water (which brought each
RNA concentration at %33 ng/ul). A final dilution 1/66 (= 0,5 ng/ul)

was performed on the day of injection in Xenopus eggs.

After harvesting the ovaries from the animals, the eggs at stage VI
were separated and handled in 1X MBS buffer after addition of 280
ul of 2.5M CaCls for every liter of buffer (40 oocytes per RNA mix).
Using the microinjection system, we set the injected volume at 27 nl.
For each RNA mix, 20 oocytes were left untreated and the other 20
were treated with progesterone for the induction of maturation within
4 hours (5ul 1000X in 5 ml of buffer). We selected 10 oocytes from
each group and stored at -80 °C. We continued with the Promega
Dual-Luciferase™ Reporter (DLR™) Assay Systems protocol. The
data were presented as a percentage of expression in reference to the

cyclinB fold induction (positive control).
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RESULTS

Chapter 1. Spindle PTM profile in cultured

oocytes is similar to in vivo matured oocytes

Human oocytes matured in vivo and in vitro maintain similar spindle
shape and size according to the literature (Combelles et al., 2002;
Coticchio et al., 2013b). However, to the best of our knowledge, no
characterization of the human oocyte spindle microtubule PTM
profile and dynamics have been published to date. We conducted
tubulin PTM characterization in the metaphase II meiotic spindle of
fixed human oocytes using fluorescent-antibody staining. The
modifications we examined were acetylation, detyrosination/
tyrosination, A2-tubulin and (poly)glutamylation. Our results showed
the presence of tubulin PTM in human metaphase II spindles of
oocytes matured in vivo. In addition, we expanded the analysis with
a comparison of in vivo matured oocytes with their GV derived in

vitro counterparts.

1.1) GVs reach metaphase II stage within 25-30h of in

vitro culture

We first determined the optimal time of in vitro culture required for
the GVs retrieved from hormonally stimulated donors to reach the
MII stage of maturation, as defined by the time required for first polar
body extrusion and spindle formation, determined by time-lapse and

polarized light microscopy, respectively.
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A total number of 45 GVs were cultured in vitro and videotaped in
the PrimoVision incubator. The overall efficiency of maturation in
culture was 44,4%, with 20/45 oocytes achieving first polar body
extrusion at some point during the culture period. As shown in Fig
7., 40% of the mature oocytes (8/20) extruded a polar body between
21-23 hours. Another 20% (4/20) completed the first meiotic division
between 23-25 hours while an equal number of GV required more
than 25 hours. A polar body was visible for the remaining 20% at
approximately 21 hours. In order to maximize the sample size,
considering the limited availability of human GV oocytes, the
duration of'the in vitro culture was set at 30-33 hours. This time frame
also allowed for progression to the metaphase II stage, which was
confirmed by polarized light microscopy. We observed that only a
percentage of the oocytes that extruded a polar body accomplished
spindle assembly. After staining, spindles were categorized based on
their microtubule configuration in the following groups: no

metaphase plate, apolar and no microtubules.
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POLAR BODY EXTRUSION
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Number of oocytes

Figure 7. a) Time lapse oocyte microscopy for observing first
polar body extrusion (red arrow). b) Metaphase II spindle
structure as observed by polarized light microscopy (red arrow).
¢) In vitro culture duration in hours until first polar body
extrusion among 45 oocytes.

1.2) Acetylated microtubule islands are present in

metaphase II meiotic spindles

Microtubule acetylation was detected in metaphase II spindles of
GV-derived oocytes (n=10). Two different staining protocols were
used. One group of oocytes (n=7) was treated with pronase prior to
fixation and permeabilization was performed after fixation (Fig. 8).
For the second group, the zona pellucida (n=3) was kept intact,
permeabilizing the oocytes shortly before fixation (Fig.9) which
resulted in a lower antibody background signal. In both protocols,

incubation with anti-tubulin antibody was followed by an incubation
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with the anti-acetylation antibody. The PTM pattern observed was

consistent following both methods.

We detected signal was symmetrical between the spindle
hemispheres in terms of intensity. Along individual microtubule
bundles, the signal was not continuous, suggesting the presence of
acetylation islands. Inter-group comparison reveals differences in the
distribution of acetylation, with cases of a uniform signal dispersion
or higher concentration around the poles (Fig. 8). In vivo matured
oocytes (n=5) had regions of acetylated spindle microtubules which
were mainly found at the poles (Fig. 10). Quantitative comparison
between spindles was impossible due to differences in exposure
settings due to signal background variability. Chromosomes on the
metaphase II plate were aligned in 4 out of the 15 spindles, with one
or more misaligned chromatids in the rest. 3D reconstruction
revealed the expected “homocentric rings” configuration in the
equatorial transverse section of the spindle. Morphometric data of the
DNA mass did not reveal any differences between the two groups,
implying functional condensation mechanisms are occurring
normally during in vitro culture. For a complete analysis, kinetochore
staining would allow enumeration of chromosomes and greater detail

in alignment evaluation.
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acetylation DNA

Figure 8. Acetylated microtubule islands are present in metaphase II
meiotic spindles of in vitro cultured GV derived oocytes, stained for
tubulin (magenta), tubulin acetylation (yellow) and DNA (cyan, Hoechst
dye) after zona pellucida removal and post fixation permeabilization
(n=7). White arrows point the cortex pole, each row corresponds to
individual oocytes of the same of different donor origin. Scale bar 5 pm
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acetylation
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Figure 9. Acetylated microtubule islands are present in metaphase II
meiotic spindles of in vitro cultured GV derived oocytes, stained for
tubulin (magenta), tubulin acetylation (yellow) and DNA (cyan, Hoechst
dye) with maintained zona pellucida and pre-fixation permeabilization
(n=3). Each row corresponds to individual oocytes of the same of
different donor origin. Scale bar 5 um
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Figure 10. Acetylated microtubule islands are present in metaphase 11
meiotic spindles of in vivo matured oocytes (n=5), stained for tubulin
(magenta), tubulin acetylation (yellow) and DNA (cyan, Hoechst dye).
Each row corresponds to individual oocytes of the same of different
donor origin. Scale bar 5 um

89



Results

1.3) Tyrosination- Detyrosination

Tyrosinated o-tubulin was detected in the MII spindles of in vitro
cultured oocytes (n=8). In contrast to the interrupted occurrence
observed with acetylation, tyrosination of microtubules showed a

continuous pattern (Fig.11).
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tyrosination

Figure 11. Tyrosinated microtubules are present in metaphase II meiotic
spindles of in vitro cultured oocytes (n=8), stained for tubulin
(magenta), tubulin tyrosination (yellow) and DNA (cyan, Hoechst dye).
White arrows point the cortex pole, each row corresponds to individual
oocytes of the same or different donor origin. Scale bar 5 um
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Tyrosination presence was also confirmed in in vivo matured oocytes
(n=5). In three oocytes, signal intensity decreased from the cytosolic
to the cortex pole (Fig. 12, rows 3-5), while one oocyte showed

higher intensity in the cortex pole (Fig. 12, row 2).

B-tubulin tyrosination

Figure 12. Tyrosinated microtubules are present in metaphase Il meiotic
spindles of in vivo matured oocytes (n=5), stained for tubulin (magenta),
tubulin tyrosination (yellow) and DNA (cyan, Hoechst dye). Each row
corresponds to individual oocytes of the same of different donor origin.
Scale bar 5 um
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The reversible removal of tyrosine (detyrosination) was found solely
in the in vivo matured oocytes (Fig. 13). The signal was barely
detectable, even when using high concentrations of antibody. /n vitro
cultured oocytes showed complete absence of signal despite the
presence of a well formed spindle and successful microtubule

staining (Fig. 14).
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detyrosination

Figure 13. No detyrosinated microtubules are detected in metaphase II
meiotic spindles of in vitro cultured oocytes (n=5), stained for tubulin
(magenta), tubulin detyrosination (yellow) and DNA (cyan, Hoechst
dye). White arrows point the cortex pole. Each row corresponds to
individual oocytes of the same or different donor origin. Scale bar 5 pm

94



Results

in detyrosination DNA
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Figure 14. Low levels of detyrosinated microtubules are detected in
metaphase II meiotic spindles of in vivo matured oocytes (n=4), stained
for tubulin (magenta), tubulin detyrosination (yellow) and DNA (cyan,
Hoechst dye). Each row corresponds to individual oocytes of the same
of different donor origin. Scale bar 5 pm
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1.4) A2- tubulin

A2-tubulin, the irreversibly modified form of a-tubulin, was detected
in metaphase II meiotic spindles of human oocytes cultured in vitro
(n=10) and matured in vivo (n=6). Overall, the signal covered all the
spindle surface in both groups. In some samples within the in vitro
cultured oocyte group, we observed higher intensity of signal
localized in specific microtubule bundles (Fig. 15), which was not
the case for the in vivo group. In both groups the signal for the
modification was overlapping with that of a-tubulin. In the case of in
vivo matured oocytes (Fig. 16), the pre-permeabilization protocol
was followed, resulting in less background for the anti A2-tubulin
antibody. The pre-permeabilization protocol introduced a step of
short detergent exposure prior to fixation. As the detergent mainly
affects the lipid membrane, we would not expect to have differences
in primary antibody specificity. The observed phenotype of less
background could be due to more efficient washing off of the excess
antibody. Nevertheless, the different conditions render the signal

comparison of the in vitro and the in vivo groups impossible.
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A2-tubulin i Figure 15. A2-tubulin is
PSSl resent  in  metaphase 11
2meiotic spindles of in vitro
#cultured oocytes (n=10),
- Sstained for tubulin
28 (magenta), A2-tubulin (yel-
silow) and DNA (cyan,
aeaocchst dye). White arrows
=== int the cortex pole, each
Mirow corresponds to
@individual oocytes of the
Bsame or different donor
mmorigin. Scale bar 5 um

97



Results

a-tubulin A2-tubulin

Figure 16. A2-tubulin is present in metaphase Il meiotic spindles of in
vivo matured oocytes (n=6), stained for tubulin (magenta), A2-tubulin
(yellow) and DNA (cyan, Hoechst dye). White arrows point the cortex
pole, each row corresponds to individual oocytes of the same or different
donor origin. Scale bar 5 um
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1.5) (poly)Glutamylation

Incubation of human oocytes (n=5) with the commercial anti-
glutamylation antibody GT335, which recognizes the branching
point of the glutamate chain (one glutamate is enough to create the
epitope) led to barely detectable signal (Fig. 17). Subsequent
experiments with the anti-polyglutamylation antibody B3 revealed
weak but distinctly visible signal suggesting the presence of the
modification in the metaphase II spindles (n=8 for in vitro cultured
oocytes and n=5 for in vivo matured oocytes, Fig. 18 and Fig. 19,
respectively. The pattern of signal along the spindle seemed to spread
on the microtubule surface with areas of higher concentration, but

aggregates in the background make this conclusion tentative.
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glutamylation

Figure 17. The glutamylation branching point is not detected in
metaphase Il meiotic spindles of in vitro matured oocytes (n=5), stained
for tubulin (magenta), glutamylation (yellow) and DNA (cyan, Hoechst
dye). White arrows point the cortex pole, each row corresponds to
individual oocytes of the same or different donor origin. Scale bar 5 pm
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polyglutamyl

Figure 18. Polyglutamylated microtubules are present in metaphase 11
meiotic spindles of in vitro matured oocytes (n=8), stained for tubulin
(magenta), polyglutamylation (yellow) and DNA (cyan, Hoechst dye).
White arrows point the cortex pole, each row corresponds to individual
oocytes of the same or different donor origin. Oocytes in rows 1-4 were
not stained with the pre-permeabilization protocol. Scale bar 5 um
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polyglutamyl

Figure 19. Polyglutamylated microtubules are present in metaphase 11
meiotic spindles of in vivo matured oocytes (n=8), stained for tubulin
(magenta), polyglutamylation (yellow) and DNA (cyan, Hoechst dye).
Each row corresponds to individual oocytes of the same or different
donor origin. Scale bar 5 pm
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1.6) Flat shaped spindle poles are prevalent in in vitro

cultured oocytes

During determination of the PTM spindle profile we observed a
prominent difference between the spindle pole shape of the IVO and
the IVC groups. Following the nomenclature first used by Coticchio
et al and Ferrer et al , the threshold for defining the pole as focused
or flattened (blunt) was set at 2 pum (Coticchio ef al., 2013b; Ferrer-
Vaquer et al., 2019) (Fig. 20b). Pole diameter was measured solely
in spindles whose major axis was orthogonally oriented to the
objective. The four possible phenotypes were flattened-focused,
focused-flattened, with the first word characterizing the cortex side,
double flattened and double focused. As shown in Fig. 20a, MII
spindles of oocytes cultured in vitro from the GV stage (IVC) have
blunt-shaped poles compared to oocytes that had matured in vivo and
were cryopreserved (IVO). Among the four possible phenotypes,
86% of the IVC oocytes had double flattened poles (25/29); only 7%
had double focused spindles (2%) and two spindles bearing the
flattened-focused and focused-flattened phenotypes (3.5% each). On
the contrary, IVO oocytes maintained higher microtubule
convergence in their poles (double focused) for 40.5% of oocytes
(15/37), which was equal to the double flattened ones, while the
focused flattened were found in 6 spindles (16.2%) compared to the
one flattened focused (2.8%) (Fig 20c). As revealed in the exact
measurements of the individual poles (Fig. 21), both the cortex and
the cytosole pole diameters are significantly higher in the IVC
compared to the IVO oocytes.
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Figure 20. Tubulin staining (magenta) of MII spindles of human
oocytes matured in vivo and cryopreserved (IVO, left) and cultured in
vitro (IVC, right), with double focused and double flattened poles
respectively. DNA is shown in cyan (Hoechst dye) b) The four possible
phenotypes of the meiotic spindle pole shape with regard to their
position towards the cortex (curved line). ¢) Proportion of spindle
phenotypes in the IVC and the IVO groups: flattened focused (1,1),
focused flattened (1,6), double focused (2,15) and double flattened
(25,15). *p=0.0004 (Fisher’s exact test)

Further morphometric analysis of the spindle size (maximum
projection, major and minor axis length) and the metaphase plate
position (proximal to distal ratio, angle) revealed decreased spindle
size in the IVC group, which is in agreement with the observed
shorter major axes of this group. All comparisons were made with

the Kruskal- Wallis statistical test. (Fig.21).
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Figure 21. Morphometric analysis of
meiotic spindles of in vitro cultured (IVC,
n=29) and in vivo matured oocytes (IVO,
n=37). Maximum projection of the spindle
image in 2D corresponds to the area um?,
which together with the major and minor
axis length determine the spindle size. IVC
oocytes have smaller spindles (p=0.019)
which is attributed to shorter major axis (p=
000766). Proximal to distal axis ratio reveals
the metaphase plate position with regard to
the spindle equator. Angle in arc degree (°)
is used to describe plate tilting. Spindle
dimensions and DNA coordinates are
comparable between the two groups. Cortex
pole diameter is higher in the IVC group
(p=0.000225) as well as cytosol pole
diameter (p=0.000766) Bars show group
medians and all comparisons were made
using the Kruskal-Wallis test
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Overall, oocytes that were cultured in vitro had similar spindle PTM
pattern to in vivo matured oocytes. Acetylation signal appeared
segmented along the MTs with higher inter-group variability in the
signal distribution in the in vitro group. In vivo matured oocytes
consistently presented increased acetylation signal at the spindle
poles. Tyrosination was present in both groups, with three cases of
signal decrease and one case of signal increase from the cytosol to
the cortex pole in the in vivo matured oocytes. The in vitro group
presented an overall uniform distribution. The detyrosination
antibody was the only one resulting in complete signal absence in the
in vitro versus the in vivo oocytes. The irreversible A2-tubulin
modification was also detected in both groups without any particular
signal distribution pattern along the microtubules. The last
modification, glutamylation, was targeted with two different
antibodies. GT335, which detects the glutamate chain branching
point revealed barely detectable signal giving the initial impression
that the modification is not present. Nevertheless, follow-up staining
with the clone B3 anti-glutamylation antibody resulted in clearly
detectable signal. However, due to high background, which could not
be avoided even by altering certain staining parameters or briefly
centrifuging the antibody solution, no clear modification pattern

could be determined.
The morphometric analysis revealed clear differences between the

two groups. In vitro cultured oocytes have smaller spindles due to

their shorter major axis while their spindle poles have a trimmed-like
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phenotype. Both the cytosol and the cortex side poles’ diameters are

higher in the in vitro group.
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Chapter 2. PTM enzyme transcripts are present

throughout human oocyte meiosis

The presence of the modifications of the transiently forming spindle
in the transcriptionally quiescent oocyte suggested that PTM
enzymes are present in the oocyte at the GV stage. The direct way of
testing this would be to do immunofluorescence, but this approach is
not feasible due to the low levels of enzyme present and the lack of
suitable antibodies. A second approach would be proteomics of pools
of oocytes. This approach is also not feasible, as proteomics requires
microgram amounts of protein, which must be obtained by
prohibitively high numbers of oocyte which were not available to us.
Furthemore, single oocyte proteomics is not a currently well

established technique.

As an alternative, we addressed this question by performing
quantitative PCR analysis in four groups of oocytes: GV, in vitro
cultured (IVC), in vivo matured after thawing and failed to mature

both in vivo and in vitro (FTM).

2.1) Reference genes

As the human oocyte constitutes a distinct cell type, a reference gene
selection process was introduced (Radoni¢ et al., 2004). Ten putative
reference genes were tested for their stability among the total number
of oocytes across the groups for the normalization of the relative
expression levels. Selection of the best reference genes was based on
comparison between the algorithms BestKeeper (Pfaffl et al., 2004),
NormFinder, GeNorm (Vandesompele et al, 2002) and the
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comparative ACT method , following the method used by Barragan
et al (2015). ACTB, RPLP1, GAPDH, DNMT1, SDHA and UBC
demonstrated the highest stability value among the three groups and
thus were chosen for the normalization of the expression values (Fig.

22).
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Figure 22. Cq values of the six reference genes for the study groups of
human oocytes: GV (immature oocytes at the germinal vesicle stage,
n=8), IVC (metaphase Il oocytes cultured in vitro from the GV stage,
n=8), IVO (metaphase II oocytes in vivo matured, n=10) and FTM
(failed to mature oocytes after in vitro culture, n=8). Each point
corresponds to an individual oocyte.
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2.2) PTM enzyme genes overview

Primers were validated on several different cDNA sources:
HEK293T cells, BeWo cells, human fetal brain tissue and human
testis tissue with several primer combinations when necessary (up to
four in some cases). All the primer pairs targeted the 3’end of the
transcript. Primer pairs were designed to target different exons

separated by an intron of around 1kb.

A total of 26 enzymes have been described in the literature for their
ability to modify tubulin heterodimers in soluble or polymerized
state. TTLL3, TTLL7, TTLL10, CCP2, CCP3, CCP4 and VASH2
were not detected among the groups of human oocytes tested (Fig.
23). Out of the 17 detected PTM enzymes, 7 were differentially
expressed between two or more of the study groups (Table 4). In
particular, GV had lower levels of NAASO but higher TTLL4 when
compared to failed to mature oocytes. The latter group had increased
NAAS50 and TTLL11 but lower TTLL12 transcript content when
compared to the in vitro cultured MII oocytes, while NAAS50O and
CCP1 were significantly higher when compared to the in vivo
matured oocytes. The comparison between GV and IVO oocytes
revealed higher levels of TTLL6 and VASHI1. Finally, the only
difference between in vitro culture and in vivo maturation was the

lower levels of TTLL12 and CCP1 for the latter group.
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STUDY GROUPS| transcript
FTM > GV INAASO

FTM > IVC INAASO, TTLL11
FTM >IVO INAAS0, CCP1
FTM <GV TTLL4

FTM <IVC TTLL12

GV >1VO TTLL6, VASHI
[VC >1VO TTLL12, CCP1

Results

Table 4. Overview of differentially expressed PTM enzymes at the
transcript level. GV: immature oocytes at the germinal vesicle stage,
IVC: metaphase II oocytes cultured in vitro from the GV stage, IVO:
metaphase I oocytes in vivo matured and FTM: failed to mature oocytes

after in vitro culture
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Figure 23. Overview of the presence of the PTM enzymes at the transcript level in at least one sample group (GV, IVC,
IVO, FTM).
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2.2) Acetylases-Deacetylases

All of the known PTM enzymes responsible for the acetylation and
deacetylation of tubulin were present in human oocytes at the stage
of immaturity (GV), metaphase II arrest (IVC, IVO) as well as in
oocytes incompetent to resume meiosis even after in vitro culture
(FTM). The levels of the a-tubulin acetyltransferase aTAT1 were
stable among the groups with intragroup variability that is higher in
the case of the mature oocytes (both IVC and IVO). The B-tubulin
acetylase NAAS5O reached the highest transcript levels in the FTM
oocytes with a significant difference, albeit smaller (less than 2-fold)
than that found in other groups. The deacetylases HDAC6 and SIRT2
were found at similar levels among the groups with an overall higher

variability for the HDAC6 values (Fig. 24).
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Figure 24. Scatter plots with average of expression values (arbitrary
units) of the acetylases aTAT1, NAAS5O and deacetylases HDAC6 and
SIRT2. y axis: arbitrary normalized expression values, x axis:
GV(germinal vesicle, n=6), IVC(metaphase II oocytes cultured in vitro
from the GV stage, n=8), IVO(metaphase II oocytes in vivo matured,
n=10) and FTM(failed to mature oocytes after in vitro culture, n=8).
Each point corresponds to an individual oocyte. Red points show
oocytes that were processed in the same picoprofiling batch with the
FTM group. p<0.05 between same letter values
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2.3) Tyrosinase-Detyrosinase

Tubulin tyrosine ligase (TTL) was present as a transcript in human
oocytes at comparable levels between the studied groups (GV, IVC,
IVO, FTM). Progression of meiosis did not affect the existing pool
of transcripts while no difference was found in oocytes that failed to
resume meiosis. In contrast, VASHI, one of the two characterized
tubulin detyrosinases, was detected in only 3 GV and 1 FTM oocytes,
with levels close to zero for the rest of the samples (Fig. 25). This
suggests a higher proportion of tyrosinase compared to detyrosinase

transcripts in the RNA pool of human oocytes.
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Figure 25. Scatter plots with average of expression values (arbitrary
units) of the tyrosinase TTL and detyrosinase VASHI1. y axis: arbitrary
normalized expression values, x axis: GV(germinal vesicle, n=6),
IVC(metaphase II oocytes cultured in vitro from the GV stage, n=8),
IVO(metaphase II oocytes in vivo matured, n=10) and FTM(failed to
mature oocytes after in vitro culture, n=8). Each point corresponds to an
individual oocyte. Red points show oocytes that were processed in the
same picoprofiling batch with the FTM group. *p<0.05
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2.4) Monoglutamylases-Deglutamylase

The tubulin tyrosine ligase like family members 4 and 5 were
detected in the four study groups of oocytes, with TTLL4 levels being
overall higher compared to TTLLS. A slight but statistically
significant difference was found between the GV and FTM group
with the levels of TTLL4 being lower in the latter. The PTM enzyme
catalyzing the reverse reaction, CCP5, was also detected in all the
groups. CCPS5 transcript levels were lower in the in vitro cultured
oocytes, apart from one oocyte with a 10-fold higher expression
value. This difference with the rest of the groups did not reach
statistical significance, due to this oocyte with higher levels. In vivo
matured oocytes have the highest intra-group variability for this
particular transcript. Comparing the values of the monoglutamylases
compared to the deglutamylase, it can be argued that the reaction of
glutamylation is favored provided that the transcripts are translated

into enzymatically functional protein molecules (Fig. 26).
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Figure 26. Scatter plots with average of expression values (arbitrary
units) of the monoglutamylases TTL4, TTLLS and first glutamate
carboxypeptidase CCPS5. y axis: arbitrary normalized expression values,
x axis: GV(germinal vesicle, n=6), IVC(metaphase II oocytes cultured
in vitro from the GV stage, n=8), IVO(metaphase II oocytes in vivo
matured, n=10) and FTM(failed to mature oocytes after in vitro culture,
n=8). Each point corresponds to an individual oocyte. Red points show
oocytes that were processed in the same picoprofiling batch with the
FTM group. *p<0.05
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2.5) Polyglutamylases-Deglutamylases

Six members of the TTLL family were detected in oocytes, namely
TTLL1, TTLL2, TTLL6, TTLL9, TTLL11 and TTLL12. TTLLI12 is
a pseudoenzyme, as it lacks its enzymatic activity; its role is yet
unknown. Regarding the expression values, there was less intra-
group variability in comparison to the majority of the other PTM
enzymes. In vitro cultured oocytes were marked by higher expression
levels compared to their in vivo counterparts and the failed to mature
oocytes (Fig. 28). Among the enzymatically active TTLL members,
TTLL6 and TTLL11 were found to be differentially expressed.
TTLL6 was slightly higher in GV compared to IVO oocytes (Fig.
27), while TTLL11 was higher in the FTM oocytes compared to the
IVC ones (Fig.28). TTLL1, TTLL2 and TTLL9 were detected in

similar levels with relatively low intra-group variability (Fig. 27).

The CCP enzymes that were present in human oocytes at the
transcript level were CCP1 and CCP6, responsible for the removal of
the glutamic chain (but not the branching point). CCP1 levels at the
GV, IVM and FTM were on average higher compared to the CCP6
ones. Inter-group comparison revealed lower levels of CCP1 in the
in vivo matured oocytes compared to their in vitro counterparts and

the failed to mature ones (Fig. 28).
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Figure 27. Scatter plots with average of expression values (arbitrary
units) of the polyglutamylases TTL1, TTLL2, TTLL6, TTLL9. y axis:
arbitrary normalized expression values, x axis: GV(germinal vesicle,
n=6), IVC(metaphase II oocytes cultured in vitro from the GV stage,
n=8), IVO(metaphase II oocytes in vivo matured, n=10) and FTM(failed
to mature oocytes after in vitro culture, n=8). Each point corresponds to
an individual oocyte. Red points show oocytes that were processed in
the same picoprofiling batch with the FTM group. *p<0.05
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Figure 28. Scatter plots with average of expression values (arbitrary
units) of the polyglutamylase TTLL11, the pseudoenzyme TTLL12 and
the carboxypeptidases CCP1 and CCP6. y axis: arbitrary normalized
expression values, x axis: GV(germinal vesicle, n=6), [VC(metaphase
II oocytes cultured in vitro from the GV stage, n=8), IVO(metaphase 11
oocytes in vivo matured, n=10) and FTM(failed to mature oocytes after
in vitro culture, n=8). Each point corresponds to an individual oocyte.
Red points show oocytes that were processed in the same picoprofiling
batch with the FTM group. p<0.05 between asterisk or same letter
values
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Chapter 3. Translational regulation of PTM

enzymes in Xenopus oocytes

Given that direct detection of tubulin PTM proteins was not
technically feasible, but tubulin PTM mRNA was detected, an
indirect way to check for protein presence was by checking whether
translation of the transcripts of interest was taking place. Oocyte
maturation occurs in general absence of transcription, with spatial
and temporal gene regulation of a specific subset of genes occurring

at the level of translational control.

Because direct measurement of mRNA translation in oocytes is again
not technically feasible, we sought to determine whether the 3’'UTRs
of specific tubulin PTM mRNAs contained elements involved in
CPE-mediated regulation. In particular, the prediction of repression
is given at the stage of germinal vesicle oocytes if two CPE are within
a distance of 50bp between each other as this allows the interaction
with the protein maskin. Upon progesterone exposure and
resumption of the meiotic cycle the presence of CPE within 100 bp
from the polyadenylation signal promotes binding of CPSF and thus
the activation of translation (Fig.6 and Fig. 29).

3.1) Alternative splicing and polyadenylation variants

of PTM enzymes in human oocytes

We produced a tubulin PTM enzyme transcript list containing 23
tubulin PTM enzymes using the Ensembl database (see Table 5). All

of the enzymes had potential protein coding alternative splice
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variants, while 15 transcripts had alternative polyadenylation signals.
One or more transcripts of aTAT1, NAAS5O, TTLL11, CCP1, CCP2,
CCP4, CCP5 and CCP6 had regulatory sequences for 3’UTR
dependent translational control. All 3’UTR were screened with the
software developed by Mendez group
(http://genome.crg.es/CPE/server.html) for the detection of
cytoplasmic polyadenylation elements (CPE). The presence and the
configuration of the elements with respect to the polyadenylation
signal is what defines the prediction for the expected type of

translational regulation.

Bioinformatic analysis of all tubulin PTM mRNA 3’UTR variants
revealed regulatory motifs for a-TAT1, NAASO, TTLL11, CCPI,
CCP2, CCP4. CCPS5 and CCP6. Out of the enzymes with CPE
prediction, CCP2 and CCP4 were not detected in human oocytes,
while NAASO substrate is soluble B-tubulin and is not expected to be
found in the spindle, thus, it was not analyzed further. Primers
specific for the alternative polyadenylation variants allowed their
detection in the oocyte RNA pool. In particular, aTAT1 204/206 was
present in GV, IVC and IVO groups. TTLL11 206 transcript 1 as
well as CCP1_201transcript 2 were found in all the oocyte templates
tested. CCP5_202 was found only in GV oocytes, while CCP6 204
transcript] was detected in only two IVC samples (Fig.29).
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GENE transcript 3 ° UTR bp HEXA CPE prediction
aTAT1 201/205 1664 1 no
206/204 180 1 activation early weak
202/203 1117 1 no
NAA50 201 5300 9 repression for largest
46 tstl no
909 tst2 no
1177 tst3 no
2070 tst4 repression
2710 tst5 repression
2748 tst6 repression
2905 tst7 activation early strong,
repression
5075 tst8 repression
5286 tst9 repression
210 2766 6 repression for largest
46 tstl no
909 tst2 no
1177 tst3 no
2070 tst4 repression
2710 tst5 repression
2748 tsté repression
203 1445 3 no
209 830 1 no
208 331 1 no
206 303 1 no
207 104 1 no
204 no utr n/a n/a
HDAC6 201 370 1 no
202 1117 1 no
203 364 1 no
204 no utr n/a n/a
205 no utr n/a n/a
206 183 0 no
207 364 1 no
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GENE transcript 3 ° UTR bp HEXA CPE prediction
208 no utr n/a n/a
209 no utr n/a n/a
210 70 0 no
211 no utr n/a n/a
212 249 2 no
125 tstl no
234 tst2 no
213 1271 2 no
214 180 0 no
219 558 0 no
232 171 0 no
236 no utr n/a n/a
237 344 0 no
239 346 1 no
240 364 1 no
243 no utr n/a n/a
SIRT2 201/204 598 1 no
202 802 1 no
203 no utr n/a n/a
205 no utr n/a n/a
206 no utr n/a n/a
209 no utr n/a n/a
211 no utr n/a n/a
219 no utr n/a n/a
TTLL1 201 132 1 no
202 no utr n/a n/a
TTLL2 201 208 1 no
TTLL3 201 no utr n/a n/a
202 1494 1 no
203 no utr n/a n/a
204 no utr n/a n/a
205 no utr n/a n/a
206 no utr n/a n/a
207 no utr n/a n/a
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GENE transcript 3° UTR bp HEXA CPE prediction
208 no utr n/a n/a
209 no utr n/a n/a
212 no utr n/a n/a
213 433 0 no
216 no utr n/a n/a
217 no utr n/a n/a
218 no utr n/a n/a
219 no utr n/a n/a
220 no utr n/a n/a
221 517 0 no
224 no utr n/a n/a
TTLL4 201/202 1027 1 no
203 no utr n/a n/a
205 113 0 no
206 no utr n/a n/a
208 no utr n/a n/a
209 no utr n/a n/a
210 304 0 no
211 no utr n/a n/a
212 390 0 no
TTLLS 201 580 0 no
202 632 1 no
207 177 0 no
211 156 0 no
217 547 1 no
219 1327 6 no
644 tstl no
850 tst2 no
1019 tst3 no
1091 tst4 no
1135 tst5 no
1316 tsté no
221 107 0 no
TTLL6 202 733 1 no
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GENE transcript 3 ° UTR bp HEXA CPE prediction
205 739 1 no
TTLL?7 201 4934 22 no
214 no utr n/a n/a
TTLLS 201 no utr n/a n/a
202 no utr n/a n/a
TTLLO 205 1050 1 no
206 1941 2 no
208 470 0 no
211 1942 2 no
TTLL1O 201 722 0 no
202 86 0 no
203 88 0 no
TTLL11 201 659 0 no
202 207 1 no
206 838 2
73 tstl activation early strong
820 tst2 no
TTLL12 201 1386 1 no
204 405 0 no
TTLL13 202 405 0 no
206 no utr n/a n/a
CCP1 201 569 5
36 tstl no
147 tst2 activation early weak
543 tst3 no
551 tst4 no
563 tst5 no
202 567 5 see 201
205 570 5 see 201
208 438 2 see 201
CCP2 201 580 2
393 tstl repression
567 tst2 repression
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GENE transcript 3° UTR bp HEXA CPE prediction
203 582 2 see 201
205 200 1 activation early weak
208 no utr n/a n/a
210 no utr n/a n/a
211 no utr n/a n/a
213 no utr n/a n/a
CCP3 202 146 1 no
203 518 2 no
204 no utr n/a n/a
CCP4 201 212 0 no
204 8861 9
811 tstl no
2399 tst2 no
2595 tst3 no
2764 tst4 no
3002 tst5 no
5501 tst6 repression
5806 tst7 repression
6416 tst8 repression
6598 tst9 repression
205 no utr n/a n/a
CCP5 201 66 1 no
202 357 1 activation early weak
203 no utr n/a n/a
204 no utr n/a n/a
205 67 1 no
206 no utr n/a n/a
207 no utr n/a n/a
209 616 1 Activation early weak
CCP6 201 no utr n/a n/a
202 696 1 no
203 272 0 no
204 1318 4 repression
646 tstl repression
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GENE transcript 3 ° UTR bp HEXA CPE prediction
856 tst2 repression
1011 tst3 repression
205 3039 1 no

Table 5. Alternative splice and polyadenylation variants of the PTM
enzymes based on the Ensembl database. bp : base pairs, HEXA:
hexamer that acts as polyadenylation signal, tst: transcript as defined by
the alternative polyadenylation signals, CPE: cytoplasmic
polyadenylation element.

130



Results

Gv IvC MIl IVvO Mii
[ n |. r \
1 2 3 «[; 5 6 7 8 9
aTAT1 204/206 ' ‘ O] PR P v
¥ i signal
Activation early weak — —— .
[73bp]
TTLL11_206tst1 ~ —— PE =P pona
Activation early strong s S Ses S SN S S - - signal
[147bp]
CCP1_201tst2 85bp olyA
Activation early weak - - . R oo e e .., —mmamman = CPE ———— l:ig:al -
[646bp]
CC;:_ZrE::?Ot:‘ : W—— , —— CPE . CPE — CPE w249bp_ :’i‘;'::: -
P 1bp  20bp
1 2 3 4 5 6 7 8 9
CCP5_202 [is?bp] ...... = CPE L polyA

- -
signal

Activation early weak

Figure 29. Agarose gel of 3°’UTR amplicons as detected by PCR in three samples of GV oocytes (1-3), in vitro cultured MII
(4-6) and in vivo matured MII (7-9). aTAT1_204/206, TTLL11 206transcriptl, CCP1_201transcript2, CCP6_204transcriptl
and CCP5_202 are shown with their CPE prediction given in green for activation and red for repression. Their 3° UTR
configuration is shown in the right panel. bp: base pairs, CPE: cytoplasmic polyadenylation element
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3.2) Translation of PTM enzyme transcripts is not

regulated by their 3°’UTR CPE code

In order to test whether the candidate 3’UTRs regulate translation,
we used the following experimental strategy. The 3’UTR of
TTLL 206tstl, CCP1_201tst2, CCP5 202 and CCP6_204tst] were
cloned downstream of the coding region of the luciferase gene
(Fig.30a). This construct has a T7 promoter upstream of the
luciferase ORF, allowing us to generate use in vitro transcription to

generate mRNA.

After in vitro transcription, the RNA mix solutions (Fig. 30b) were
injected in fully grown immature Xenopus oocytes at stage VI (no
progesterone exposure) and oocytes that resumed meiosis (4 hours of
progesterone exposure). Stage VI are post-vitellogenic oocytes
characterized by the appearance of equatorial band. Progesterone is
the natural trigger for amphibian ovulation causing germinal vesicle
breakdown. The dual luciferase reporter assay revealed no
differences in translational regulation throughout meiotic progression

(30c).
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Figure 30. a) The map of the “Lucassette” plasmid featuring the
luciferase coding region, the restriction enzyme sites and the polyA
sequence. b) Agarose gel with equimolar mixture of Renilla vector RNA
with the in vitro transcribed Lucassette recombined with the following
3’UTRs: (1)TTLL11, (2)CCP1, (3)CCPS5, (4)CCP6 and (5) cyclinB. c)
Normalized expression values of the luciferase transcript when
combined with the 3’UTRs of TTLL11, CCP1, CCP5 and CCP6 under
no exposure and exposure to progesterone (PG). Error bars £SD. y’y
axis shows expression percentage (UTR of interest/CYCB-PG)*100
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Chapter 4. Comparative quantitative analysis of
tubulin PTM pattern of the human sperm fla-
gellum of normozoospermic, asthenozoosper-

mic and teratozoospermic samples

The microtubules of the human sperm axoneme were expected to be
post-translationally modified as is the case in other animal models
(Fouquet et al., 1996; Huitorel et al., 2002; Bosc et al., 2019) and
other cell types with stable microtubules such as neurons. We were
particularly interested in a potential correlation between PTM and
sperm pathologies. Our first objective was to determine the PTM
pattern in normozoospermic samples. Second, we sought to
determine if there is a correlation between sperm tail tubulin PTM
and particular sperm pathologies, namely, asthenozoospermia, in
which flagellar movement is impaired, or teratozoospermia which
shows abnormal tail morphology. Defining this potential association

could offer a molecular explanation for the aberrant phenotypes.

The method of swim-up was previously applied so as to increase the
sample homogeneity in terms of motility, as the upper fraction is
enriched in motile spermatozoa and can be separated from the
remaining less motile cells. However, as the main objective of our
experiments became the  establishment of the  best
immunofluorescence conditions for all type of sperm sample
diagnosis (including asthenozoospermic) we omitted the step of

gradient separation.
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As the sperm tail is rich in tubulin and tubulin PTM, we needed to
verify that the antibody concentrations applied do not saturate the tail,
thus masking any differential PTM pattern along the flagellum (Fig.
33-36). We concluded that the best working antibody dilutions (as
indicated by signal differences along the tail) for representing true
PTM pattern were 1:1000 for acetylation, 1:200 for branching, 1:200
for polyglutamylation and 1:200 for monoglycylation.

We found the following tubulin modifications in the human
flagellum: acetylation, monoglycylation and glutamylation. Their
presence was shown with immunofluorescence experiments where
co-staining of the tubulin and the modification is performed. There
was a characteristic pattern of the signal along the tail for each
modification (Fig. 31). Acetylation was marked by an increase in the
first percentile of the tail, followed by steady levels which dropped
in the last percentile. Monoglycylation had two peaks on the first and
last percentile with consistent levels in between. In case of
glutamylation, the antibody recognizing the first glutamate
(branching) revealed a peak in the first percentile followed by a
continuous decrease towards the end of the tail where higher
variability and another increase were present. Polyglutamylation

signal followed a smoother declining line along the flagellum length.

Preliminary experiments with normozoospermic, asthenozoospermic
and teratozoospermic samples revealed overall similar patterns for
acetylation and glutamylation between the groups (Fig.32). In

particular, acetylation levels were slightly higher in the
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normozoospermic sample, followed by the teratozoospermic and the
asthenozoospermic. Moreover, the normozoospermic sample marked
a steep increase and then decrease in the first part of the tail while the
teratozoospermic had a milder curve. Levels were also higher in the
normozoospeermic sample in the last part of the tail. For
polyglutamylation, the signal pattern is maintained between the
groups however normozoospermic tails seem to have lower levels
overall. Finally, for branching, asthenozoospermia samples had the
highest levels while normozoospermic and teratozoospermic tails

were similar.
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Figure 31. PTM presence and quantification along the sperm flagellum.
The left panel shows the modification in green, tubulin in red, DNA in
blue and the merged color image. The right panel shows the quantified
signal normalized to tubulin. Scale bar 10 pm. x’x axis: tail length
divided in 1000 bins
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Figure 32. PTM signal of a single normozoospermic donor (n=10 tails
measured), three pooled asthenozoospermic donors (n=10 tails
measured) and a single teratozoospemic donor (n=10 tails measured).
x’x axis: tail length divided in 1000 bins
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Figure 33. Acetylation antibody titration at dilutions of 1:1.000 (n=10 tails measured), 1:5.000 (n=10 tails measured),
1:10.000 (n=10 tails measured) and 1:20.000 (n=10 tails measured) of a single normozoospermic donor.
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Figure 34. Branching antibody titration at dilutions of 1:200 (n=10 tails measured), 1:1.000 (n=10 tails measured), 1:2.000
(n=10 tails measured) and 1:4.000 (n=10 tails measured) of a single normozoospermic donor.
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Figure 35. Polyglutamylation antibody titration at dilutions of 1:200 (n=10 tails measured), 1:1.000 (n=10 tails
measured), 1:2.000 (n=10 tails measured) and 1:4.000 (n=10 tails measured) of a single normozoospermic donor.
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Figure 36. Monoglycylation antibody titration at dilutions of 1:200 (n=10 tails measured), 1:1.000 (n=10 tails
measured), 1:2.000 (n=10 tails measured) and 1:4.000 (n=10 tails measured) of a single normozoospermic donor.
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1. Human gametes in basic research

1.1) Oocytes

Studies on human oocytes requires informed consent from the donor
or patient. The only ethical limitation related to oocyte research is the
inability to fertilize them and culture the resulting embryo for
research purposes. In any case, this limitation is not relevant for the
present study as all the endpoints in the human oocyte objectives
were until the metaphase II arrest. Some technical challenges were
met due to certain cellular parameters; transcriptional inactivity
during the steps of maturation does not allow for gene editing
experiments and low accumulative numbers prevent the use of
oocytes for techniques such as western blot or artificial oocyte

activation.

The ultimate measure of the oocyte developmental capacity is its
ability to be fertilized and survive as an embryo, assuming quality of
sperm and the receiving uterus are optimal. Restrictions on in vitro
fertilization and embryo culture for research purposes allow only
indirect study of the oocyte potential to give a healthy embryo. One
method used to study the final stages of meiotic maturation is
artificial oocyte activation (AOA). Short incubation steps with a
calcium ionophore induce the necessary calcium oscillations for the
resumption and completion of the second meiotic cycle. Therefore, if
a sufficient number of activated MII stage oocytes could be obtained,

the development of resulting parthenogenote embryos could be
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monitored. This would require obtaining GVs, maturing these GVs
to MII stage oocytes in vitro, performing AOA and culturing the
activated oocytes to the blastocyst stage. However, the low efficiency
of each of these steps (GV to MIIL, 45%; AOA, 5%) and the scarcity
of GVs available to us precluded this approach.

COCs that have been removed from their follicular environment
resume their meiotic division. Previous study with stimulated cycles
reports rates of GV maturation, GV-derived MII fertilization and 2-
cell stage cleavage at 67 %, 60% and 85% respectively (Kim et al.,
2000). However, arrest at the embryo stage may occur due to
multinuclear blastomeres and aneuploidy (Nogueira et al., 2000).
Cumulus-stripped GV stage oocytes from stimulated ovaries that
were cultured for a prolonged period of time (48h compared to the
minimum necessary of 24h) have a lower rate of blastocyst
development (Chian and Tan, 2002). Cumulus free partially matured
oocytes will mature to the MII stage within 4-6 h of in vitro culture
and can be fertilized and give rise to 2 cell stage embryos (61% per
injected oocyte). The pregnancy rate of tranfer of embryos derived
from in vitro cultured oocytes is 7.7% (Shu et al., 2007). On the
contrary, [IVM after the use of endometrial priming in the presence of
cumulus cells for 24-48 hours can result in up to 15-17% clinical
pregnancy (Smith et al., 2000; Child et al., 2001; Yoon et al., 2001).
Acknowledging the low clinical potential of the in vitro cultured
oocytes, the inclusion of this group in the study aimed at investigating

differences related to levels of expression of tubulin PTM.
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Our study groups consisted of oocytes with suboptimal
characteristics: first, they did not undergo maturation in response to
the stimulation signal to which they were exposed in vivo; second, in
vitro culture was performed in the absence of cumulus cells. In the
literature, the term ‘in vitro maturation’ is used even for our type of
samples, however the correct use of the term refers to oocytes that
were not exposed to hormones and matured out of the follicle, within
their cumulus surrounding cells. This is the reason behind naming our
study group ‘in vitro cultured’ and not ‘in vitro matured’. These
oocytes are intrinsically compromised as they have failed to mature
in vivo, in addition to potential effects due to the external
manipulation process. The nature of their incompetency is attributed
to suboptimal regulation of nuclear and cytoplasmic events, which

need to be accurately fine-tuned throughout the meiotic stages.

1.2) Sperm

Access to donated sperm samples involves less ethical and technical
limitations than the female gametes. As described in the introduction,
the amount of spermatozoa per ejaculate on average is sufficient to
perform the majority of biochemical and molecular biology
techniques such as single cell immunofluorescence, western blot,

proteomics analysis etc.
The study of individual sperm tails poses the question of how large

should the sample size be to ensure sufficient representation of the

population, which is the case in most experiments with cell lines
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Another general experimental challenge that applies to sperm
samples is that their parameters may also differ between different
samples of the same individual due to biological variation (Castilla
et al., 2006). Overall, the restrictions of working with sperm samples

are less tan the ones that refer to oocytes.
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2. The spindles of in vitro cultured and in vivo

matured human oocytes

2.1) Morphometric comparison

A number of studies have compared spindles of oocytes developed
in vivo or cultured in vitro, both in animals and human (Combelles e?
al., 2002; Albertini et al., 2003; Coticchio et al., 2013b; Ferrer-
Vaquer et al., 2019). The endpoint observations of these studies
mainly include spindle shape, pole morphology, presence and
distribution of MT organizing centres, chromosome alignment and
kinetochore-microtubule binding. The initial stage of maturation (GV
or non-GV oocytes) and the maturation media used can influence the
presence of bipolar spindles with aligned chromosomes (Cekleniak
et al., 2001). We recorded the presence of apolar spindles (7%),
complete absence of microtubules (9%) or misaligned chromosomes
(20%) in in vitro cultured oocytes (n=59). These phenotypes were not
observed in the in vivo matured oocytes (n=37). The proportion of
spindle and chromosome aberrations is three times higher in in vitro
cumulus cell-free culture of human GV oocytes compared to their in
vivo counterparts (Li et al., 2006). However, MII spindles derived
from non-GV oocytes are comparable with those of in vivo matured
oocytes independently of the in vitro culture medium used (Ferrer-

Vaquer et al., 2019).

Our observations and measurements indicate that the spindle
dimensions are overall consistent apart from the major axis length

and the spindle volume, while the double flattened pole phenotype
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was more frequent in the in vitro cultured group. Our result does not
agree with a previous study, which supports that the proportions of
pole shape combinations remain stable among in vivo matured
oocytes, in vitro matured ones (in the presence of cumulus cells) and
in vitro cultured ones (in the absence of cumulus cells) (Coticchio et
al., 2013b). Moreover, this study reported a correlation between the
double flattened phenotype and chromosomal misalignments as well
as an association of single or double focused poles with correct
metaphase plate formation. In our experiments, we came across
occasional cases of chromosomal dispersion, with a “thicker”
metaphase plate however there was no consistent link with the
spindle pole phenotype. A possible reason behind the observed
differences could the the age of each study population (25.3+4.2

years in our study versus 35.6+4.3 in Coticchio et al).

In vivo meiosis of mouse oocytes results in focused poles with clear
y-tubulin foci, while spindles of in vitro matured mouse oocytes
present flattened poles with spread distribution of y-tubulin (Sanfins
et al., 2003). This phenotype, combined with ectopic spindle
formation far from the oocyte cortex, is observed in mouse oocytes
cultured in vitro (Rossi et al., 2006). Monkey oocytes have higher
rates of asymmetric, tripolar and depolymerized spindles with
displaced, lagging and disorganized chromosomes after in vitro
culture (Yin et al., 2006). Therefore, it is evident that in vitro culture
somehow affects spindle formation, especially when the oocytes
resume prophase I in the absence of their cumulus oophorus. The

effect might be detrimental and lead to complete absence of the
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structure, a disorganized microtubule mesh or abnormal pole number
and/or shape. Spindle formation under both conditions do not seem
to have major differences in terms of volume and dimensions, but
further research is needed to eventually elucidate whether pole shape
changes with in vitro culture and what this may mean for

chromosome alignment.

Total time of in vitro culture was 30-33 h, based on time-lapse
microscopy observation that most of the oocytes had extruded a polar
body by 25h, which is in agreement with live imaging of human
oocyte meiosis (Holubcova et al., 2015). Although higher maturation
rates can be achieved by prolongation of the in vitro culture, we
avoided extending incubation times, as in vifro aging can interfere

with spindle and chromosomal integrity (Bromfield et al., 2009).

2.2) Tubulin PTM pattern comparison

All the modifications studied were present in human oocytes
regardless of whether their meiotic maturation occurred in vivo or in
vitro, with the exception of detyrosination, which was detected at
very low levels in in vivo oocytes and not at all in in vitro cultured
oocytes. Quantitative comparisons between signals obtained from
different antibodies are not possible due to different binding affinities
of each reagent. Signal comparison of the same antibody between
individual oocytes is difficult, as the exposure settings differ due to
background variability. Even under treatment conditions of the same
permeabilization and fixation protocol, each oocyte presented a range

of background levels for different antibodies.
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Acetylation was overall present both in the in vitro cultured and the
in vivo matured oocytes, suggesting that our in vitro culture
conditions do not inhibit acetylation enzyme activity. The
modification needs to occur during spindle assembly and cannot
appear solely by pre-existing acetylated tubulin heterodimers, which
implies the presence of catalytic activity. The differences seen in the
modification pattern along the spindle microtubules could be due to
insufficient (in the case of lack of signal) or unspecific binding (in
the case of signal presence). The latter scenario is less likely as
antibody specificity was maximized by performing sequential
incubation, staining first with anti-tubulin followed by incubation
with the antibody against the particular PTM. The antibodies used for
all the experiments are commercial and validated for their specificity
mainly in cell lines. However, we cannot exclude that various
epitopes on the tubulin molecule could be recognized by the antibody
in the case of human oocytes under our experimental conditions. The
characteristic found in agreement among all oocytes is the segmented
signal along the microtubules, which could correlate with specific

types of MT fibers or modified tubulin loci.

As described in the introduction, acetylation is mostly found in long-
lived (stable) microtubules. In the spindle, microtubules are in a
constant polymerization-depolymerization cycle and are therefore in
a state of dynamic instability. The metaphase II spindle is stable
during meiotic arrest. This stability is required for future completion
of the final meiotic division upon fertilization. However, the spindle

preservation occurs through continuous microtubule elongation in
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the plus-end and severing in the minus-end. In any case, these
dynamically unstable microtubules appear to be stable enough for

acetylation to occur.

Our results contradict those of Combelles et al 2002 who did an
extensive analysis of acetylation throughout human oocyte meiosis
under in vitro conditions and absence of cumulus cells (Combelles et
al.,2002). In this study, acetylation was not detected in the metaphase
I nor in metaphase II spindle, but it did appear during anaphase I and
on the midbody of telophase 1. Metaphase II spindles of in vivo
matured oocytes also lacked acetylation. One possible explanation
might be technical. One apparent difference in the work of Combelles
et al. and my work is the use of an initial step of taxol or DMSO
incubation of the denuded oocytes in the protocol. Unfortunately, the
anti-acetylation antibody clone they use is not described. Throughout
their experiments, the specificity of their antibody staining is
supported by the fact that signal is observed in anaphase I and
telophase I, but is absent from the metaphase I and II spindles,
functioning as a negative control. The continuous presence of signal
in our oocytes calls into question the specificity of our chosen
antibody in oocytes. Our antibody is commercial and has been
validated in several cell types, although not oocytes. While the signal
we observed is certainly not due to the secondary antibody used, we
lack a specific negative control which would require eliminating
acetylase activity in oocytes. This loss of function control is not
feasible in oocytes. One argument against the results of Combelles et

al is that the transient nature of the anaphase and telophase

155



Discussion

microtubules is somewhat incompatible with the generally accepted
correlation of acetylation with microtubule longevity (Howes et al.,
2014; Portran et al., 2017). However, this correlation is not absolute.
A study in mouse oocytes demonstrated the persistence of acetylation
throughout the same meiotic stages of the Combelles et al study,
while cold treatment experiments revealed the appearance of
acetylation in newly formed microtubules (Schatten et al., 1988).
Thus, there can be exceptions to the association of acetylation with
microtubule stability. Another study in ovine oocytes matured in
vitro within the cumulus oophorus reports the presence of acetylation
in the metaphase II spindle of sheep and lamb oocytes, both fresh
(Serra et al., 2018) and cryopreserved (Serra et al., 2019). Overall, a
comparative time-course analysis among different mammalian
species using the same antibody and staining conditions would help

clarify the contradictory findings.

What is the role of acetylation on meiotic spindle dynamics? The
presence of acetylation in meiosis I kinetochore microtubules along
their entire length, except for their plus end, has been proposed as a
marker of poleward tubulin flux in crane-fly spermatocytes (Wilson
and Forer, 1997). In the mouse model, metaphase I spindle
hyperacetylation induced by knock down of kinesin Kifl8a
(mediated through its downregulating effect on the Sirt2 deacetylase)
results in severe spindle abnormalities and obstruction of polar body
extrusion (Tang et al., 2018). Balanced acetylation levels seem to be
important for meiosis completion. Therefore, an improvement of the

current study would be enabled by quantitative immunofluorescence
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analysis, allowing the comparison of acetylation levels between the
in vitro and the in vivo group. As mentioned in the results,
quantitative comparison of our data was not possible because
exposure settings during imaging had to be altered to maximize the
signal to background ratio in each oocyte. A study with higher sample
size and simultaneous processing of the compared groups could allow
for microscope settings standardization and thus inter- and intra-

group comparisons.

As far as the tyrosination cycle is concerned, we observed complete
absence of detyrosinated microtubules in in vitro oocytes and barely
detectable levels in the in vivo group. The antibody functionality of
the specific batch of antibody used was confirmed in sperm tail
immunofluorescence. Moreover, tubulin staining was performed
against the  subunit so as to avoid any steric inhibition between the
primary antibodies. Thus, according to our verification steps, our
result represents a true lack of detyrosinated microtubules and not an
artifact. This suggests that all the microtubules remain tyrosinated,
are rapidly re-tyrosinated or have exited the tyrosination cycle by
forming A2-tubulin. Indeed, we do observe the reverse modification
in both groups with the signal being more concentrated in the poles
for the in vivo matured oocytes, compared to the in vitro matured
oocytes. Three samples are also characterized by a slight signal
intensity difference which decreases from the cytosol towards the
cortex pole. However, as this pattern is not consistent within the
group, a larger sample size is needed to confirm the observation.

Ovine metaphase II spindles also consist of tyrosinated microtubules,
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while detyrosinated microtubules are completely absent (Serra ef al.,

2018).

Recent studies have reported interesting results regarding the role of
tyrosination in chromosome interactions with microtubules. As
described also in the introduction, in the case of mitotic cells, CENP-
E mediated chromosome congression (the alignment of
chromosomes in the equator) is dependent on detyrosinated
microtubules (Barisic et al., 2015). Our results suggest that a different
molecular pathway, not based on microtubule detyrosination must be
required to drive pole-proximal chromosomes towards the equator.
The second study, also mentioned in the introduction, demonstrates
that the tyrosination gradient in metaphase I mouse spindles guides
the inheritance of selfish centromeres, a phenomenon known as
meiotic drive (Akera et al.,, 2017). It would be interesting to
investigate whether such a gradient exists in metaphase I spindles of
human oocytes, which can also present preferential segregation of

dominant centromeres (Daniel, 2002).

Positive A2-tubulin staining suggests that detyrosination occurs
during oocyte maturation as the C-terminus tyrosine removal is a
prerequisite for the subsequent glutamic acid elimination. As this
type of modification is irreversible, the tubulin cannot re-enter the
tyrosination cycle, but can still undergo all other post-translational
modifications. The ovine oocyte MII spindle screening for tubulin
PTM reports conflicting findings, as no A2-tubulin is detected (Serra

et al., 2018). This is the second time that we observe contradicting
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results when comparing the MII spindle modification profile between
different organisms. Acetylation is absent in mouse oocytes but
present in human and ovine ones, while A2-tubulin appears only in
human and not in the ovine ones (no data are available for mouse).
The detection of A2-tubulin was actually not expected as this
modification is found in highly stable microtubules, like the axons of
neurons, the centrosomes of fibroblasts, the cilia of the adrenal
cortical cells and the axoneme of sperm flagella (Paturle-Lafanechere
et al., 1994). One possible explanation could be that the human MII
spindle needs to maintain its stability for a long period of time until

fertilization, which requires long-lived microtubules.

Finally, the results for microtubule glutamylation status were
antibody dependent. Polyglutamylation signal was detected with the
clone B3 antibody but the absence of branching signal (GT335
antibody) did not confirm the existence of glutamic chains. Even
when the GT335 clone anti-glutamylation antibody was used
individually (no previous staining for tubulin), no signal was
detected. Thus, either the positive signal from clone B3 antibody is
non-specific or for some unknown reason the clone GT335 antibody
does not function under our conditions or for some reason cannot
access its epitope. Upon comparison with the ovine MII spindles,
polyglutamylation was not detected, even though the same antibody
was used (clone B3) (Serra et al., 2018). Such discrepancies highlight
the need for more experiments, with additional negative controls, so

as to draw stronger conclusions.
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Glutamylation is the second modification that is found most
commonly in brain tubulin. In mitotic spindles, centrosome-
associated Clorf96/Centriole, Cilia and Spindle-Associated Protein
(CSAP) is localized in glutamylated microtubules of mitotic spindles,
promoting their stabilization (Ohta et al, 2015). However,
glutamylation is not exclusively linked to microtubule stability as it
can promote shrinking through interactions with severing enzymes
(Lacroix et al., 2010; Valenstein et al., 2016). Its presence in
kinetochore microtubules of mitotic spindles (Barisic and Maiato,
2016) complies with the role it can play in severing, promoting the
‘pacman-flux’ mechanism for moving chromosomes (Zhang et al.,
2007). Thus, it could also act as a meiotic microtubule catastrophe
mechanism by interacting with katanin, spastin or fidgetin, guiding

the chromosomes to the opposite poles.
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3. Tubulin PTM enzymes throughout oocyte

maturation

The presence of modified microtubules indicates the presence of
catalytic activity of PTM enzymes. As the microtubules form at the
time of spindle assembly, the detected modifications cannot be all
accumulated on the soluble tubulin prior to polymerization. The
reason behind this is that some of the modifications are catalyzed by
enzymes that preferentially bind to microtubules. Based on this
premise, it is expected that the enzymes are present during oocyte
meiosis. Direct demonstration of enzyme presence requires robust
antibodies for the PTM enzymes, which are lacking. We sought to
determine whether PTM enzymes are present at the transcript level.
This approach has obvious limitations, as transcript presence does not
guarantee protein presence or protein activity, while transcript
absence is not proof of protein absence. This is especially true for the
oocyte, which is known to be transcriptionally inactive with complex
and strict regulatory mechanisms at the stage of protein translation.
Many of the proteins necessary for maturation accumulate prior to
germinal vesicle breakdown so that they can immediately be
recruited during subsequent maturation, while the transcript pool can
be maintained in a dormant state until the point of embryonic genome
activation. Having this consensus view of oocyte RNA control, we

can proceed to the interpretation of our results.

Transcript levels characterization in individual oocytes was

performed by cDNA library creation and subsequent qPCR in four
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study groups (GV, IVC, IVO, FTM). Our chosen method of cDNA
library creation was based on magnetic bead total RNA isolation,
known as Pico Profiling, initially optimized for 10 cells, (Gonzalez-
Roca et al., 2010) and subsequently applied for single oocytes
(Vassena et al., 2011; Barragan et al., 2017). Expression profiling of
individual oocytes poses the challenges of efficiency and accuracy
due to stochastic events and increased chance of technical noise. The
advantage of this method is the application of whole transcriptome
amplification in a way that maintains the relative abundance of the
initial transcript pool. It is also optimized for relative differences
between samples. Technologies using logarithmic and linear
amplification methods work efficiently with nanograms of RNA as
starting quantity, while this scalable amplification can be performed
with picograms of RNA.

As a limited number of oocytes were available throughout the
project’s duration, we wanted to extract as much information as
possible and preserve the genetic variability among the samples,
which is the reason behind processing the oocytes individually. The
fact that the oocytes were retrieved from hormonally stimulated
donors can affect the inter oocyte variability within the same group.
In a natural cycle, a cohort of GVs enters a growth phase resulting to
one, or less often two mature oocytes. However, this series of events
is overruled resulting to greater heterogeneity between the oocytes

(Steuerwald et al., 2000; Barragan et al., 2017).

Aiming to perform comparative analysis between all the study

groups, it was necessary to find a set of reference genes that remain
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stable throughout maturation in vivo, in vitro culture as well as
maturation failure. The initial list was chosen based on a previous
study on reference genes for spermatozoa which found that sample
storage and the RNA extraction technique can influence gene
stability (Barragan et al., 2015). Therefore, our goal was to determine
the optimal reference genes for our type of cells. The six genes
(ACTB, RPLP1, GAPDH, DNMT1, SHDA, UBC) with the highest
expression stability M<0.5 and coefficient of variation CV<0.25
according to the geNORM algorithm were used to normalize the
expression values. The normalization error is higher when a single
reference gene is used, while the inclusion of three or more genes
increases the robustness of the normalization factor (Vandesompele
et al., 2002). It is noteworthy at this point that housekeeping gene
stability may not only vary between tissues but between organisms
as well. For example, ACTB is not consistently expressed throughout
maturation in mouse, bovine and buffalo oocytes (Mamo et al., 2007,

Habermann-Macabelli et al., 2014).

An immediate observation after the analysis of the expression profile
is that GV transcript levels are never lower than those of the mature
oocytes, which is in agreement with the repression of transcription
during maturation. Representative enzymes are present for all the
types of modifications, except for glycylation. As glycylation is a
modification detected in cilia and flagella, never observed in spindle

microtubules, this observation was expected.
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The inclusion of failed to mature oocytes (both in vivo and in vitro
culture) reveals differences with all the other groups. When
comparing them to GV oocytes, it is important to keep in mind that
each GV could also potentially be a failed to mature oocyte. The
observed higher NAASO levels and lower TTLL4 levels could have
been as such from the GV stage, actively playing a role in the
inhibition of maturation or be downstream targets of other factors that
are accumulating within the apoptotic oocyte. In any case, this
difference, although slight, is not observed in the mature oocytes,
which keep comparable levels with the GV. Assuming that the
increased levels of the NAASO transcripts reflect higher levels of
enzymatic activity, it can be argued that the increase of acetylated
soluble B-tubulin is contributing to the phenotype by inhibiting
microtubule polymerization (Chu et al., 2011). Nevertheless, we
collected only the oocytes that failed to mature at the initial stage of
germinal vesicle breakdown, when microtubules are not playing an
immediate role, so the effects, if any, must be indirect.

In the case of TTLL6, there is a decrease in the transcript levels as
maturation progresses in vivo while this is not observed in the in vitro
culture. The difference is slight so variations in glutamylation levels
on the spindle microtubules of IVC and IVO oocytes would not be
expected. Moreover, the redundancy of the TTLL enzymes’ function
might mask any difference in specific enzyme activity. Interestingly,
out of the two detyrosinases that have been described so far, VASH1
and VASH2, only VASH1 was found in oocytes. Overall, its levels
are minimal apart from some exceptions in the GV and the FTM

group. In the spindle imaging experiments, we could not detect any
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detyrosination, however the modification must happen if the A2-

tubulin observation is valid.

The majority of the enzymes remains stable among the groups under
study. As previously mentioned, we could not retrieve any
information on protein presence. The dual luciferase reporter assay
offered a verifiable method for determining the translational fate of
our transcripts of interest. The limitation of the system is that it
cannot detect protein presence per se, thus it is an indirect approach.
Since the libraries were made of total RNA and the primers used for
the qPCR experiments were not transcript specific we had to perform
a thorough analysis of the described alternative spliced variants. The
candidates under CPE regulation and human oocyte presence were
subsequently tested in Xenopus oocytes. CPE-mediated regulation is
maintained as a mechanism of translational control in Xenopus, mice

and human samples (Dai ef al., 2018).

The PTM enzymes transcripts that we detected in at least one group
of human oocytes were aTAT1 204/206, TTLL11 206transcriptl,
CCP1 _201transcript2, CCP5 202 and CCP6 204. CCP5 202 was
found only at the GV stage, which suggests that the transcript is
eliminated from the detectable mRNA pool. Moreover, CCP6 204
was present in only two out of three in vitro cultured oocytes posing
the question of how can the transcript appear selectively in the mature
status of certain oocytes. The amplified band’s specificity was
verified through sequencing so it could be very low initials transcript

levels in combination with the stochastic nature of PCR that led to
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the observed results. We did not manage to clone aTAT1 204/206
so we proceeded with the rest of the candidates. Only CCP6 204 was
predicted to be repressed in the germinal vesicle stage while the
others had a prediction of activation as maturation occurs. The
question generated is why the luciferase assays did not confirm the
CPE prediction. Although the positive control, cyclin B, works
efficiently, we did not include negative controls, such as the
luciferase plasmid with a random sequence as a UTR or the CPE
element mutated, as the initial objective was to check for the overall
UTR sequence. The expected levels for activation would be at least
25% of the cyclin B control. CCP5 202 3° UTR could have some
other regulatory region, which overrules the CPE effect, as its length
is quite extended (~500 bp). Nevertheless, CCP1 and TTLL11 are not
expected to have additional regulatory elements in their shorter
sequences. As the recombined plasmids were sequenced and the
RNA integrity was confirmed in a gel, it must be the downstream
technical processing that somehow interfered with the activation of

translation.
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4. Sperm tail PTM patterns

Sperm evaluation is based on basic parameters such as concentration,
morphology and motility, which has not changed in several decades.
The etiologies of sperm pathologies may be found in the process of
spermatogenesis, leading to oligozoospermia or even azoospermia or
the last stage of spermatozoon formation affecting cell shape and
movement. Although the sperm tail is not involved in zygote
generation or embryo development, it is the spermatozoon motion
engine needed to approach the oocyte. Our preliminary analysis
involved a technique recently developed by a former colleague in the
lab (Dr. F. Amargant) which, when fully developed, will allow
quantification of tubulin PTM along the length of the sperm tail. This
technique has the potential to elucidate basic molecular mechanisms
underlying sperm tail defects as well as possibly find practical

diagnostic applications.

We focused on acetylation, glutamylation and monoglycylation, as
these are the modifications most prevalently found along the sperm
tails (Fouquet et al., 1994; Kann et al., 1998). Only one previous
study has shown the decrease of acetylation in asthenozoospermia
(Bhagwat et al., 2014). Our results are in agreement with this finding,
as acetylation levels are the lowest (Fig.31). However further
experiments need to be performed with the optimized antibody

dilutions and proper statistical comparison.
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Considering that the sperm tail microtubules are rich in tubulin PTM
we performed the antibody titration experiments so as to test for
signal saturation. The PTM pattern along the tail was maintained with
the signal decreasing in higher dilutions, which was expected. The
lowest antibody dilution resulted to signal with the highest variability
in signal intensity. Nevertheless, for all antibodies tested, a loss of
signal pattern was observed in higher dilutions. Thus we concluded
that the initial dilutions were within a range that did not saturate the
epitopes but was sufficient to reveal the signal intensity differences

along the tail, corresponding to the modification sites distribution.

The optimization of the protocol performed with the titration
experiments provides the conditions for performing quantitative
analysis between samples of different diagnosis. Moreover, this
technique allows for examination of the PTM along the different
parts of the tail, where some PTM may be enriched. Acetylation,
branching, polyglutamylation and monoglycylation can be compared
among samples of normal and impaired morphology and motility.
The statistical test for this type of series of data would need to be
applied which will allow making quantitative correlations about the

sperm tail tubulin PTM pattern and the tail properties.
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Conclusions

1. This is the first study to show the presence of acetylation, A2-
tubulin, tyrosination and polyglutamylation in the MII spindle of
human oocytes cultured in vitro and matured in vivo.

2. Spindles of in vitro cultured oocytes differ from the ones of in
vivo matured oocytes in pole shape (flattened poles) and size
(smaller).

3. Absence of VASH1 mRNA in the matured oocytes is in
agreement with the absence of detyrosinated microtubules.
However, detyrosinase activity is required for A2-tubulin
formation, suggesting the presence of VASHI protein or other
novel detyrosinase.

4. Seven PTM enzyme genes are differentially expressed at the
transcript level, although the overall detected differences are small
(< 2-fold).

5. PTM enzyme transcript 3" UTRs with activation prediction only
slightly increase the translation of luciferase (not statistically
significant change, p>0.05).

6. PTM antibody concentrations have been standardized for sperm
quantitative immunofluorescence experiments with preliminary
results showing slightly different levels for polyglutamylation and
branching in teratozoospermia and asthenozoospermia,

respectively.
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