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Summary 
 
The centrosome is an essential organelle for the development of a new organism in 

animals.  Upon fertilization the spermatozoon enters into the oocyte providing the male 

chromosomes and its basal body, which will convert into the first centrosome of the 

new organism. Defects of the sperm basal body may be linked to sperm motility and 

morphology alterations as well as embryo early development failures, both leading to 

infertility.    

 

In this thesis, I used a combination of tools and model systems to better understand the 

fertilization process, specifically the transition of the sperm basal body to a fully 

functional centrosome in the zygote and its importance in supporting early human 

embryo development. First, since studies on human fertilization have been hampered by 

ethical and technical issues alike, I developed a new approach based on the use of 

Xenopus egg extract and human spermatozoa to study the molecular events that the 

sperm triggers when it is placed in an oocyte cytoplasmic environment. Further to this, I 

used a combination of proteomics and IF analyses to define the sperm basal body 

composition. I determined that centrosomal proteins are biparentally inherited during 

human fertilization. Then, to functionally analyze the importance of inheriting the 

centrosome during fertilization, I set up a method in which sperm tails microsurgically 

separated from the DNA containing heads were injected into oocytes that were then 

parthenogenetically activated. The activated oocytes with a centrosome had an 

increased likelihood of completing pseudo-embryo compaction. 

 

Finally, I attach two annexes: the first one summarizes the results I obtained on the 

distribution of tubulin post-translational modifications in sperm samples with different 

diagnoses. The second annex corresponds to a review that I wrote to summarize the 

current knowledge and to propose future perspectives on tubulin post-translational 

modifications, and their role in cytoskeletal function in gametes and embryos in model 

systems and in human reproduction. 	  
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Resum 
 
El centrosoma és un orgànol essencial pel desenvolupament d'un nou organisme animal. 

En el procés de la fecundació, l'espermatozoide entra a l'oòcit proporcionant els 

cromosomes masculins i el seu cos basal, que es convertirà en el primer centrosoma del 

nou organisme. Defectes del cos basal dels espermatozoides poden estar relacionats amb 

alteracions de la motilitat i morfologia dels espermatozoides, així com també 

d’embrions que s’aturen durant el seu desenvolupament primari, provocant problemes 

d’infertilitat.  

 

En aquesta tesi he combinat diferents mètodes i models animals per conprendre millor 

els esdeveniments que es donen lloc durant la fecundació, especificament la transició 

del cos basal de l’espermatozoide a un centrosoma functional en el zigot, i la seva 

importància durant el desenvolupament de l’embrió. Així doncs, en primer lloc, degut a 

que els estudis sobre la fecundació humana s'han vist obstaculitzats per qüestions 

ètiques i tècniques, he desenvolupat un nou sistema basat en l'ús d'extracte d'ous de 

Xenopus i espermatozoides humans per estudiar els esdeveniments moleculars que 

l'espermatozoide desencadena un cop es troba en el citoplasma de l’oòcit. A més, he 

combinat l'anàlisis per proteòmica i per immunofluorescència per definir la composició 

proteica del cos basal de l'espermatozoide. He pogut determinar que les proteïnes 

centrosomals són heredades durant la fecundació humana de manera biparental. 

Després, per analitzar funcionalment la importància d'heretar el centrosoma durant la 

fecundació, he establert un mètode en el qual les cues dels espermatozoides són 

microcirúrgicament separades dels caps i injectades en ooòcits que van ser activats 

partenogeneticament. Els oòcits activats que contenien el centrosoma tenien una major 

probabilitat de compactar. 

 

Finalment, adjunto dos annexos, el primer resumeix els resultat que de moment he 

obtingut sobre la distribució de les modificacions postraduccionals de tubulina en 

mostres d'esperma amb diferents diagnòstics. El segon annex correspon a una revisió 

que vaig escriure on resumeixo el coneixement actual de les modificacions 

postraduccionals de tubulina i el seu paper en el citoesquelet de gàmetes i embrions en 

sistemes model i en reproducció humana, i proposo noves perspectives en la 

investigació d’aquests. 
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Preface 
 
 
The work presented here is a collaborative project carried out in the basic research 

laboratory of Clínica Eugin and in the Cell and Developmental Biology Program at the 

Center for Genomic Regulation (CRG). This work has been supervised by Dr. Rita 

Vassena (Clínica Eugin) and Dr. Isabelle Vernos (CRG).   

 

Fertilization is typically described as the fusion of the spermatozoon with the oocyte to 

form the zygote. This apparently easy step is one of the most complex but, at the same 

time, fascinating events that occurs in many species, including ours. First, because two 

highly specialized cells will produce a unique totipotent cell; second, because from this 

totipotent cell, a completely new organism will be formed. During the first days of 

embryo development many signaling cascades and cellular reorganizations take place to 

determine the embryo fate. Therefore, it is very important that all the processes occur in 

a correct and coordinated way to support the development of a healthy organism. 

However, the natural rate of success of this process is low, and any couples trying to 

conceive will experiment some difficulties. Infertility has been a focus of interest and 

concern throughout human history. It has been addressed in many different ways, from 

a religious point of view to the current scientific approach. Indeed, the desire of having 

a child is what ensures the persistence of our species.  

 

The World Health Organization (WHO) recently defined the infertility as “a disease of 

the reproductive system defined by the failure of achieve a clinical pregnancy after one 

year or more of unprotected sexual intercourse”. Most of these couples will need the 

help of Assisted Reproduction Technologies (ART) to conceive. The future of ART, in 

my opinion, goes through the implementation of personalized medicine to select the 

best treatment for each couple. Nevertheless, this can only be achieved if we first have a 

deep understanding of the basics of human fertilization and early development. 
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Glossary 
 
In this section, terminologies relevant for this thesis are outlined. Most of them are 

taken from the “International Glossary on Infertility and Fertility Care, 2017” (Zegers-

Hochschild et al., 2017), and are accepted as consensus definitions.  

 

Aneuploidy: an abnormal number of chromosomes in a cell. The majority of embryos 

with aneuploidies are not compatible with life. 

Asthenozoospermia: reduced percentage of motile sperm in the ejaculate below the 

lower reference limit. When reporting results, the reference criteria should be specified. 

Blastocyst: the stage of preimplantation embryo development that occurs around day 5-

6 after insemination of ICSI. The blastocyst contains a fluid filled central cavity 

(blastocoele), and outer layer of cells (trophectoderm) and an inner group of cells (inner 

cell mass). 

Blastomere: a cell in a cleavage stage embryo. 

Centrosome: the main microtubule organizing center of the cell. 

Centrosome reduction: a process during spermatogenesis in which most of the sperm 

centrosomal proteins are eliminated and centrioles modified. 

Cleavage stage embryos: embryos beginning with the 2-cell stage and up to, but not 

including, the morula stage. 

Compaction: the process during which tight junctions form between juxtaposed 

blastomeres resulting in a solid mass of cells with indistinguishable cell membranes. 

Embryo: the biological organism resulting from the development of the zygote, until 

eight completed weeks after fertilization, equivalent to 10 weeks of gestational age. 

Fertilization: a sequence of biological processes initiated by entry of a spermatozoon 

into a mature oocyte followed by formation of the pronuclei. 

Genome Activation: during embryo early development, when they release from 

transcription silencing. 

Germinal Vesicle: the nucleus in an oocyte at prophase I. 

Hatching:  the process by which an embryo at the blastocyst stage extrudes out of, and 

ultimately separates from, the zona pellucida. 

Implantation: the attachment and subsequent penetration by a zona-free blastocyst into 

the endometrium, but when it relates to an ectopic pregnancy, into tissue outside the 
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uterine cavity. This process starts 5 to 7 days after fertilization of the oocyte usually 

resulting in the formation of a gestation sac. 

In vitro fertilization (IVF): a sequence of laboratory procedures that enable 

extracorporeal fertilization of gametes. It includes conventional in vitro insemination 

and ICSI. 

Inner cell mass: a group of cells attached to the polar trophectoderm consisting of 

embryonic stem cells, which have the potential to develop into cells and tissues in the 

human body, except the placenta or amniotic membranes. 

Intracytoplasmic sperm injection (ICSI): a procedure in which a single spermatozoon 

is injected into the oocyte cytoplasm. 

Mature oocyte: an oocyte at metaphase of meiosis II, exhibiting the first polar body 

and with the ability to become fertilized. 

Microtubule Organizing Centers: structures within the cell that have the capacity to 

organize microtubules. 

Morula: an embryo formed after completion of compaction, typically 4 days after 

insemination or ICSI. 

Normozoospermia: ejaculated sperm with motility, morphology and concentration 

values above the reference limits. 

Oligozoospermia: low concentration of spermatozoa in the ejaculate below the lower 

reference limit. When reporting results, the reference criteria should be specified 

Oocyte: the female egg. 

Ovulation: the natural process of expulsion of a mature egg from its ovarian follicle 

Parthenote: the product of an oocyte that has undergone activation in the absence of 

the paternal genome, with (induced) or without (spontaneous) a purposeful intervention. 

Parthenogenetic activation: the process by which an oocyte is activated to undergo 

development in the absence of fertilization. 

Pre-implantation embryo: an embryo at a stage of development beginning with 

division of the zygote into 2 cells and ending just prior to implantation into a uterus. 

Pronucleus: a round structure in the oocyte surrounded by a membrane containing 

chromatin. Normally, two pronuclei are seen after fertilization, each containing a 

haploid set of chromosomes, one set from the oocyte and one from the sperm, before 

zygote formation. 
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Spermatozoon: the mature male reproductive cell produced in the testis that has the 

capacity to fertilize an oocyte, A head carries genetic material, a midpiece produces 

energy for movement, and a long, thin tail propels the sperm. 

Syngamy: the process during which the female and the nuclei fuse. 

Teratozoospermia: a reduced percentage of morphologically normal sperm in the 

ejaculate below the lower reference limits. When reporting results, the reference criteria 

should be specified. 

Zona pellucida: the glycoprotein coat surrounding the oocyte. 

Zygote: a single cell resulting from fertilization of a mature oocyte by a spermatozoon 

and before completion of the first mitotic division. 
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Introduction 

3 

I. A Short journey through the history of human (in)fertility: 
 
 
A. In the ancient Egypt: 
Fertility played a major part in the ancient Egyptian culture. Indeed, Khonsu was the 

god of fertility, and Nephtys the one for infertile women. Many amulets were carried by 

women in order to promote fertility, and statues of a woman carrying a baby were found 

in women tombs. It is thought that these statues were symbols of fertility for the next 

life (Morice et al., 1995) (Figure 1A). Egyptians also wrote a complete medical 

gynecological text, the Kahun papyrus. In this text, the Egyptians detailed, among other 

concepts, methods to diagnose pregnancy and infertility. Two common early pregnancy 

diagnosis methods were the followings: 1) to mix the woman urine with grains of 

wheat. If the grains opened, it was a synonym that the woman was pregnant. 2) To 

introduce an onion bulb in the woman’s vagina during the night. If the woman’s breath 

had an onion smell the next day, she was pregnant (Haimov-Kochman et al., 2005). In 

ancient Egypt, the legal status of women was the same as men; they did not consider 

that all the cases of infertility were of female origin (Morice et al., 1995). Interestingly, 

Egyptians did not consider infertility as a divine punishment, in contrast with other 

cultures. Thus, the ancient Egypt society was interested in studying and understanding 

both fertility and infertility problems. 

 

B. The Hebrews: 
In the ancient Hebrew society, procreation was considered as a blessing in the Old 

Testament, and it was the main purpose of a marriage. Indeed, if a couple did not have 

children after 10 years of marriage, the husband could divorce. If not, polygamy was 

presented as a solution. In this society, women had very few rights. A barren woman 

was seen as inferior and had a reduced status, whereas male infertility was not even 

considered (Morice et al., 1995). In the Old Testament the use of “love plants” is 

mentioned as a natural remedy to cure infertility. One of these plants is the mandrake, 

whose root has the shape of a human body (Figure 1B). Therefore, infertility in the 

ancient Hebrew society was seen as a divine punishment to the couple, and the 

knowledge about fertility and infertility was very limited. 
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C. The Greeks: 
In ancient Greece, the goddess Aphrodite did not only represent beauty and love, but 

also fertility. It was in this time period that a big number of medical books were written. 

They are known as the “Hippocratic Corpus” and consist of a group of 60 medical 

books addressing different diseases (Flemming, 2013). Some of the books addressed 

specifically gynecological and obstetrical pathologies (Morice et al., 1995). In these 

books different infertility causes and treatments were described, some of them based on 

the Egyptians methods. Hippocrates of Cos was the most famous physician of that era. 

He described that infertility may be caused by various pathologies: the malposition of 

the cervix, the obstruction of the orifice of the uterus, an excessive menstrual flow, the 

softening of the inside of the cavity and uterine prolapse; and there were treatments to 

cure some of these pathologies, such as the insertion of a hollow tube to dilate the 

cervix (Morice et al., 1995). Despite the interest of the Greeks in infertility from a 

medical point of view, for some philosophers such as Aristotle, women were seen as a 

simple receptacle for the fertilizing spermatozoa. However, it was also accepted that 

infertility could be of either male or female origin (Flemming, 2013; Morice et al., 

1995). 

 

D. The Romans: 
In contrast with the previous cultures, Romans thought that during procreation both 

partners contributed to the child formation by producing semen mixed in the woman 

womb (Rawson and Australian National University., 1986). It was common for women 

who wanted to get pregnant to visit Juno’s temple, the goddess of childbirth and 

fertility. The priests of this temple hit the belly of the infertile women with a goatskin 

whip (Morice et al., 1995). Beside this, the gynecologist Sorano of Ephesus distanced 

his work from the religion. He hypothesized that the best moment for conception was 

just after menstruation, although we now know that this is not correct. Galien, another 

gynecologist, implemented the vaginal palpation during clinical examination and 

believed that the moon cycle had an effect on the feminine cycle. However, no big 

advances on the treatment of infertility were achieved during the Ancient Roman times. 
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E. The Arabs: 
The Ancient Arab society (700 – 1200 AC) is known for their high knowledge in 

medicine and science, as they integrated concepts from the ancient Greeks, Romans, 

and Persians among others. However, they did not provide major advances in the area of 

(in)fertility. Rhazes and Avicenna were the two physicians that contributed more to 

infertility treatments. Rhazes suggested that obesity could be one of the causes of 

infertility in women. Avicenna proposed that infertility could originate from both the 

male and the female, and probably due to abnormalities in the “sperm” produced by 

both (Morice et al., 1995). 

 

F. The Middle Ages: 
The concept of fertility and human reproduction throughout the Middle Ages can be 

found in several literary works. For example, in the “Divine Comedy” work, Dante 

Alighieri raised the hypothesis that the sperm is formed from the blood: the food we eat 

would be first converted into blood in the heart and then into sperm when it arrives at 

the testicles. When the sperm derived from blood mixed with the female blood 

(menstruation), a clot would form, and will become the fetus (Locatelli et al., 2015). 

Again, during this period, women were considered as a passive participant in the 

process of procreation, whose main function was to carry the future newborn. Infertility 

was also believed to be a form of divine punishment, and the treatments were mainly 

based on rites or superstitions. Obesity, excess of humidity and heat were thought to be 

some of the causes of infertility and therefore diets to maintain the corporal temperature 

were used as an infertility treatment (Morice et al., 1995). 

 

G. From the Renaissance to the early twentieth century: 
The Renaissance was a period of strong scientific progress, especially in the actual Italy. 

Leonardo da Vinci (Italy, 1452 – France, 1519), between the years 1510 – 1512, drew in 

his private notebooks a human fetus in the uterus (Figure 1C). Da Vinci is considered 

to be the very first person in history to determine the correct position of the fetus within 

the uterus (Leonardo et al., 1952). His interest in the anatomy of the reproductive 

system and the fetus was shared with other intellectuals of that time. André Vesale 

(Belgium, 1514 – Greece, 1564) drew the female pelvis, Bartolomeo Eustachio (Italy, 

between the 1500 and the 1514 – 1574) the uterus and its vessels, Gabriel Fallope (Italy, 
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1523 – 1574) described the Fallopian tubes, together with the clitoris, vagina and the 

placenta. In 1672, Regnier de Graaf (Netherlands, 1614 – 1673) described the ovary and 

the follicular function. In the 18th century, Antonie van Leeuwenhoek (Netherlands, 

1632 – 1723) invented the microscope and discovered the spermatozoon (Figure 1D) 

describing spermatozoa of approximatley 30 species. In agreement with the 

preformationism theory, van Leeuwenhoek affirmed that each spermatozoon was 

carrying a small human, which was then transferred to the woman to grow. Nicolaas 

Hartsoecker (Netherlands, 1656 – 1725) shaped this idea in his famous spermatozoon 

draw in 1695 (Figure 1E) (Brinsden and Bourn Hall Clinic., 1999; Morice et al., 1995). 

However, there were only a few advances in the diagnosis and treatment of infertility. 

Bartolomeo Eustachio recommended that placing the husband fingers in the vagina after 

the sexual intercourse enhanced the probabilities of pregnancy. Johannes De Ketham 

(Germany, 1415 – Hungary, 1470) proposed the use of rabbit saliva as a method to cure 

infertility. Ambroise Paré (France, 1510 – 1590) used a vaginal dilator to treat infertile 

women. Several authors, such as François Blondel (1603 – 1703) published that obese 

women were less fertile compared with thin women. However, new medical concepts 

emerged in the 18th century. Ovarian sclerosis and tubal blockages, follicular absence or 

agenesis, abnormalities of the vagina, uterine aplasia and leukorrhoea were described 

and considered as possible causes of infertility. During the 19th and the beginning of the 

20th century notable progresses in medicine were achieved including cervix dilatation, 

correction of the uterine malpositions and the use of thyroid extract.  In 1868, J. Marion 

Sims (U.S. 1813 – 1883) published the book “The Microscope as an Aid in the 

Diagnosis and Treatment of Sterility” and emphasized the importance of analyzing the 

quality of the sperm sample under the microscope.  In 1884, William Pancoast (U.S., 

1839 – 1923) performed the first human AID (Artificial Insemination with Donor 

sperm). The biological and medical area of endocrinology started to be studied and, in 

1928, Selman Aschheim (Germany, 1878 – France, 1965) and Bernhard Zondek 

(Germany, 1891 – U.S., 1966) managed to induce ovarian stimulation using 

gonadotropins. All these progresses throughout the 18th, 19th and early 20th centuries 

were crucial to establish the basis for infertility diagnosis and treatments including the 

IVF techniques that we are using nowadays (Morice et al., 1995). 
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H. The twentieth and twenty-first centuries: 
The late twentieth and the twenty-first centuries are characterized by the acquisition of 

women’s rights. In developing countries, infertility is no longer seen as only caused by 

women issues, marriage is not anymore the synonym of procreation and as a 

consequence of the access of women to university, education and the job market the 

decision of having children is delayed or takes a second role. All these factors, together 

with others such as anatomical, genetic and changes in the lifestyle, resulted in an 

increase of the infertility rate. In parallel, a revolution occurred concerning ART. In 

1959, Min Chueh Chang (China, 1908 – U.S., 1991) performed successfully the first in 

vitro fertilization (IVF) in rabbits (Chang, 1959). A few years later, in 1973, Carl Wood 

(Australia, 1929 – 2011) and John Leeton (Australia) achieved the first human IVF 

pregnancy, although the pregnancy did not progress after a week. Three years later, 

Patrick Steptoe (UK, 1913 – 1988) and Robert Edwards (UK, 1925 – 2013) reported an 

IVF cycle with an ectopic pregnancy (abnormal attachment of the embryo in the 

uterus/Fallopian tubes). Finally, in 1976, the same scientist performed the first 

successful IVF cycle. Lesley Brown got pregnant and gave birth on the 26th of July to 

the first IVF child, Louise Brown (Steptoe and Edwards, 1978; Kamel, 2013). Due to 

the establishment of this new technology, Robert Edwards won the Nobel Prize in 

Physiology or Medicine in 2010 for the “Development of human in vitro fertilization 

(IVF), a medical advance that represents a paradigm shift in the treatment of many types 

of infertility”. In 1992, Palermo established the ICSI method (Intracytoplasmic Sperm 

injection), based on the injection of an individual sperm cell into an oocyte (Palermo et 

al., 1992; Palermo et al., 1993).  

 

To conclude, fertility and infertility problems are topics that have been reiterative 

throughout human history. They have been addressed in many different ways, but it was 

not until recently that we gained sufficient biomedical knowledge and new technologies 

to study them. However, there is still a long path to unravel human reproduction and 

infertility problems.    
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II. Microtubules and spindle assembly: 
 
 
A. Microtubule dynamics: 
Microtubules are intracellular cylindrical filaments involved in many functions. They 

are one of the elements of the cytoskeleton, together with the actin fibers and the 

intermediate filaments. Some of the cellular roles of the microtubules include cell 

division, cellular movement and intracellular organization.  

 

Figure 1: Historical Illustrations related to (in)fertility. A) Egyptian Woman Statue with a child. This type 
of statue was often found inside tombs. They were expected to provide fertility in the next life. Image obtained 
from Morice et al., 1995. B) Mandrake. The image on the left is the root of the mandrake plant. On the right, 
human figures associated with the mandrake root. Image source: Health Science Learning Center. University of 
Wisconsin. C) Human fetus drawn by Leonardo da Vinci. Image source: Royal Collection Trust. D) Antonie 
van Leeuwenhoek studied the morphology of spermatozoa from more than 30 species. These drawings are from 
his original studies. From 1 to 4, rabbit spermatozoa; from 5 to 8, dog spermatozoa. Image source: Smithsonian 
Museum. E) Nicolaas Hartsoecker shaped the preformationism theory in this illustration, in which a human 
fetus is drawn into a spermatozoon. Image source: Science communication blog: http://web.expasy.org         
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Microtubules are hollow polymers composed of α- and β-tubulin dimers. α- and β-

tubulin dimers are very similar in terms of structure and size (Nogales et al., 1998). The 

self-assembly of the α- and β-tubulin dimers results in polarized protofilaments that 

form the microtubule through lateral interactions. In mammals, most of the 

microtubules are composed of 13 protofilaments (Figure 2). However, this number can 

be variable in some species and in vitro microtubules can have between 12 to 17 

protofilaments (Chretien and Wade, 1991). The protofilaments are organized in the so-

called “B-lattice” structure, in which contacts occur with the same α or β monomer, 

with the exception of one protofilament, in which the interaction is α-β, known as 

“seam”; hence microtubule polymers are not completely symmetric (McIntosh et al., 

2009). As mentioned before, microtubules are polarized structures. One end has an 

exposed α-tubulin (the minus-end) whereas the other has an exposed β-tubulin (the 

plus-end). This feature provides different dynamic characteristics to each end and a 

polarity that can be read by molecular motors.  

 

Tubulins are intrinsically bound to GTP or GDP. α- and β-tubulin dimers have two 

GDP/GTP binding sites, one in the α-tubulin subunit (N or non-interchangeable site) 

and another in the β-tubulin subunit (E or exchangeable site). Free tubulin dimers have 

a GDP nucleoside in the E site, and a non-interchangeable GTP, at the N-site. When 

GDP is exchanged by GTP at the E site on β-tubulin, the dimer is competent for 

addition to the microtubule plus-end (Alushin et al., 2014). Once new heterodimers are 

incorporated to the growing microtubule end, GTP hydrolysis occurs at the E site so the 

lattice of the microtubule is formed by β-tubulin bound to GDP. This process induces a 

conformational change within the microtubule structure that confers instability to the 

growing microtubule while protecting it from depolymerization through the presence of 

the so-called GTP cap (Alushin et al., 2014; Nogales et al., 1999).  

 

Microtubules are dynamic filaments; they can grow or shrink. This is probably the most 

interesting feature of the microtubules, which is still understudied because of its 

complexity. Already in 1986 Horio and colleagues observed that the microtubule minus 

and plus-ends have different kinetics of growing (occurring preferentially at the plus-

end) and shrinking (Horio and Hotani, 1986). 
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Between the 60s and the 90s, a series of observations lead Mitchison and Kirschner to 

propose the concept of “Dynamic instability of microtubule growth”. These 

observations were the followings: 

 

1. When α/β-tubulin dimers are GTP bound, microtubule growth (or 

polymerization) is promoted.  

2. When α/β-tubulin dimers are GDP bound (at the E site), microtubule shortening 

(or depolymerization) is promoted. This concept is known as catastrophe.   

3. A GTP-cap is present at the microtubule plus-end. 

4. In the same microtubule population, some microtubules can grow whereas 

others can shrink. 

 

Taking all these data together, Mitchison and Kirschner proposed that microtubules 

have the dynamic capacity to polymerize and depolymerize constantly and that, 

depolymerization occurs when the GTP-cap is lost (Mitchison and Kirschner, 1984) 

(Figure 2). Hence, a microtubule maintains its capacity to grow as long as it has a GTP-

cap. A shrinking microtubule can grow again if a “rescue” occurs. Few year later, Verde 

and colleagues (Verde et al., 1992) postulated that the size of a microtubule population 

(L) can be described through a mathematical formula that considers four parameters: the 

velocity of growth (Vg), the velocity of shrinkage (Vs) and the frequencies of 

catastrophe (Fcat) and rescue (Fres).  

 

L = (VgFres – VsFcat) / (Fcat+Fres) 

 

Interestingly, several Microtubule Associated Proteins (MAPs) modulate these 

parameters and define microtubule dynamics. For instance, XMAP215 (Xenopus laevis 

Associated Protein 215) increases microtubule elongation and shortening velocity 

mainly at the plus-end; therefore, microtubules are more dynamic in the presence of 

XMAP215 protein in vitro (Gard and Kirschner, 1987; Vasquez et al., 1994). 
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Figure 2: Microtubule dynamic instability. Microtubules are polarized hollow polymers composed of 
the head-to-tail association of α- and β-tubulin heterodimers forming a protofilament. In most mammals, 
microtubules are formed by the lateral interaction of 13 protofilaments. Because of microtubules are 
polymerized structures, the minus and plus-ends have different kinetics (the minus-end (α-tubulin) is less 
dynamic than the plus-end (β-tubulin)). There are two main types of interactions within the microtubule, 
the lateral and the longitudinal (interdimer interface). The lateral interactions are less strong compared 
with the longitudinal ones. Microtubules can grow and shrink stochastically. The switching between the 
two phases is mainly driven by the β-tubulin monomer capacity to hydrolyze the GTP. β-tubulin is GTP 
bound when it is incorporated to the microtubule forming a GTP-cap at the microtubule plus-end that 
prevents microtubule depolymerization. Upon the addition of sequential microtubule dimers, the GTP is 
hydrolyzed to GDP inducing a conformational change that destabilizes the microtubule lattice. When this 
GTP cap is lost, the microtubule becomes unstable and depolymerize. A depolymerizing microtubule can 
be rescued and grow again.      

 

Many structural analyses have been performed to study how the GTP to GDP transition 

affects the microtubule structure to promote depolymerization. When GTP is 

hydrolyzed, α-tubulin compacts slightly and the longitudinal microtubule structure is in 

an unfavorable “intermediate” state reminiscent of the active microtubule 

depolymerization structure (Alushin et al., 2014; Mitchison, 2014; Ravelli et al., 2004). 

Next, the plus-end curls outward promoting the lateral destabilization of the 

protofilaments, whereas the longitudinal ones are maintained. Finally the microtubules 

are disassembled into α-β oligomers and dimers (Alushin et al., 2014; Mandelkow et 

al., 1991). As microtubules are polarized filaments, each microtubule end (plus and 
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minus) has different kinetics of polymerization/depolymerization. Plus-ends are more 

dynamic compared with minus-ends.  

 

Beyond the mechanistic description of the “microtubule dynamic instability properties”, 

why is this important for the cell? First, because it allows the rapid reorganization of the 

microtubule network (Burbank and Mitchison, 2006). Therefore, the cytoskeleton and 

the cell can adapt rapidly to external and internal signals. For example, microtubule 

dynamics is crucial for the rapid transitions between interphase and mitosis. Second, 

microtubules are involved in cellular migration (Etienne-Manneville, 2004). Although 

the main cellular components responsible for cell migration are the actin filaments 

through the formation of filopodia and lamellipodia, when the microtubule dynamics are 

perturbed, lamellipodia formation is inhibited, and therefore, cell motility is impaired 

(Liao et al., 1995). And third, microtubules give shape to the cell and their dynamics 

favors the rapid transition and adaptability to different cell shapes.  

 

Microtubules can spontaneously polymerize in vitro by incubating only a few 

components: tubulin dimers, GTP and Mg2+ ions. However, polymerization only occurs 

above a critical tubulin concentration that is above physiological levels. In mammalian 

cells, the tubulin concentration is around 25µM. Therefore, additional mechanisms exist 

in the cell to promote microtubule nucleation under physiological conditions, and the 

most studied one involves the γ-tubulin complex. 

 

B. Microtubule nucleation: 
1. Microtubule nucleation complexes:  

Because of the intrinsic high dynamicity of the microtubules, the cell has developed a 

machinery that promotes and defines microtubule nucleation in time and in space and 

constricts the number of protofilaments.  This involves a γ-tubulin complex which is the 

main driver of microtubule nucleation acting as a seed. This “seed” is the γ-TuRC (γ-

Tubulin Ring Complex). This complex is formed by the interaction of 6 different 

components: γ-tubulin, GCP2 (γ-tubulin complex protein 2), GCP3, GCP4, GCP5 and 

GCP6. A minimal subcomplex (also known as the core machinery of the γ-TuRC), the 

γ-TuSC (γ-Tubulin Small Complex) consists of 2 γ-tubulin units and CGP2 and CGP3 

(Figure 3A). Although both the γ-TuSC and the γ-TuRC can nucleate microtubules, the 
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γ-TuSC nucleates less microtubules than the γ-TuRC (Oegema et al., 1999), suggesting 

that the whole complex is not essential, but it is necessary to efficiently nucleate 

microtubules in vivo. Furthermore, some specific components of the γ-TuRC (GCP4, 

GCP5, GCP6) are important for the localization of the complex to different microtubule 

organizing centers (MTOCs) of the cell.  

 

The γ-TuRC is composed of 13 γ-tubulin subunits forming an open ring structure of 

25nm in diameter that caps the microtubule minus-end. It was characterized the same 

year in Drosophila (Moritz et al., 1995) and in Xenopus laevis oocytes (Zheng et al., 

1995). In 2010, the γ-TuSC structure was resolved by cryo-electron microscopy 

(Kollman et al., 2010). Kollman and colleagues observed that the γ-TuSC can assemble 

13 protofilament-like structures. All these data suggest that the γ-TuRC can act as a 

microtubule-nucleating template, where α- and β-tubulin dimers can be subsequently 

added, defining the number of protofilaments per microtubule (Figure 3A).  

 

More components of the γ-TuRC were identified that do not belong to the GCP protein 

family: Mozart 1 and 2 (Mitotic-spindle organizing protein associated with a ring of γ-

tubulin) (Teixido-Travesa et al., 2010) (Cota et al., 2017) and NEDD1 (Neural precursor 

cell extressed developmentally down-regulated protein 1) (Luders et al., 2006). Their 

role within the γ-TuRC is to regulate its localization and activation (Cota et al., 2017; 

Kollman et al., 2011; Teixido-Travesa et al., 2010). For instance, Mozart 1 recognizes 

the fully assembled γ-TuRC and mediates γ-TuRC interaction with NEDD1 (Cota et al., 

2017), which is the main γ-TuRC targeting factor. In mitosis, the phosphorylation of 

NEDD1 on different sites regulates the targeting of γ-TuRC to different MTOCs 

(Microtubule Organizing Centers) (centrosome, chromatin and pre-existing 

microtubules).   

 

The γ-TuRC complex localizes to the different MTOCs, where it is the main 

microtubule nucleation complex. In the following section, I will discuss the main 

MTOCs identified so far. 

 

2. Microtubule Organizing Centers of the Cell: 

While the centrosome is recognized as the main MTOC of the cell, many other 

subcellular structures have the capacity to organize microtubules such as the Golgi 
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apparatus, the mitotic chromosomes, the mitochondria, the nuclear envelope and the cell 

cortex. 

 

-‐ The centrosome: the centrosome is the main MTOC of the cell (Figure 3B). It 

is composed of two centrioles surrounded by pericentriolar material (PCM). 

Both components of the centrosome, the centrioles and the PCM are important 

for its microtubule nucleation activity. Centrioles are barrel shaped microtubule 

structures oriented perpendicularly to each other. The PCM is comprised by a 

mass of proteins important for different centrosomal activities, such as 

centrosome duplication and microtubule assembly. The process of centrosome 

maturation occurs as the cell prepares to enter mitosis. Centrioles acquire PCM 

components and their microtubule nucleation activity increases. Centrioles can 

also act as a template for cilia and flagella. In the following section I will explain 

and discuss further this exciting non-membranous structure. 

 

-‐ The Golgi apparatus: the Golgi apparatus is typically known for its role in 

protein biogenesis. Golgi receives proteins packaged into vesicles from the 

Endoplasmic Reticulum. The main function of the Golgi is to modify these 

proteins and sort them to be distributed to specific intracellular localizations or 

to the extracellular space. However, in 2001 Chabin-Brion and colleagues 

discovered that the Golgi apparatus is the second source of microtubule 

nucleation in interphase cells (Chabin-Brion et al., 2001) (Figure 3C). To give a 

brief mechanistic explanation, AKAP450 (A-Kinase anchoring protein 450) 

protein accumulates at the cis-Golgi membrane though its interaction with the 

Golgi protein GM130 (Golgi Matrix protein 130kDa). This protein has a 

structure very similar to pericentrin. It recruits CDK5RAP2 (CDK5 regulatory 

subunit-associated protein 2 or centrosomin) and myomegalin, and this complex 

is able to recruit γ-TuRCs to the cis-Golgi side, stimulating microtubule 

nucleation (Wu et al., 2016). Recently it was also observed that the Golgi 

apparatus contributes to mitotic spindle assembly (Wei et al., 2015).    

 

-‐ The mitotic chromosomes: in mitosis, chromatin was found to trigger 

microtubule assembly (Karsenti et al., 1984a) and meiotic and mitotic spindle 
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assembly without the need of any other MTOC (Holubcova et al., 2015) (Figure 

3D). It was then found that it is dependent on the formation of RanGTP in the 

proximity of the chromatin, hence often called the chromatin driven microtubule 

assembly pathway. When the cells enter into mitosis, the nuclear envelope 

breaks down (NEBD) and the nuclear and cytoplasmic material mix. Because 

RCC1, the Ran exchange factor, is associated with the chromatin, a RanGTP 

gradient forms centered on the chromatin. This results in the release of spindle 

assembly factors (SAF) in the vicinity of the chromatin promoting microtubule 

nucleation and spindle assembly. This pathway will be further commented in 

chapter II.D.  

 

-‐ Mitochondria: the role of the mitochondria as an MTOC has been only 

described in Drosophila spermatozoa (Chen et al., 2017) (Figure 3E). γ-TuRC 

is recruited to the Drosophila spermatozoa mitochondria trough a testis specific 

centrosomin splice variant. This MTOC activity is important to support 

spermiogenesis, which is the last step of spermatogenesis, when the sperm tail is 

formed (Chen et al., 2017).       

 

-‐ Nuclear Envelope: in some specific cells such as plant cells (cells without 

centrosomes) or animal muscle cells (differentiated cells), the nuclear envelope 

can act as an MTOC. PCM and/or γ-TuRC proteins, such as Mozart, localize to 

the nuclear envelope and anchor the γ-TuRC (Figure 3F). However, in most of 

the cells this is not the main microtubule nucleation pathway (Wu and 

Akhmanova, 2017). 

 

-‐ Cell cortex: there are some controversies on whether the cell cortex can also 

function as an MTOC or it only captures and anchores microtubules (Paz and 

Luders, 2018). In cells with apico-basal polarity, such as human epithelial cells, 

microtubules have a longitudinal organization with their minus-ends anchored to 

the apical side. This organization is important to maintain cell polarization (Wu 

and Akhmanova, 2017). γ-TuRC was found to be anchored to the apical cortex, 

however the exact mechanism is not known (Brodu et al., 2010) (Figure 3G). 
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Figure 3: γ-tubulin complexes and MTOCs. A) The γ-TuRC complex is formed by a variety of 
proteins that organize a cylindrical structure. On the top of this structure, α- and β-tubulin dimers can be 
subsequently added establishing the characteristic 13-protofilament microtubule organization. These γ-
TuRC complexes localize to the different cellular MTOCs, where they nucleate microtubules. In this 
representation, γ-tubulin, GCP2 and GCP3 are depicted in green, brown and red, respectively. GCP4 to 6 
are in blue and α- and β-tubulin in purple. B – G) Main cellular MTOCs described so far. These MTOCs 
are the centrosome, the Golgi apparatus, the chromosomes, the mitochondria, the nuclear envelope and 
the cell cortex. The centrosome is the main MTOC in most of cells and organisms, whereas the 
Chromosomes can trigger the meiotic and mitotic spindle assembly without the contribution of the 
centrosome. Microtubules are represented as purple filaments.  
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C. The centrosome: 
1. Initial studies on the centrosome: 

In the late 19th century, two scientists, Edouard van Beneden and Theodor Boveri were 

independently studying the early mitotic divisions after fertilization in the nematode 

Parascaris quorum. In 1887, both scientists observed a structure at the spindle poles. 

Edouard van Beneden named it corpuscule central and Boveri centrosome. Boveri, who 

was at that time a postdoctoral researcher at the Zoological Institute in Munich, 

dedicated all his life to the study of this cellular organelle. He used to define the 

centrosome as “the true division organ of the cell; it mediates the nuclear and cellular 

division” (Scheer, 2014). But not only he discovered the centrosome as an organelle, but 

also published some observations that are still under study: 

 

-‐ The centrosome is maintained throughout the cell cycle. 

-‐ It duplicates and separates. 

-‐ It can form and organize the mitotic spindle. 

-‐ It defines the axis of cell division. 

-‐ Abnormal centrosome numbers cause abnormal mitotic spindles and cell 

divisions. 

-‐ At the center of the centrosome, there is a structure that he named centriole. 

-‐ Centrosomes are not essential, but they help to establish the bipolar spindle. He 

suggested that the centrosome is “the most elegant solution to a problem that can 

also be solved in other and probably multiple other ways”. 

 

One observation that Boveri did in 1888 is of special interest for this thesis. During that 

year, he was a visiting scientist in the Zoological Station in Naples. There, he started to 

study the process of fertilization in sea urchin. He observed that, after fertilization, a 

microtubule aster forms around the sperm midpiece (where the centrosome is located). 

This was the first hint that the centrosome can be inherited from the spermatozoon 

during fertilization.   

 

Boveri, therefore, defined the main principles in the field of centrosome biology; but he 

also contributed to other scientific areas. For example, he contributed to the 

development of the chromosome theory of inheritance (Satzinger, 2008; Wunderlich, 
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2002). A special mention should also be made of his co-worker and wife, Marcella 

O’Grady Boveri. Originally from Boston, she was the first woman graduated in biology 

at the Massachusetts Institute of Technology (MIT), as well as one of the first women to 

be accepted in a German university (Satzinger, 2008). Although she is not recognized as 

a co-author of her husband discoveries, she contributed experimentally and 

intellectually to most of his investigations. Hence, in my opinion, taking into account 

the limited technologies they had at the time, I think that the Boveri couple (also known 

as “The Boveries”) was scientifically exceptional.   

 

2. The centrosome structure and composition: 

The centrosome has typically two centrioles (the mother and the daughter) surrounded 

by an electro-dense material called the PCM. When no centrioles are present, an 

acentriolar MTOC (aMTOC) may form. The centrioles are cylindrical structures 

composed of 9 microtubule triplets. The diameter of the centrioles is around 250nm and 

their length varies from 150 to 500nm depending on the cell type (Winey and O'Toole, 

2014) (Figure 4). However, if we look closely at its structure, additional elements can 

be defined: the appendages, the intercentriolar linker and the cartwheel structure. 

 

-‐ Centriolar microtubules: each centriole is formed by microtubule doublets (A 

and B) at its distal part and microtubule triplets (A, B and C) at its proximal part 

(Figure 4). Why this polarity? We really do not know. However, what we know 

is that the proximal part is enriched in PCM and it is where the cartwheel 

structure forms, and the distal part is where the appendages form. The centriolar 

microtubules are highly stable and do not depolymerize when exposed to 

Nocodazole or cold treatments, and they have a slow turnover (Kochanski and 

Borisy, 1990). The doublet/triplet structure also seems essential because when it 

is perturbed, centrioles fail to mature, and they finally disintegrate (Wang et al., 

2017). The centriolar microtubules are enriched in tubulin post-translational 

modifications (tubulin PTMs) including: detyrosinated tubulin, acetylation, 

polyglutamylation and ∆2-tubulin. When cells are incubated with antibodies 

against polyglutamylated, detyrosinated or acetylated tubulin, centrioles are 

destabilized (Bobinnec et al., 1998a). This suggests a role for these tubulin 

modifications in long-term centriolar microtubule stability. 
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-‐ Pericentriolar Material: the PCM is an electro-dense material composed of 

many different proteins. One important focus in centrosome research is the 

characterization and identification of PCM components.  Many approaches have 

been used in order to identify new PCM components, such as proteomics and 

BioID methods (Andersen et al., 2003; Firat-Karalar et al., 2014a). So far, more 

than one hundred of proteins have been found to be components of the PCM 

(Andersen et al., 2003), but it is possible that there are many more. By the fact 

that many proteins localize to the centrosome could be explained because the 

centrosome acts as a hub to coordinate different signaling pathways. In many 

cases, the depletion /silencing of any of these components result in an increase 

of abnormal spindles and mitotic index (Lawo et al., 2009). One important 

challenge is to understand how all these proteins organize around the centrioles. 

Previous observations suggested that they form an electro-dense material 

randomly organized. However, in 2012, the structural organization of some of 

the PCM proteins was elucidated in human cells and in Drosophila embryos 

(Lawo et al., 2012; Mennella et al., 2012). The PCM is organized around the 

proximal part of the centrioles in a toroidal fashion during interphase (Figure 5). 

Pericentrin is a key component in the organization of this matrix (Lawo et al., 

2012). It is anchored to the centriole through its C-terminal part and extends 

through the PCM. Depletion of pericentrin highly affects the PCM toroidal 

structure and protein recruitment, suggesting that it acts as a protein scaffold 

(Lawo et al., 2012). This interphase PCM is known as “inner PCM layer”. When 

cells enter into mitosis, the PCM expands and an “outer PCM layer” assembles 

involving different phosphorylation cascades (Conduit et al., 2010; Woodruff et 

al., 2014) that seems to be less organized. In mitosis, CdK5Rap2 (or 

Centrosomin) plays an important role. After PLK1 phosphorilation, CdK5Rap2 

forms a scaffold that resembles the pericentrin longitudinal structure, and 

recruits many PCM proteins (Feng et al., 2017b). In the absence of this protein, 

the formation of mitotic centrosomes is highly affected (Conduit et al., 2014). 

Therefore, pericentrin and CdK5Rap2 seem to be the long time searched 

proteins that link the PCM with the centrioles. One of these PCM anchored 

components is the γ-TuRC. At this point, two different concepts arise and 

differences have to be pointed out: PCM referres to all the proteins that 
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surrounds the centrioles, whereas centrosomal proteins include centriolar and 

PCM proteins. In table 1 I summarize some of the most important centrosomal 

proteins and the phenotypes observed upon their silencing/depletion. 

 

Centrosomal proteins are on average, large and enriched in disordered and 

coiled-coil domains. This makes them difficult to study because they tend to 

precipitate or aggregate when overexpressed (Dos Santos et al., 2013). The fact 

that these proteins are enriched in disordered and coiled-coil regions may allow 

their interaction with many different proteins (Dos Santos et al., 2013; Garcia-

Mayoral et al., 2011).    

 

-‐ Appendages: one of the two centrioles (the older one or mother centriole. See 

section II.C.3) acquires two different appendage structures: the distal and the 

subdistal appendages (Figure 4). These structures are a marker of centriole 

maturation and age. They assemble on the distal centriolar microtubules. The 

main function of these appendages is to dock the centrosome to the cell 

membrane to form the basal body of cilia and flagella (Winey and O'Toole, 

2014). Therefore, they are necessary for the conversion of the centrosome to a 

basal body (Table 1).  
 

-‐ Intercentriolar linker: the intercentriolar linker provides a physical connection 

between the two centrioles (Figure 4) (Bornens et al., 1987). It is formed during 

S-phase and eliminated in G2/mitosis. The linker is mainly composed of C-

Nap1, rootletin and Cep68 (Bahe et al., 2005; Graser et al., 2007).  

 
-‐ Cartwheel structure: this is the scaffold on which a new centriole forms during 

centrosome duplication. The cartwheel structure forms through a 9-fold 

symmetry oligomerization of the SAS-6 protein (Spindle assembly abnormal 

protein 6) through its N-terminus (Figure 4). The SAS-6 interacting partner, 

Cep135 (Centrosomal protein of 135 kDa), is essential for this ring structure to 

form in vitro. One ring acts as a seed for the sequential binding of ring pairs that 

stack vertically to form the cartwheel (Guichard and Gonczy, 2016; Guichard et 

al., 2017; Hilbert et al., 2016). Centriolar microtubules assemble then around 

this approximately 100nm high scaffold. Centrioles can also assemble de novo 
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and does not require SAS-6 protein self-oligomerization (Wang et al., 2015). 

These data were mainly obtained thanks to the development of a novel technique 

that uses cryo-electron tomography on purified centrioles and on purified 

centriolar proteins that reconstitute centriole assembly in a cell-free environment 

(Guichard et al., 2017). During mitosis, the cartwheel structure is lost (Arquint 

et al., 2014). However, the centrioles maintain its 9-fold typical structure. 

 

 
 
Figure 4: Centrosome structure. The centrosome is composed of two centrioles and the pericentriolar 
material (PCM). In this image I represented the centrioles and all the elements directly linked to them. 
Both centrioles, the mother and the daughter, are composed of 9 microtubule triplets. These microtubule 
triplets are A, B and C. A and B are full size tubules whereas C is proximately half in length. The mother 
centriole is decorated at its distal end with the distal and sub-distal appendages. These appendages are 
markers of centrosome age and they are needed to link the centrosome to the cell membrane to form the 
cilium in G0, therefore, they are essential for the centrosome to basal body conversion. The dynamic 
fibers that link both centrioles are known as intercentriolar linkers. Inside the centriolar lumen there is a 
9-fold symmetry structure composed of oligomerized SAS-6, the cartwheel. This structure acts as a 
scaffold on which the microtubule triplets assemble to form the centriole per se. When cell enters into 
mitosis, the cartwheel and the linker are eliminated to allow the separation of the duplicated centrosomes. 
At the bottom of the figure: Native Chlamydomonas cartwheel structure Image taken by cryo-
tomography. Guichard et al., 2016.    
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Table 1: Centrosomal proteins and the associated silencing phenotypes. Cep, centrosomal-associated 
protein; Spd, spindle defective; CPAP, centrosomal P4.1-associated protein; SasX, spindle assembly 
abnormal protein X homologue; Ana, anastral spindle; STIL, SCL/TAL1-interrupting locus protein; 
CDK5RAP2, CDK5 regulatory subunit associated protein 2; Cnn, centrosomin; CG-NAP, Centrosome 
and Golgi localized PKN-associated protein; AURKA, Aurora Kinase A; PPPX, Protein Phosphatase X; 
CP110, Centriolar coiled-coil protein of 110kDa; Bld10p, Basal Body protein 10; POC1, Protein of 
centriole 1; CCDCX, Coiled-coil domain containing X; SCLT1, Sodium channel and clathrin linker 1 and 
FBF1, Fast Binding Factor 1. Table adapted from (Bettencourt-Dias and Glover, 2009) and (Woodruff et 
al., 2014). 

ACTIVITY	   PROTEIN	   PHENOTYPE	  
Scaffold	   CDK5RAP2	  (Cnn	  or	  

Spd-‐5)	  
Reduced	  PCM,	  centriole-‐PCM	  attachment	  defects	  
	  

Cep152	  (Asterless)	  
	  

Centriole	   duplication	   defects,	   reduced	   PCM,	   no	   PLK-‐4	  
recruitment	  

Cep192	  (Spd-‐2)	   Centriole	   duplication	   defects,	   reduced	   PCM,	   no	   PLK-‐4	  
recruitment.	  No	  SPD-‐5	  polymerization	  in	  vitro	  

Cep295	  (Ana-‐1)	   Centriole	   to	   centrosome	   conversion	   defects.	   PCM	  
reduction	  

CG-‐NAP	   Centriole	  duplication	  defect	  
CPAP	  (Sas-‐4)	   Centriole	   duplication	   and	   assembly	   defects,	   reduced	  

PCM	  
γ-‐tubulin	   Aberrant	   centriole	   duplication	   and	   structure.	   Impaired	  

spindle	  assembly	  and	  MT	  nucleation	  
Pericentrin	   Reduced	  PCM	  
STIL	  (Ana-‐2)	   Centrosome	  duplication	  defects	  

Centriole	  
biogenesis	  

Centrin	   No	  duplication,	  aberrant	  centriole	  segregation,	  aberrant	  
duplication	  geometry	  

Centrobin	   No	  duplication	  
Cep135	  (Bld10p)	   No	   duplication,	   disorganized	   microtubules.	   Centriole	  

assembly	  defects	  
CP110	   No	  duplication,	  no	  reduplication	  or	  amplification	  

∂	  and	  ε-‐Tubulin	   Centriole	   stability	   disrupted,	   singlets,	   no	   duplication,	  
aberrant	  PCM	  organization	  

POC1	   Smaller	  centrioles,	  no	  duplication.	  
SAS-‐6/SAS-‐4	   No	  duplication.	  If	  overexpression:	  overduplication	  

Kinases	   AURKA	   Centrosome	   separation	   defect,	   loss	   of	   effector	  
recruitment	  

PLK1	   Reduced	   PCM,	   loss	   of	   phosphorylations	   of	   Cdk5RAP2,	  
PCNT	  and	  SPD-‐5	  (no	  SPD-‐5	  polymerization	  in	  vitro)	  

PLK4	   It	   is	  a	   triggering	   factor.	  No	  duplication,	  no	   formation	  of	  
basal	  bodies.	  If	  overexpression:	  overduplication	  

Phosphatases	   PPP2ca	   Centriole	   duplication	   defect,	   loss	   of	   MT	   stability	   via	  
TPX2	  and	  KLP-‐7,	  centrosome-‐nuclei	  detachment	  

PPP2r1a	   Centriole	  duplication	  defect	  
PP4c	   Aberrant	  pericentrin	  foci,	  loss	  of	  effectors	  and	  kinases	  

Appendages	   Distal:	  CCDC41,	  
CCDC123,	  Cep164,	  
FBF1,	  SCLT1	  

Subdistal:	  Centrolin,	  
Cep170,	  ε-‐tubulin,	  

Ninein	  
	  

Aberrant	   basal	   body	   docking.	   No	   cilia	   formation.	  
Aberrant	  centriole	  microtubule	  triplets	  
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3. The centrosome cycle: 

The centrosome duplicates once per cell cycle during S-phase synchronously with DNA 

replication (Figure 5). This cell cycle dependent mechanism ensures that the 

centrosome duplicates only once per cell cycle. Polo-like kinase 4 or PLK4 (member of 

a mitotic serine-threonine kinase family) is a key component for the centrosome 

duplication cycle. Its thigh regulation is crucial as PLK4 overexpression induces 

centrosome amplification. Heterozygous PLK4+/- adult mice develop tumors whereas 

the development of homozygous PLK4-/- mice arrests during gastrulation (Bettencourt-

Dias et al., 2004; Habedanck et al., 2005; Bettencourt-Dias et al., 2005; Ko et al., 2005).  

 

There are four main events during the centrosome cycle: centriole disengagement (G1 

phase), procentriole formation (S phase), centriole maturation (G2 phase) and centriole 

separation and spindle pole localization (M phase).  

Two main events license centriole duplication: the centriole disengagement and 

centriole to centrosome conversion (Nigg and Holland, 2018). Centriole disengagement 

requires the activity of separase and PLK1. This process consists on the separation of 

the newborn centriole attached to the mother centriole wall (Nigg and Holland, 2018; 

Tsou and Stearns, 2006). Centriole to centrosome conversion is the sequential loading 

of various centriolar and pericentriolar proteins such as Cep135, Cep295 and Cep152 

(from the inner to the outer part of the daughter centriole respectively) around the 

newborn centriole during mitosis and G1 (Fu et al., 2016). The newborn centriole 

acquires thereby the competence for duplication in the following cell cycle.  

Interestingly, Cep295 is a key factor for this process. It physically interacts though its 

N-terminus with Cep135 and through its C-terminus with Cep152, acting as a linker (Fu 

et al., 2016). The absence of Cep295 abolishes PCM formation (Izquierdo et al., 2014).  

 

At the beginning of S-phase, PLK4 foci form on each of the two centrioles (mother and 

daughter centrioles) (Sonnen et al., 2013) establishing the position where the two 

procentrioles will assemble. The phosphorylation of STIL by PLK4 leads to the 

recruitment of SAS6, and later CPAP. SAS-6 self-oligomerizes forming the cartwheel at 

the proximal end of the mother centriole. However, an alternative model based on 

centriole template has emerged. A transient recruitment of SAS-6 into the lumen of the 

mother centriole was observed in cultured cells. In the lumen, SAS-6 and CPAP 

oligomerize forming the typical cartwheel ring. Then, through the action of PLK4 and 



Introduction 

24 

STIL, this ring is released and, probably, loaded to the PLK4 foci at the surface of the 

mother centriole (Fong et al., 2014). These observations suggest that the centriole could 

acts as a template to ensure the 9-fold symmetry of the new procentriole and act as a 

regulator of the centriole structure. In any case, independently of the mechanism, it is 

now clearly established that SAS-6, STIL and CPAP are rapidly loaded to the 

procentriole formation site and they are involved in the early steps of centriole 

duplication.  

 

The last centrosome maturation step occurs during G2 and M phase. It is defined by the 

expansion of the PCM and an increase of its microtubule nucleation activity (Piehl et 

al., 2004) to prepare the centrosomes for they role in bipolar spindle assembly. The 

PCM recruitment capacity is only acquired by the mother and daughter centrioles 

whereas procentrioles do not recruit PCM until the next cell cycle. This process is 

orchestrated by PLK1 dependent phosphorylation activity (Lane and Nigg, 1996; Wang 

et al., 2014; Woodruff et al., 2014).  

 

Another event that is cell cycle regulated is the acquisition of appendages. Only the 

mother centriole has both distal and sub-distal appendages. Therefore, only one 

centriole per cell cycle has the capacity to dock to the cell membrane and act as a basal 

body. The daughter centriole acquire the appendages during G2 and/or M phase (Nigg 

and Holland, 2018).  

 

Finally, when cells enter into mitosis, the mother and daughter centrioles (previously 

interconnected through the intercentriolar linker) separate forming two independent 

identities that move in opposite directions and get positioned at the spindle poles 

(Figure 5). 
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Figure 5: Centrosome cycle. The centrosome, in normal physiological conditions, duplicates only once 
per cell cycle.  At each cell cycle phase, specific events occur that ensures correct centrosome duplication. 
In G1 the centrioles disengage. In the previous cell cycle, the centrioles and the procentrioles are linked 
with fibers (blue lines in the figure). At the M to G1 transition the linkers are eliminated by the action of 
separase. This separation licenses the centrosome to start its duplication cycle. During S phase different 
phosphorylation events, orchestrated by PLK4 mark the place and the timing of centrosome duplication. 
At the proximal end of the mother and daughter centrioles, a PLK4 foci licenses the accumulation of 
SAS-6. While the cartwheel is forming, microtubules build up around the cartwheel forming a 
procentriole at a right angle. PLK4 localization at the newborn centriole also exhibits an inhibitory effect 
to the mother centriole suppressing centriole overduplication (Kim et al., 2016). At the end of S-phase 
and G2-phase, procentrioles elongate and the PCM increases, a process known as centrosome maturation. 
The PCM is composed of many different proteins arranged in a toroidal way. Pericentrin acts as a 
scaffold protein. Its C-terminal part (PACT domain) is in contact with the centriole wall, and extends 
outward along the PCM. Other PCM proteins arrange around the centriole in a specific disposition: 
Cep120, Cep192, Cep152, CDK5RAP2, NEDD1 and TUBG1. During this phase, the daughter centriole 
starts to acquire the appendages, and in the next cell cycle the daughter centriole becomes a mother 
centriole. When cells enter into mitosis, the intercentriolar linker is disolved and each individual 
centrosome gets positionned at one spindle pole, to contribute to spindle assembly, bipolarization and 
positioning in the cell. To summarize, each cell cycle starts with one centrosome (one mother and one 
daughter centriole). During interphase, two centrosomes are formed. In the next cell cycle, the mother 
centriole continues being the mother centriole in one cell, and the daughter centriole takes the role of a 
mother centriole in the other cell.  
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Mother and daughter centrioles are different in terms of structure and in behavior. For 

example, when mitosis is completed, the mother centriole remains near to the cell center 

whereas the daughter centriole can move throughout the cytoplasm (Piel et al., 2000). 

When the centriole starts to duplicate, this behavior stops. This could be explained by 

the differences in microtubule nucleation. The mother centriole is already mature, with 

the appendages and many PCM material associated, whereas the daughter centriole still 

needs a cycle to acquire the same level of associated components.       

 

4. Phase-separation as a new model for non-membranous structures – PCM as an 

example: 

I would like to make a special mention to a new model based on phase-separation for 

the assembly of non-membranous organelles such as the centrosome. In vitro, the 

Caenorhabditis elegans PCM protein SPD-5 (CDK5RAP2 – human homologue) can 

polymerize into spherical condensates in a crowded environment. These condensates act 

as a scaffold for the recruitment of other proteins such as tubulin, TPX2 and XMAP215 

(these last two proteins lower the critical tubulin concentration needed for spontaneous 

polymerization). Thereby, tubulin concentration increases and microtubule asters form. 

The assembly of this network is accelerated when two more PCM components are 

added: PLK-1 and SPD-2 (Cep192) (Woodruff et al., 2017; Woodruff et al., 2015).  As 

the tubulin concentration in the cell is below the critical polymerization rate, this model 

suggests that the centrosome (or PCM) is a matrix that favors the accumulation of 

tubulin, in other words, it concentrates tubulin and favors microtubule nucleation 

without the requirement of γ-tubulin.  

 

In the cell, not only the centrosome exhibits this biomolecular condensation property; 

other non-membranous organelles are assembled as liquid-like condensates and 

converted to harder condensates (gel-like state - amyloid-like fibers) such as the 

Balbiani body in oocytes (Boke et al., 2016; Woodruff et al., 2018). 

 

The understanding of the mechanism of PCM assembly and organization has changed 

during these recent years. From the perception that the PCM is an amorphous mass of 

proteins, the use of high-resolution microscopy approaches has demonstrated that in fact 

these proteins are arranged and interact in specific patterns. However, the phase 

separation model suggests that a proteinaceous scaffold can concentrate MAPs without 
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a strict order. In fact, both models could be true, and could take place in the same cell. 

For instance it is possible that the first phases of centrosome formation are based on 

phase-separation condensates and latter, in aged centrosomes, the recruited proteins 

rearrange in a high-structured network.    

 

5. A short description of the centrosome functions 

In this section I will describe briefly some of the most important functions of 

centrosomes. Additional information can be found in the next chapters, where I define 

the role of the centrosome during development. As I explained before, the main function 

of the centrosome is to act as MTOC, therefore, microtubule nucleation and 

organization is the main role of the centrosome. However, it has many other functions in 

cell cycle regulation, intracellular components distribution, asymmetric cell division, 

polarity establishment and cilia and flagella formation, amongst others. 

 

During interphase, the centrosome localizes next to the nucleus, in a privileged location 

to organize many cellular events. It is probably because of that fact that many proteins 

localize to the centrosome, such as cell cycle regulators. It also nucleates a big array of 

microtubules that not only provides cellular support but also polarity, important for the 

directional movement of intracellular components by molecular motors (Rusan and 

Rogers, 2009). Another important role of the centrioles is to act as a basal body of cilia 

and flagella. The cilium acts as a sensory organelle and performs essential functions in 

brain development, respiratory function, amongst other essential processes for the 

organism survival. The flagellum is particularly important for spermatozoa; the 

centrioles form the seed for the axomene formation and therefore spermatozoa motility.  

 

In mitosis, the centrosomes contribute to spindle assembly, although it is dispensable. 

However, when mitotic cells are deprived of centrosomes, the genomic integrity is 

compromised, as well as cytokinesis with a subsequent cell cycle arrest (Bettencourt-

Dias et al., 2005; Khodjakov and Rieder, 2001).  The centrosomes also nucleate astral 

microtubules during cell division and play thereby an important role to position the 

spindle and establish the cell division plane. This is particularly relevant in asymmetric 

cell divisions. Finally, the differential distribution of proteins to one or the other 

centrosome can also specify the cell fate, as for example in the Drosophila male germ 

line (Yamashita et al., 2007).           
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With no doubt the centrosome plays a major role in most of animals and in humans. 

However, whether it is essential or not for organism survival is species-specific. For 

instance, flies without centrioles produce viable organisms (Basto et al., 2006), whereas 

PLK4-/- mice arrest after gastrulation (Hudson et al., 2001). Many human pathologies 

such as cancer and microcephaly are associated with abnormal centrosome number 

and/or function, (Bettencourt-Dias et al., 2011). Hence, it would be interesting to know 

whether centrosomes are essential for human early development.  

 

D. The RanGTP pathway: 
As I previously described, during meiosis and mitosis a centrosome independent 

microtubule assembly pathway plays a fundamental role in spindle assembly. This 

pathway relies on RanGTP. To understand this pathway, first we should take a glance at 

the nucleo-cytoplasmic transport.  

 

1. The nucleo-cytoplasmic transport: 

Cells consist of compartmentalized units separated, in most of the cases, by membranes. 

This is the case of the nucleus and the cytoplasm. They are independent units separated 

by two nuclear membranes, with an intranuclear lumen space between them (Strambio-

De-Castillia et al., 2010). However, the cell needs to connect these two compartments 

and this happens through nuclear pore complexes (NPC). NPC are macromelecular 

structures of a molecular mass of approximately 50mDa and composed of more than 30 

different proteins (Sorokin et al., 2007). The main function of the NPC is the exchange 

of proteins, RNA and other metabolites between the nucleus and the cytoplasm during 

interphase. But NPC components are also involved in other cellular roles such as DNA 

transcription and spindle assembly (D'Angelo, 2018). The nuclear-cytoplasmic 

exchange of small molecules through the NPC occurs freely, but the transport of larger 

proteins or macromolecules needs the help of other soluble factors known as 

karyopherin family proteins. Three main events occur during transport: 

 

1. Members of the karyopherin family (such as Importin ß1 – or Nuclear 

transport factors (NTF)) recognize and bind proteins with nuclear localization 
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sequences (NLS) or nuclear export sequences (NES). These are sequences of 

aminoacids that tags a protein for being translocated into or outside the nucleus.  

2. The NTF-cargo moves to the NPC and is translocated inside or outside the 

nucleus.  

3. The complex is disassembled.  

 

This is not a free energy process. This transport is regulated by the protein Ran, a Ras-

like GTPase (Joseph, 2006). Ran can be bound to either GTP or GDP. Ran-GTP is 

mainly enriched in the nucleus and Ran-GDP in the cytoplasm. In the cytoplasm, 

Importins α and ß recognize NLS-proteins and mediate their transport inside the 

nucleus. In the nucleus, RanGTP binds to the importins promoting the release of the 

cargo.  For exporting, proteins containing an NES bind preferentially to the RanGTP - 

exportin complex (such as CAS and CRM1). Once in the cytoplasm, GTP hydrolysis 

mediated by RanGAP1, releases NES-containing cargo and exportin. Ntf2 (Nuclear 

transport factor 2) helps RanGDP to enter back into the nucleus where the ran exchange 

factor RCC1 (Regulator of Chromosome Condensin 1 – asociated with the chromatin) 

exchange the GDP to GTP. This is a complex cycle process that ensures the 

directionality of transport (Figure 6). 
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Figure 6: Nucleo-cytoplasmic transport mediated by the RanGTP pathway. In cells in interphase, the 
exchange of proteins from the cytoplasm to the nucleus and vice versa is achieved through an energy 
driven transport based on a RanGTP gradient. The cytoplasm is enriched in RanGDP whereas the nucleus 
is enriched in RanGTP. The hydrolysis of the GTP to GDP drives the export of proteins, while proteins 
with NLS are transported inside the nucleus.   

 

2. The RanGTP dependent microtubule assembly pathway 

What was the need for a detailed explanation of the nucleo-cytoplasmic transport 

mechanism? In fact, when cells enter into mitosis they use a similar strategy to assemble 

bipolar spindles. 

Based on initial observations of Eric Karsenti after injection of phage DNA into 

Xenopus eggs (Karsenti et al., 1984b), Rebecca Heald in his lab, made a breakthrough 

discovery in 1996. DNA-coated beads incubated in Xenopus egg extracts triggered 

microtubule and spindle assembly (Heald et al., 1996) (Figure 7A). In other words, her 

experimental approach showed that without the need of centrosomes and kinetochores, 

chromatin can trigger somehow microtubule nucleation, assembly and organization to 

form a bipolar spindle. In 1999 the underlying unknown mechanism started to be 

elucidated. Several groups demonstrated that a RanGTP gradient triggered around the 

chromosomes by its exchange factor RCC1, was required for chromosomal-mediated 

spindle assembly (Carazo-Salas et al., 2001; Carazo-Salas et al., 1999; Kalab et al., 

1999; Wilde and Zheng, 1999; Ohba et al., 1999; Zhang et al., 1999). So, proteins 
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involved in the interphase nucleo-cytoplasmic transport were shown to be involved in 

spindle assembly. We know now that some nuclear proteins released from importins α 

and ß next to the chromatin by RanGTP  (Figure 7B) trigger microtubule assembly and 

stabilization and organization (Garrido and Vernos, 2016). One important RanGTP 

regulated factor is TPX2 (Gruss et al., 2001). Some of these factors can have different 

roles in interphase. This is the case of MCRS1 (Microspherula protein 1) (Meunier and 

Vernos, 2011) and other chromatin regulated factors (moonlight proteins). This non-

centrosomal microtubule assembly pathway was discovered and characterized in 

Xenopus egg extract, but later shown to also exist in somatic cells (Guarguaglini et al., 

2000) (Gruss et al., 2002; Kalab et al., 2006; Khodjakov et al., 2000). In cells that do 

not have centrosomes, such as human oocytes, the RanGTP pathway alone can govern 

spindle assembly (Holubcova et al., 2015).  

 

 

 
 
Figure 7: The RanGTP pathway in spindle assembly. A) Images taken from Heald et al., 1996. 
Spindles assembled in Xenopus egg extracts after addition of chromatin-coated beads or sperm DNA 
containing centrosomes. Note that both spindles are highly similar in terms of morphology. B) Schematic 
representation of the RanGTP pathway. The formation of a RanGDP – RanGTP gradient promotes the 
release of spindle assembly factors close to the mitotic chromosomes. These factors promote spindle 
assembly without the need of centrosomes.    
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E. Spindle assembly: 
1.The combined model of Search and Capture and Self-assembly: 

Although the RanGTP pathway alone can promote spindle assembly, very few cells take 

the risk of not having centrosomes; therefore, spindle assembly is mainly governed by 

the cooperation of the centrosome and the RanGTP pathway.  

 

In 1986 the “Search and Capture” model for spindle assembly was proposed by 

Kirschner and Mitchison (Kirschner and Mitchison, 1986). According to the model, 

microtubules nucleated by the centrosome are highly dynamic and explore the space 

until they are captured and stabilized when they do contact a kinetochore. However, this 

model is not sufficient to explain spindle assembly. Indeed, the nucleation activity of 

the centrosome is not sufficient to support spindle assembly and the microinjection of a 

negative form of Importin-ß in somatic cells (RanGTP gradient perturbed), promotes the 

formation of a microtubule aster (Kalab et al., 2006). The current model for spindle 

assembly encompasses both centrosomal and non-centrosomal microtubule assembly 

pathways (Heald and Khodjakov, 2015).  

In this model, when the cell enters into mitosis, the centrosomes act as the main MTOC. 

Their rapid microtubule nucleation provides an advantage to the cell, as they already 

establish spindle bipolarity cues. Indeed, cells with centrosomes display low multipolar 

spindles (Maiato and Logarinho, 2014). The activity of the RanGTP pathway, helped by 

the microtubule nucleation from preexisting microtubules, provides enough mass of 

microtubule to establish a functional spindle. Another important aspect is the timing. 

The RanGTP pathway accelerates this process but the centrosomes establish the kinetics 

of bipolar spindle assembly (Cavazza et al., 2016).   

 

2. Different classes of spindle microtubules: 

The bipolar spindle is a complex macromolecular machine constituted by three different 

classes of microtubules: 

 

-‐ The astral microtubules: they are only present in spindles with centrosomes. 

They are nucleated from the centrosome and extend towards the cell cortex. 

Their main role is to orient the spindle and define the cleavage plane. 
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-‐ The interpolar microtubules: they form a robust mass of microtubules. They 

are generated from one pole and extend towards the other. They establish anti-

parallel interactions that provide support for the forces required for chromosome 

movements (congressional and segregation). However, not all of them need to 

be connected.  

-‐ The kinetochore microtubules/fibers (or k-fibers): these are bundles of 

microtubules that connect the spindle poles with the kinetochores. These fibers 

provide forces that mediate chromosome movement. They are more stable than 

the other classes of microtubules.  

 

3. Regulation of microtubule dynamics and organization 

In interphase, microtubules are preferentially long and stable. However, when the cell 

enters into mitosis, microtubule dynamics increases exponentially. In mitosis, 

microtubules are rather shorts and unstable due to an increase on the frequency of 

catastrophe (Verde et al., 1992). These rapid changes in microtubule dynamics are 

regulated by the activity of different MAPs. For instance, the k-fibers of the bipolar 

spindle play with the microtubule dynamics to assemble functional spindles and to 

segregate the chromosomes in the two daughter cells. During anaphase, k-fiber + and – 

ends depolymerize. The NSL-complex is composed of 7 proteins, which main function 

in mitosis is to protect k-fibers – ends from depolymerization (Meunier et al., 2015). 

But many other proteins are involved in the microtubule dynamics regulation such as 

EB1, XMAP215 or the recently characterized FOR20 protein (Feng et al., 2017a).  

 

But not only microtubule dynamics are important to assemble a bipolar spindle, also 

proteins that reorganize microtubules are needed. The proteins that perform this 

function are known as molecular motors. Two main motors exist in the cell: dyneins 

(Gibbons and Rowe, 1965; Vallee et al., 1988) and kinesins (Vale et al., 1985), and both 

share the principle that they move in an energy dependent manner along the 

microtubules (Reck-Peterson et al., 2018). They can either transport cargoes, which 

includes microtubules, or organize microtubules. Dyneins are MDa complexes with a - 

directed movement; on the other hand, kinesins are + end directed motors. One of the 

main functions of both proteins in mitosis is to mediate pole focusing. For instance, 
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when dynein is inhibited in XEE, spindle poles are open and the centrosomes are 

detached (Heald et al., 1997).  

 

4. Spindle length: 

The cell size changes during development and the mitotic spindle length needs to adapt. 

What mechanism dictates the spindle size? This has been characterized over the last 

decade and, interestingly, using again the powerful Xenopus egg extract system. It 

involves cytoplasmic components. Microtubule associated proteins such as TPX2, Eg5 

and Katanin are major regulators of the spindle length (Helmke and Heald, 2014; 

Loughlin et al., 2011). Differences in their abundance and/or activity make Xenopus 

tropicalis spindles significantly shorter than Xenopus laevis ones. The cytoplasmic 

volume also drives spindle scaling. In a back-to-back paper in Science, both James 

Hazel and Matthew C. Good and colleagues used microfluidics to elucidate that the 

cytoplasmic volume rather than the cell shape is the major determinant of spindle 

scaling, by limiting the pool of cytoplasmic components (Good et al., 2013; Hazel et al., 

2013). This mechanism is conserved across metazoans phyla, with the exception of the 

female meiotic spindle (Crowder et al., 2015). 

 

F. Tubulin isotypes and post-translational modifications: 
Microtubules are involved in diverse cellular roles and they interact specifically with 

different proteins, motors, MAPs and severing enzymes. To generate the specificity of 

intereactions, microtubules rely on a code based on the combination of different tubulin 

isotypes and a range of post-translational modifications occurring at the C-terminal tail 

domains of the α- and ß-tubulin. This generates diversity of microtubules and specific 

binding properties and/or activity of microtubule associated proteins.  

 

Humans have 10 α-tubulin and 9 ß-tubulin gene isotypes. Moreover, there are 7 types of 

tubulin PTMs: tyrosination, detyrosination (generating Glu-tubulin), ∆-2 tubulin, 

monoglutamylation, polyglutamylation, monoglycylation and acetylation. When this 

code is perturbed the consequences go from cell cycle arrest to infertility or neuronal 

degeneration.  
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During my thesis I performed an extensive search in the literature to gather all the 

current information on the molecular characteristics of this code and its role during 

spermatogenesis, oogenesis and development, with a special focus on their clinical 

application (in ART). This information is reported in a review attached in Annex II and 

currently under review in the “Biology of Reproduction” journal entitled: Insights of the 

tubulin code in gametes and embryos: from basic research to potential clinical 

applications in humans. 

 

 
 
III. The oocyte: 
 
 
A. Oocyte structure: 
The oocyte is the female gamete. In the human species, as in the vast majority of them, 

the oocyte is bigger in size than the male gamete, the spermatozoon. This is not by 

chance; behind this difference there is a whole series of reasons that we will find out 

throughout this section.  

 

The human oocyte can be divided in two main parts: the oocyte per se that comprises 

the cytoplasm, the genetic material surrounded by the plasma membrane, called 

oolemma, and the zona pellucida. The second part comprises several somatic cellular 

layers, known in their complex as the Cumulus oophorus, which surround the oocyte 

(Figure 8A).  

In the oocyte we find the maternal genetic material, mitochondria, and other organelles, 

and a cytoplasm enriched in proteins and RNAs. The zona pellucida is an extracellular 

glycoprotein matrix that surrounds and protects the oocyte, but its main function is to 

provide species-specific fertilization (Claw and Swanson, 2012) and to avoid 

polyspermic fertilization. In humans, 4 different zona pellucida glycoproteins (ZPG 1-4) 

form a code that the spermatozoon recognizes and binds to (Pang et al., 2011). Upon 

fertilization, ZPG2 is cleaved, changing the three dimensional structure of the ZPG 

complex which will prevent fertilization by other spermatozoa (polyspermy).  

The Cumulus oophorus is formed by cumulus cells (somatic cells) embedded in 

hyaluronic acid when it is expanded. We now know that the cumulus cells are necessary 

for a correct oocyte development because they directly communicate with the oocyte, 
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mediating the bidirectional transmission of regulatory factors and nutrients through gap 

junctions. 

 
B. The development of a mature oocyte: 
This is probably one of the most complex and long processes in the human body. The 

development of a mature oocyte starts before birth with oogenesis and ends with 

ovulation, which occurs once a month in women of reproductive age. Oocytes originate 

from primordial germ cells, which proliferate by mitosis to form the germ cell cyst. 

Following this proliferation phase, mitotic divisions stop, meiosis starts (chromosome 

recombination or “crossing over”) and follicle formation is initiated (Gosden, 2013). In 

humans, meiosis starts between 12-16 weeks post-coitum (Zuccotti et al., 2011). 

However, meiosis arrests shortly after it starts, at prophase I. It is also during this fetal 

period that most oocytes in the ovary enter apoptosis, indeed less than 30% of the 

generated oocytes will continue their development.  

At birth, oocytes are found in primordial follicles, consisting of a prophase I arrested 

oocyte surrounded by a single layer of flattered granulosa cells (epithelial cells that 

interact and provide to the oocyte growth factors and sex steroids – future cumulus 

cells) (Figure 8B). Oocytes are retained in this developmental stage until puberty, when 

periodically a pool of primordial follicles is activated to initiate a growth phase (110-

120 days), a process also known as folliculogenesis (Sanchez and Smitz, 2012; 

Coticchio et al., 2015). Many important changes occur during the growing phase. 

Granulosa cells change in morphology and start to divide, the oocyte increases in size, 

zona pellucida starts to form and RNAs and proteins accumulate to support oocyte 

growth, maturation and eventually, early embryo development. In the last stages of 

folliculogenesis, a fluid-filled cavity (the antrum) is formed in the follicle. It separates 

granulosa cells into mural granulosa cells and cumulus cells (Li and Albertini, 2013). It 

is also in this last follicular phase that the monthly surge of LH induces meiosis 

resumption and oocyte maturation. The Germinal Vesicle membrane breaks down and 

the first meiotic spindle is assembled (MI oocyte) and translocated close to the oocyte 

plasma membrane, where it will segregate half of the homologue chromosomes into the 

first polar body. The purpose of this highly asymmetric division is to eliminate as little 

cytoplasm as possible from the oocyte. A second meiotic spindle is assembled around 

the remaining chromosomes awaiting fertilization (MII oocyte – mature oocyte). 

However, for fertilization to occur, the MII oocyte needs to be released into the oviduct 
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from the follicle (a process known as ovulation). LH induces the secretion of proteolytic 

enzymes that will disrupt the follicular wall and mediate oocyte release in the oviduct. 

Once in the oviduct, the sperm fuses with the oocyte, and the second meiotic division is 

resumed (half of the sister chromatids are extruded by a second polar body) (Clift and 

Schuh, 2013) (Figure 8B). This process continuously happens every month from 

puberty until menopause, which in most of the cases lasts around 30 years. This means 

that a pool of primordial follicles have the capacity to rest in this stage for more than 45 

years. This concept is known as oocyte dormancy.  

 

 
Figure 8: Oocyte structure and development. A) A mature oocyte or MII oocyte can be structurally 
divided in two main parts: the oocyte per se, formed by the cytoplasm, the genetic material and the zona 
pellucida; and the cumulus oophrous mainly composed by cumulus cells. B) Oocyte development is the 
process that comprises from oogenesis to MII oocyte formation. It is a complex process that involves 
many signaling cascades and cell-to-cell communication (granulose cells – oocyte). During the growing 
phase, the oocyte diameter increases more than 100 times (from less than 40 µm to approximately 120 
µm). Oocytes are already arrested at meiosis prophase I when they are found as primordial follicles and 
will continue being arrested in this stage for most of their life cycle. 
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C. Microtubule dynamics during oogenesis: 
Microtubule dynamics during the development of a mature oocyte are particularly 

fascinating because human oocytes show unique characteristics. Human oocytes 

eliminate or degenerate their own centrosome, but they are still able to assemble and 

move the spindle to segregate half of the genetic material in a highly asymmetrical 

division. In my opinion, this makes the oocyte maturation process very attractive to 

study. In this section, I will detail the described molecular mechanism behind this 

process.     

 

1. Spindle assembly:  

The morphology and functionality of the human oocyte spindle is associated with the 

oocyte quality and the ART success. The spindle is generally described as a barrel shape 

structure, with 47.7% of oocytes with both spindle poles flattened. Compared with the 

human oocyte size (approximately 120 µm in diameter) the spindle is very small, 

11.8±2.6 µm in length and 8.9±1.7 µm in width, with a slightly shifted metaphase plate 

to the pole closer to the oocyte surface (Coticchio et al., 2013). There is relatively few 

information about how the human oocyte spindle is assembled. Until recently, it was 

generally accepted, but not demonstrated, that oocytes eliminate or degenerate their own 

centrosome and any other aMTOCs (acentriolar MTOCs)– no spindle pole markers 

could be found in human oocytes (pericentrin, γ-tubulin) (Combelles et al., 2002) – 

during oogenesis. Hence, spindle assembly completely relies on the RanGTP pathway 

(Holubcova et al., 2015). The fact that aMTOCs do not participate in the spindle 

assembly seems to be specific for humans. In other species, like in mice, aMTOCs 

largely contribute to the spindle assembly and bipolarization by a three-step aMTOC 

fragmentation and clustering mechanism (Gueth-Hallonet et al., 1993; Palacios et al., 

1993; Carabatsos et al., 2000; Clift and Schuh, 2015; Schuh and Ellenberg, 2007).  

Human oocytes are prone to be genetically unstable. There are several factors to take 

into account, which could explain this phenotype. First, human oocyte spindle assembly 

is extremely long; it takes 16 hours (mice oocyte requires only from 3 to 5h). The other 

factors have only been described in mice. One of these elements is the cytoplasm. 

Larger cytoplasm diminishes pole integrity (less focused) and spindle checkpoint 

stringency (as a consequence of diluting the spindle checkpoint factors) (Kyogoku and 

Kitajima, 2017). Besides, MTOC disruption (in pericentrin conditional mice knock-
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down) also promotes spindle instability and aneuploidy by the incorrect microtubule to 

chromosome attachment, because the assembled spindles are only triggered by the 

RanGTP pathway (Baumann et al., 2017). Although these are observations obtained in 

mice oocytes, human oocytes also have a large cytoplasmic volume, and spindle 

assembly only relies on the RanGTP pathway. Therefore, it can be speculated that 

human oocyte genetic instability could also be due to these previously described factors. 

But the good news is that mice have generated a compensatory mechanism based on 

actin, which facilitates chromosome congression by supporting k-fiber formation 

(Mogessie and Schuh, 2017). It is possible that human oocytes have also this 

mechanism, although it is still unknown.  

 

2. Mechanism of centrosome/centriole elimination:  

The mechanism by which the human oocyte eliminates its own centrosome to ensure its 

asymmetric inheritance during fertilization, remains unknown. Different species 

eliminate the oocyte centrosome through different mechanisms; for instance, 

Drosophila first down regulates the PCM material (triggered by Polo activity) what 

promotes centriole loss (Pimenta-Marques et al., 2016). On the other hand, starfish 

eliminates 3 of the 4 centrioles by their incorporation into the extruded polar bodies. 

The remaining centriole (daughter centriole) is eliminated by first removing the PCM 

and then, the centriole (Borrego-Pinto et al., 2016). Although these mechanisms are 

different, the PCM plays a central role because when PCM is no longer present, 

centrioles become unstable and they are finally disassembled. It seems more likely that 

human oocytes follow a centrosome elimination mechanism similar to the Drosophila 

ones because, in humans, centrosomes are also eliminated before the meiotic divisions. 

When centrioles were prevented to be eliminated during oocyte development in 

Drosophila and starfish oocytes, multipolar spindles were assembled and, these 

fertilized oocytes arrested their development (Borrego-Pinto et al., 2016; Pimenta-

Marques et al., 2016). 

 

3. Spindle positioning:  

To achieve a highly asymmetrical division, spindle positioning is critical. In most cells, 

the centrosome-nucleated microtubules (astral microtubules) move and orient the 

spindle by contacting with motor proteins and the plasma membrane. However, human 

oocytes do not have centrosomes or MTOCs. Thus, other mechanisms must govern the 
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asymmetric meiotic spindle positioning. In mice, spindle positioning has been described 

to be mediated by both internal and external cues. An example of external factors are 

the transzonal projections (TZPs). These are cumulus cells – oocyte interactions. Mice 

MI spindle tend to localize close to the region more enriched in TZPs (Barrett and 

Albertini, 2010), and when these interactions are lost, spindle in the oocyte is centrally 

assembled, which suggests that cumulus cells somehow could also mediate spindle 

positioning. An example of intrinsic factor, and probably the most important one, is 

actin. Indeed, mice oocytes fmn2-/- (formin 2 protein – actin binding protein involved in 

actin cytoskeleton assembly and reorganization) cannot position MI spindle close to the 

cortex (Leader et al., 2002). Actin filaments create a network in which spindle poles 

interact in a myosin light chain kinase-dependent manner relocating the spindle from the 

center to the cortex of the cell (Azoury et al., 2008; Holubcova et al., 2013; Schuh and 

Ellenberg, 2008). In human oocytes, an actin-dependent mechanism has not been 

described yet, but it seems plausible that a similar mechanism could also exist.     

 

 

 

IV. The spermatozoon: 
 

 

A. Sperm structure: 
The spermatozoon is the male gamete. Like the oocyte, it is a highly specialized cell. 

During spermatogenesis, it goes through complex steps of cell remodeling to obtain its 

characteristic structure. The spermatozoon can be roughly divided in three different 

parts: the head, the midpiece and the tail, with a total length of approximately 50-60 µm 

in the human species (Figure 9).  

 

1. The sperm head:  

The sperm head is mainly formed by the acrosome and a highly packaged nucleus. The 

acrosome is a membrane-surrounded region derived from the Golgi apparatus with an 

acidic pH filled with proteins (Yao et al., 2002). When the spermatozoon contacts the 

oocyte’s zona pellucida, the acrosome reacts (exocytotic process) and releases several 

lytic enzymes that promote the digestion of the zona pellucida and, therefore, the fusion 

of the male and female gametes (Liguori et al., 2005; Sutovsky, 2011; Okabe, 2013). 
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However, not only proteins needed for spermatozoon to pass through the zona pellucida 

are found; instead, the acrosome protein composition is complex due to its involvement 

in other processes such as the activation of the oocyte (kinases, phosphatases, 

phospholipases…) (Young et al., 2009).   

The sperm nucleus contains chromatin packaged with protamines. Humans and mice 

have two different protamines, protamine 1 and protamine 2, which are small arginine 

and cysteine-enriched proteins (Human protamine 1 – 6.8 kDa and Human protamine 2  

Isoform 1– 13 kDa; Isoform 2 – 17 kDa) (Hud et al., 1993). The fact that humans have 2 

protamines does not probably mean that they have redundant activities, because in mice 

both proteins are necessary to sire offspring (Cho et al., 2001). The highly positive 

charge of the protamines promotes the packaging of chromatin by abolishing the 

electrostatic repulsion of the DNA (Johnson et al., 2011). Already in 1977, it was 

detected that in rat primary spermatocytes, histones were replaced by new “meiotic 

histones” that were tighter bound to the DNA (Mills and Means, 1977). These new 

“meiotic histones” were later defined as “protamines”. In some animals, such as in fish 

and in birds, the transition from histone to chromatin-containing protamines occurs 

directly (Oliva and Dixon, 1991). However, in mammals this is a two-step process. 

First, histones are replaced by small and basic nuclear proteins called “transition nuclear 

proteins” (TPs) when chromatin starts to condense by a mechanism that involves 

phosphorylating and dephosphorylating events (Meetei et al., 2002). In mice, there are 

mainly two TPs, TP1 and TP2. Mice deficient in either TP1 or TP2 are apparently 

normal, with no reduction of sperm number and testis weight, but have an abnormal 

spermatogenesis and reduced fertility (Grimes et al., 1977; Zhao et al., 2001). Second, 

TPs are replaced by protamines to obtain the final highly compact sperm chromatin (Yu 

et al., 2000). The exchange of TPs by protamines is mediated by the Ca2+/Calmodulin-

dependent protein kinase. Mice deficient in Ca2+/Calmodulin-dependent protein kinase 

are infertile, showing a reduced sperm count with also morphologically abnormal 

spermatozoa, all caused by an impaired exchange of TP by protamines (Wu et al., 

2000). In humans, protamine-2 deficiency was correlated with male infertility (Balhorn 

et al., 1988). It is thought that the use of TP to exchange histones by protamines is to 

maintain the integrity of the genome while ensuring appropriate protamine replacement 

(Zhao et al., 2004). However, some specific chromatin regions could retain histones 

(15% of the sperm chromatin in humans). These histone regions are not randomly 

distributed; they seem to be bound to the nuclear matrix (Kramer and Krawetz, 1996) 
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and to contain genes involved in early embryogenesis (Braun, 2001; Johnson et al., 

2011; Wykes and Krawetz, 2003)  

But what is the reason behind this complex chromatin compaction? Different 

biophysical and developmental functions have been proposed: 1) it reduces the head 

size and remodels its shape creating a more hydrodynamic sperm head. 2) It protects the 

spermatozoa genetic material, specifically when the spermatozoon is moving through 

the female reproductive tract. 3) DNA-protamine packaging may also be necessary for 

transcriptional silencing and DNA imprinting changes (Braun, 2001; Carrell et al., 

2007; Johnson et al., 2011). Sperm heads do not contain just DNA and protamines: 

signaling molecules, transcription factors, ribosomal and proteosomal proteins and 

RNAs are also found in mature spermatozoa. Most of these factors will be then 

delivered to the oocyte, where they can have a role in various developmental processes 

(de Mateo et al., 2011; Krawetz, 2005). 

 

2. Sperm midpiece:  

The midpiece is the region between the head and the tail. The centrosome, found as a 

basal body in the spermatozoon, and most of the mitochondria are located in this region. 

This region is important for the generation of the spermatozoon movement due to two 

aspects: 1) the basal body is the seed for the sperm axoneme formation/elongation and 

2) the mitochondria provide the energy for the tail/flagellum movement. Sperm motility 

is a highly energy demanding process. Recently, with a sophisticated experimental 

approach, the amount of ATP consumed per axonemal beat was measured in 

demembranated sea urchin sperm axonemes. It was found that approximately 2.3x105 

ATP molecules are consumed per beat (Chen et al., 2015). The presence of high 

amounts of mitochondria around the sperm basal body suggests that the required ATP 

can be derived from sugars and fatty acids metabolized in the mitochondria (Amaral et 

al., 2014b; Vadnais et al., 2014). Indeed, when the mitochondrial respiratory efficiency 

was analyzed in human spermatozoa, a positive correlation was found with sperm 

motility, indicating that samples with low motility could be due to a low energy 

production from mitochondria (Ferramosca et al., 2012).   

Regarding the human sperm basal body, it is paternally inherited. It is a particular 

interesting organelle because it is not a conventional basal body. Instead, it is thought to 

be mostly naked of PCM and the distal centriole is considered as “degenerated”. In the 

following section, I will go more into detail on this unconventional basal body. On the 
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other hand, mitochondria are only maternally inherited. Therefore, they are eliminated 

right after the sperm fuses with the oocyte with a mechanism that, in humans, is still not 

known, but in C. elegans, for instance, it is mediated through autophagy (Sato and Sato, 

2011).  

 

3. Sperm tail:  

The sperm tail or flagellum is mainly formed by microtubules surrounded by outer 

dense fibers (ODF) and fibrous sheaths. Microtubules are organized in a 9+2 structure, a 

central pair of microtubules surrounded by a circular 9 doublets (A and B) of 

microtubules. A-doublets are formed by 13 microtubule protofilaments and B-doublets 

only by 10. The movement of the tails is mediated by the motor protein dynein that 

triggers the sliding of the microtubule doublets. Tubulin PTMs located at the 

microtubule doublets regulate the dynein transient interaction. An extensive explanation 

of the axoneme structure and how the flagella movement is generated can be found in 

the attached review I wrote: Insights of the tubulin code in gametes and embryos: from 

basic research to potential clinical applications in humans (Annex II). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure	   9:	  Human	   sperm	   structure.	  Human	   spermatozoon	   is	   in	   length	   approximately	   50	  
µm,	  much	  smaller	  than	  the	  human	  oocyte.	  It	  can	  be	  divided	  in	  three	  main	  parts:	  the	  head	  that	  
contains	  the	  acrosome	  and	  the	  nucleus;	   the	  midpiece,	  with	  a	  basal	  body	  and	  mitochondria,	  
and	   the	   tail,	   composed	  by	  microtubule	  doublets.	  The	  nucleus	   is	  highly	  packaged	   thanks	   to	  
the	   exchange	   of	   histones	   by	   protamines.	   The	   basal	   body	   and	   mitochondria	   are	   central	  
components	  to	  generate	  the	  sperm	  cell	  movement,	  which	  is	  essential	  for	  natural	  conception.	  	  	  	  
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B. Spermatogenesis: 
Spermatogenesis consists in the formation of mature spermatozoa. Three main events 

occur during spermatogenesis: spermatogonia proliferation, meiosis of the 

spermatocytes and post-meiotic maturation of the spermatids to form mature 

spermatozoa (Figure 10). To provide some numbers, this process in humans takes 

between 42 to 76 days, and approximately 1000 spermatozoa are produced every second 

(Amann and Howards, 1980). The progenitor of the mature spermatozoon is the 

spermatogonium. The spermatogonium is the undifferentiated male germ cell, and three 

different types can be found in humans: spermatogonia type A with a dark nucleus, 

spermatogonia type A with a pale nucleus and spermatogonia type B. The 

spermatogonia type A dark is considered the germ cell niche; they rarely divide. The 

spermatogonia type A pale are the proliferative spermatogonia, they actively divide by 

mitosis and will produce the type B spermatogonium, the one that will start the 

spermatozoon differentiation process. From each type B spermatognium, 4 mature 

spermatozoa will form (Neto et al., 2016) (Figure 10). This process of differentiation 

starts during puberty and continues throughout the entire life of the man. Once a 

spermatogonium starts the differentiation process, a 4n content cell is formed, the 

primary spermatocyte. Following primary spermatocyte formation, 2 rounds of meiosis 

occur to form 4 round spermatids of 1n genetic material. The last spermatogenesis step 

is the post-meiotic maturation of the spermatids to form mature spermatozoa. During 

this process round spermatids suffer an important cellular reorganization because, from 

round cells, elongated spermatids will form. In mice, one of the first events that occur 

during this cellular reoganization is the formation of the acrosomal vesicle from the 

Golgi apparatus followed by the initiation of the axoneme assembly. On the other hand, 

the exchange of histones by protamines, the nuclear condensation, the elimination of the 

cytoplasmic lipid droplet and the positioning of the mitochondria around the sperm 

basal body are late processes. The cytoplasmic droplet contains many cellular 

components that will not be provided to the oocyte, such as centrosomal proteins 

(Gilbert et al., 2000).  

 

Sperm production occurs in the seminiferous tubules, in a highly organized manner. 

From basal to luminal, spermatogonia, primary/secondary spermatocytes, 

round/elongated spermatids and mature spermatozoa are organized sequentially. Once 
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spermatozoa are formed, they are transferred to the epididymis where the maturation 

process will continue (acquisition of their fertilizing ability and motility) (Sullivan and 

Mieusset, 2016).    
 
 
 
	  

 
 
Figure 10: Human spermatogenesis. This diagram represents the process of spermatogenesis that occurs 
in the seminiferous tubules of the testis. This process involves cell differentiation and maturation, 
associated with a highly cell remodeling. The process starts with a spermatogonium that has the capacity 
of self-renewal or to start spermatozoa differentiation. Primary spermatocyte needs to go through 2 phases 
of meiosis to form 4 cells of 1n genetic material content. During the last step of spermatogenesis (from 
round spermatids to mature spermatozoa) cells eliminate most of their cytoplasmic material, the flagellum 
is formed and histones are exchanged by protamines. Once this differentiation phase is accomplished, 
spermatozoa are released to the epididymis where the maturation process finishes (spermatozoa motility 
acquisition). 
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C. Sperm basal body: 
In the human sperm basal body the mother centriole, or distal centriole, acts as a seed 

for the axoneme assembly. The daughter centriole localizes in the region more proximal 

to the sperm head and it is known as the proximal centriole. As mentioned, the human 

sperm basal body is an “unconventional” centrosome. In this section, I will detail why 

we consider it as such.  

 

1. Centrosome reduction:  

In all the species studied so far, the sperm basal body undergoes a process of 

centrosome reduction, which is species-specific. Centrosome reduction is essential for 

post-fertilization events and comprises centrosome elimination, PCM reduction, and/or 

microtubule structural changes. This process, which occurs during spermatogenesis, has 

been mostly studied in rhesus monkeys, mice and Drosophila. As I mentioned, several 

species reduce their sperm basal body, but in different manners. For instance, while 

most species eliminate the PCM, some maintain both centrioles (C.elegans, sea urchin 

and Xenopus), few only degenerate the distal centriole (Drosophila, sea urchin and 

humans) and others eliminate both centrioles (mice) (Wolf et al., 1978; Avidor-Reiss et 

al., 2015; Manandhar et al., 1998). PCM seems to be reduced at the later stages of 

spermatogenesis. Indeed, mice and rhesus monkeys eliminate γ-tubulin and pericentrin 

within the cytoplasmic droplet. Xenopus eliminates γ-tubulin but not pericentrin. Mice 

also degenerate centrin by a mechanism still unknown, whereas rhesus monkey and 

Xenopus do not eliminate centrin (Manandhar and Schatten, 2000; Manandhar et al., 

1999; Stearns and Kirschner, 1994). In spite of clear species–specific differences, it 

seems that the centrosome composition is consistently modified, reducing its capacity to 

nucleate microtubules. At this point, I would like to specifically describe the Drosophila 

sperm basal body because Drosophila has been extensively used to study the sperm 

basal body reduction and its transition to a functional centrosome in the fertilized 

oocyte. Drosophila spermatozoa have a particular basal body. It is composed by a Giant 

Centriole (GC – 2.6 µm in length) and a Proximal Centriole like (PCL) structure 

(Blachon et al., 2009). The PCL can be described as an early intermediate centriolar 

structure, since no microtubule triplets can be observed by electron microscopy but it 

contains centriolar proteins. Drosophila basal body also suffers a process of PCM 

reduction by diminishing proteins such as γ-tubulin, centrosomin, asterless, Ana1 and 
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Bld10 by a PLK4 (which is also reduced) mediated process (Blachon et al., 2014; Khire 

et al., 2015; Li et al., 1998). Human spermatozoa also undergo a complex process of 

centrosome remodeling, although this process is still not completely understood at the 

molecular level. Human ejaculated spermatozoa have an intact proximal centriole but an 

atypical or “degenerated” distal one, with a 50% less centriolar microtubules. Moreover, 

it has been proposed that it is “naked” of PCM (Figure 11) (Manandhar et al., 2000). 

Therefore, it seems that the centrosome reduction process is triggered to avoid having a 

functional centrosome in the spermatozoa, instead, a functional centrosome would only 

be formed during fertilization, where the sperm basal body can recruit from the oocyte 

the elements that eliminate during spermatogenesis. 

 

 

Figure 11: Atypical human sperm basal body. Image modified from Manandhar et al., 2000. The 
human sperm basal body is formed by a proximal and an atypical or “degenerated” distal centriole. 
These are electron microscopy images from the midpiece region. A) Representation of the B 
longitudinal section. B) We can appreciate that the proximal centriole (PC) maintains its structure. 
However, at the place where we expect to visualize the distal centriole, no microtubule structure can 
be seen. C) Transversal section of the distal centriole. Series of images in which we can appreciate 
that not all the microtubule triplets of the distal centriole appear in all the sections, instead they 
appear sequentially, and some of them are filled with electrodense material. Scale 0.25 µm  

 
2. Centriole mode of inheritance:  
Having the correct number of centrosomes per cell is a sine qua non condition for 

the development of a healthy individual. To ensure the correct number, mammals, 

with the exception of rodents, inherit the sperm centrosome during fertilization 

(oocytes do not have centrosomes). This sperm basal body will be the template of all 

the centrosomes of the new organism. However, the sperm basal body structure and 

composition are quite diverse among species. Therefore, several hypotheses have 

been proposed to explain the transition of the sperm basal body to a functional 

centrosome in the zygote (Avidor-Reiss et al., 2015): 
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-‐ “De novo” formation: this hypothesis is based on the observational results from 

rodent spermatozoa. Rodents do not have sperm basal body and centrosomes in 

the fertilized oocyte are not detected until the embryo 64-cells stage. This 

hypothesis postulates that the centrosomes are formed de novo in the embryo 

(Courtois et al., 2012; Howe and FitzHarris, 2013) 

 

-‐ The “restored hypothesis”: this hypothesis is only valid for species that only 

have one intact centriole, although, after fertilization, two well formed centrioles 

are detected. This hypothesis can be subdivided in two different models: A) the 

duplication hypothesis: this only applies in species with only one centriole. 

Shortly after fertilization, the centriole duplicates and a typical centrosome 

forms. Then, in parallel with DNA replication, the assembled functional 

centrosome duplicates again forming the two centrosomes. B) The regeneration 

hypothesis: this hypothesis is intended to explain the cases in which a typical 

and a degenerated centriole is found in the spermatozoa (human spermatozoa for 

instance). The degenerated centriole is rebuilt with centriolar microtubules to 

form a functional centrosome in the zygote. This “regenerated” centrosome 

duplicates in parallel with the DNA replication.  

 

-‐ The “Paternal precursor hypothesis”: this hypothesis claims that a proximal 

degenerated centriole, or the PCL in Drosophila, is still active and does not need 

to regenerate to nucleate microtubules or to serve as a duplication template. This 

hypothesis is based on the Drosophila inheritance mechanism, in which a 

centrosome formed by a typical centriole and a PCL is sufficient to promote 

microtubule nucleation and centrosome duplication (Khire et al., 2016).  

 

-‐ “Classical hypothesis”: two well-formed spermatozoa centrioles are inherited. 

This is the case of Xenopus. Therefore, right after the introduction of the 

centrioles into the oocyte, they just need to recruit PCM to actively nucleate 

microtubules.    

    
Human spermatozoa have a typical proximal centriole and a “degenerated” distal 

one. It could be possible that the “restored” and the “paternal precursor” 
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hypotheses could be valid for humans. So far, none of them has been proven. 

However, in bipolar spindles of human zygotes only three centrioles were 

detected by electron microscopy (Sathananthan et al., 1996), suggesting that the 

“restored” hypothesis is not valid; nevertheless, we have to take into account 

that this study was performed more than 20 years ago, and maybe the 4th 

centriole could not be detected due to technical limitations.  

 
 
 
V. Fertilization and zygote formation: 
 
 

Once spermatozoa are ejaculated, they migrate from the vagina to the oviduct, where 

they fertilize the oocyte. During the movement of the spermatozoa to the oviduct two 

main events occur: 1) sperm capacitation and 2) the action of factors that induce sperm 

migration.  

 

- Sperm capacitation: capacitation involves a series of biochemical and 

physiological changes in the sperm and its associated plasma membrane that 

renders spermatozoa capable of fertilizing (Visconti et al., 2011). In 1951, 

Chang and Austin were the first to observe that spermatozoa need to be 

incubated in the female reproductive tract to become fertilization-competent. 

Indeed, Chang performed very elegant experiments in rabbits demonstrating that 

a sperm ejaculate needs to be 6 h in the female reproductive tract to fertilize the 

oocytes. He proposed that “such a period of time in the female tract is required 

for the spermatozoa to acquire their fertilizing capacity” (Austin, 1951; Chang, 

1951). Now, we know that the process they were referring to is capacitation 

(Austin, 1952). Capacitation comprises early events such as sperm motility 

hyperactivation, and late events, which include molecular changes that activate 

different signaling pathways (for example increased tyrosine phosphorylation) 

(Visconti, 2009). For sperm capacitation to occur, spermatozoa depend on the 

intracellular changes of cAMP, pH, calcium and the membrane potential 

(Gervasi and Visconti, 2016). Two main molecular events regulate the 

physiological changes associated with sperm capacitation: the inhibition of 

serine/threonine phosphatases and the activation of cAMP pathwyas by HCO3
- 
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and Ca2+. The early activation of these pathways will coordinate the intracellular 

changes of cAMP, pH, calcium and membrane potential. Several studies in 

animal models demonstrated that when any of these 4 factors are perturbed, 

mice are infertile (Esposito et al., 2004; Hess et al., 2005; Wang et al., 2007; 

Wang et al., 2003a) (Ren et al., 2001; Santi et al., 2010). One of the most 

important and sperm specific calcium channel is CatSper (Lishko et al., 2011). 

CatSper is found in many mammalian spermatozoa including humans. Indeed, in 

a recent publication, an IVF patient with a normal spermiogram but an 

idiopathic infertility was shown to have non-functional CatSper channels, 

leading to its infertility problem (Williams et al., 2015). All these data suggest 

that sperm capacitation is a critical process for the sperm to acquire its 

fertilization capacity.  

 

- The action of factors that induce sperm migration: the second process is the 

interaction of female reproductive track-derived factors with the spermatozoa to 

guide the sperm movement inside the oviduct to reach the matured oocyte. This 

involves molecular factors such as hormones and female receptor-sperm ligand 

interactions, as well as the physical interaction of the sperm with the female tract 

walls, the direction of the fluid flow and the temperature gradient (Boryshpolets 

et al., 2015; Miki and Clapham, 2013). Most of this information is obtained from 

animal models, but the recent development of microfluidics could be a useful 

tool to reproduce female tract compartments and its physical properties (Suarez 

and Wu, 2017).  

    

The multi-step process of fertilization also involves the specific sperm-oocyte zona 

pellucida recognition and the sperm-egg fusion. Having already introduced the concept 

of sperm-oocyte zona pellucida recognition in the oocyte section, I will only refer to the 

sperm-egg fusion mechanism. Two main proteins have been identified in mice to be 

involved in sperm-oocyte fusion, the oocyte localizing CD9 protein (Kaji et al., 2000; 

Le Naour et al., 2000; Miyado et al., 2000) and the sperm localizing IZUMO1 protein. 

Izumo1-/- mice spermatozoa are unable to fuse with the oocyte although they can 

penetrate the cumulus cells and be recognized by the zona pellucida proteins (Inoue et 

al., 2005). IZUMO1 is localized in the sperm plasma membrane and it is only exposed 

after sperm acrosome reaction (Satouh et al., 2012). Upon the fusion, several factors 
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released by the spermatozoon induce oocyte activation and meiotic resumption. One of 

these factors is PLCζ (Ferrer-Vaquer et al., 2016; Nomikos et al., 2013). PLCζ induce 

the release of calcium fom the endoplasmic reticulum causing the finalization of the 

meiosis II and the translation of maternal mRNAs among other actions.   

 

In our species, as in most, once the second meiotic division is completed, the fertilized 

oocyte enters into interphase and the male and female pronuclei are formed. During this 

period, which lasts approximately 16 hours in human embryos, DNA replicates and the 

sperm-inherited centrosome should also duplicate (Sathananthan et al., 1991). Details of 

this process are very scarce in our species due to ethical and technical limitations in 

performing research at this developmental stage. Nevertheless, the sperm centrosome 

has been shown to nucleate a large array of microtubules in which the female 

pronucleus, in a microtubule motor-dependent way, will move towards the male 

pronucleus to apposition (Sathananthan, 1998). It is likely that both the centrosome and 

the RanGTP pathway cooperate in assembling the bipolar spindle in the human zygote, 

even though this has not been established firmly.   
 
 
A. Microtubule dynamics during the transition from a meiotic to a 

mitotic cell division: 
Microtubule dynamics are essential for the transition of a meiotic to a mitotic cell 

division machinery and from an asymmetric to a symmetric cell division. In this section, 

I provide information about both concepts, differentiating whether they occur during 

zygote interphase or mitosis.  

 

1. Interphase:  
During human zygote interphase the centrosome nucleates an array of microtubules that 

helps to the apposition of the male and female pronuclei. During apposition (also known 

as nuclear positioning) the nucleus also has to be centered in the middle of the cell, 

because the first cell division needs to be as symmetrical as possible to equally 

segregate the cytoplasmic material into the daughter cells. In my opinion, the molecular 

mechanisms behind nuclear positioning during fertilization are particularly interesting 

mainly due to the following two factors: 1) a symmetric cell division has to be correctly 

performed right after a highly asymmetrical one (polar body extrusion) 2) this process 



Introduction 

52 

occurs in a cell with a very big volume. Therefore, this process must be complex and 

carefully regulated. In humans, it could be possible that many different mechanisms 

cooperate for the nuclear positioning in the middle of the fertilized oocyte, rather than 

being only a microtubule dependent mechanism, as it occurs in smaller somatic cells 

(Reinsch and Gonczy, 1998). It would be interesting to check whether actin is 

contributing to this process. So far, what is known from model systems is that C.elegans 

uses the pulling force generated by the contact of the sperm aster with the cell cortex to 

center the centrosome and, therefore, the nucleus (Kimura and Onami, 2005). However, 

in species with bigger oocytes, the action of the centrosome alone is not sufficient to 

promote nuclear positioning, suggesting that an extra mechanism is involved in this 

process. The most plausible model for humans follows the observation that dynein 

(which was demonstrated to be the motor protein responsible for the female pronucleus 

movement towards the male one) can be anchored at different intracellular organelles 

generating the microtubule movement required for nuclear positioning, as it happens in 

many different animal models (Kimura and Kimura, 2011; Payne et al., 2003; Reinsch 

and Karsenti, 1997). 
 

2. Mitosis:  

In humans, the transition from a meiotic to mitotic spindle assembly has to occur in the 

zygote. Since the centrosome is provided by the spermatozoon, it probably plays an 

active role in spindle assembly, and therefore, the spindle is no longer only triggered by 

the RanGTP pathway. However, this is just speculative because no data exist for human 

zygotes. In contrast, in mice, this transition is gradual. Zygotes and early embryos still 

depend on multiple MTOCs to assemble the bipolar spindle, and it is not until the 

blastocyst stage that centrosomes are formed de novo, spindle poles are focused and the 

transition from meiotic to mitotic spindle assembly is completed (Calarco-Gillam et al., 

1983; Courtois et al., 2012). Regarding the spindle positioning in the zygote, in humans, 

it probably follows a microtubule and motor-dependent mechanism similar to 

pronuclear positioning. However, in other species such as mice, actin is responsible for 

the spindle movement (Chaigne et al., 2016). Together with the previous cell cycle 

phase (interphase), it would be interesting to study further the contribution of actin to 

the nuclear and spindle positioning in the zygote, and its cooperation with a tubulin 

dependent mechanism.   
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B. Chromatin remodelling during the transition from a meiotic to a 

mitotic cell: 
Not only microtubules play a major role during fertilization, also chromatin undergoes 

changes, as a new totipotent cell is formed from the combination of two highly 

differentiated ones. DNA replication initiation sites, timing and protein expression need 

to adapt to the new totipotent cell necessities. Because chromatin remodeling is not a 

topic I have studied during my PhD, I just summarize here some of the most important 

concepts related to this process.   

 

The male and female DNA are organized differently. On one hand, the male DNA is 

tightly packed by protamines that are exchanged for histones after fertilization. On the 

other hand, the female DNA is organized in a meiotic metaphase plate. Both male and 

female genetic materials have to decondense and replicate to form the male and female 

pronuclei. The sperm and oocyte DNA are also highly methylated. This methylation 

starts to be erased after fertilization, reaching a minimum level at the blastocyst stage 

(Clift and Schuh, 2013). However, some specific genes, known as “imprinted genes”, 

are kept methylated. This epigenetic mechanism regulates the expression of specific 

genes inherited from one parent whereas the other copy is silenced (Li and Sasaki, 

2011).  

 

 

 

VI. Embryo early development: 
 

 

The human embryo is described as a “discrete entity that has arisen from the first 

mitotic division when fertilization of a human oocyte by a human sperm is completed 

and has not yet reached 8 weeks of development since the first mitotic division” 

(Findlay et al., 2007). After 8 weeks of embryo development, the product of the 

conception is named “fetus”. Embryos can be classified as pre-implanted and post-

implanted embryos. Implantation is the process in which the human embryo adheres to 

and invades the endometrium and uterine wall, and begins around day 6 – 7 after 

ovulation (Cakmak and Taylor, 2011). Implantation consists of three stages: embryo 

apposition, adhesion and penetration to the endometrium (Koot and Macklon, 2013). 
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This is a highly complex process because it involves embryo – endometrium specific 

cross-talk and because the women uterus is only receptive a short period of time each 

month, approximately 3 days; for these reasons human implantation often fails (Wang 

and Dey, 2006). Because most of my work has been focused on pre-implantation 

development, in this section, I only provide information about pre-implantation 

development or early embryo development. 

 

A. Stage of pre-implantation development: 
Our understanding of human early embryo development primarly comes from in vitro 

embryos generated for IVF cycles. In IVF cycles, embryos can be cultured up to D+5 

post-fertilization; in this section, I will detail the molecular and cellular features that an 

embryo is expected to have from D+0 to D+5 of development (Figure 12 and 15). 
 

- D+0 or fertilization day: it is established as the day of “fertilization”. Oocyte 

activation and meiosis resumption are the main events occurring on D+0. 

Recently, the morphokinetic events that occur in human embryos at D+0 were 

described in an accurate time-lapse analysis (Coticchio et al., 2018). The second 

polar body extrusion occurs on average at 3.3h post-fertilization, the female 

pronucleus appears slightly before than the male one (6.2h vs 6.3h) and the 

zygote cleavage at 27.7h. It is also at D+0 that the cytoplasm undergoes major 

rearrangements and movements. Indeed, a radial cytoplasmic wave is observed 

from the position of the male PN (pronucleus) to the oocyte cortex. It is thought 

that this cytoplasmic wave could be the result of the sperm microtubule aster 

formation. Maybe this cytoplasmic wave could be used in the future as a new 

sperm centrosome functional biomarker.  

 

- D+1: zygote cleavage occurs around 27h post-fertilization, therefore, at D+1 we 

expect to see a proportion of zygotes already divided and another committed in 

this first division. The two daughter cells have to be as symmetric as possible.  

 

- D+2: cell division at D+2 occurs between 43 to 45h post-fertilization, therefore 

top quality embryos should have 4 symmetric blastomeres (or cells) at this time.  
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- D+3: embryos at D+3 post-fertilization are expected to have 8 symmetric 

blastomeres because cell division occurs between 67 to 69h post-fertilization. It 

is also at this specific day that embryos stop being transcriptional silent and the 

major wave of embryonic genome activation occurs (Niakan et al., 2012; 

Vassena et al., 2011).   

 

- D+4: at day 4 the embryo compacts forming a “morula”. This process is 

described as the tight union of the cells forming a cluster. In the morula, it is not 

possible to distinguish the boundaries between blastomeres. Compaction is an 

extremely important event because the fates of the cells begin to diverge.  

 

- D+5: a blastocyst is formed. A blastocyst is a hollow structure with a fluid-filled 

cavity and an inner cell mass (ICM) surrounded by a layer of cells 

(trophectoderm – TE). A newly expanded blastocyst contains on average 58 

cells, from which 38 are from the TE and 20 from the ICM (Hardy et al., 1989). 

The ICM just before implantation diverges into early epiblast and primitive 

endoderm, which will give rise to the fetus later. The trophectoderm will provide 

the embryonic contribution to the placenta.     
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Figure 12: Stages of pre-implantation development. Figure modified from: Niakan et al., 2012. Human 
embryos are classified according to the number of cells and the day of development. In this figure, I 
summarize the stage of development expected from day 1 to 5 post-fertilization (pre-implantation 
development). At each stage, different processes occur to finally form an expanded blastocyst at D+5. 
When the embryo compacts and forms a morula, the radial symmetry is lost. Blastocyst is formed by a 
fluid-filled cavity and two differentiated cell masses, the ICM and the TE. The total number of cells in the 
blastocyst is approximately 58.3±8.1 (ICM=20.4±4.0; TE=37.9±6.0) (Hardy et al., 1989). 

 
B. Control of gene expression: 
During fertilization and early development, gene expression switches from maternal to 

embryonic control (Clift and Schuh, 2013; Niakan et al., 2012; Vassena et al., 2011). 

Three main events occur to ensure a progressive transition: 
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- Active genome transcription during oocyte growth: during human oocyte 

growth the genome is actively transcribed and mRNAs are accumulated in the 

oocyte cytoplasm. These transcripts are kept “silenced” until fertilization. 

However, this transcription is dramatically stopped when human oocyte matures 

(from Germinal Vesicle to MII oocyte). The translation of these transcripts is 

carefully regulated.  

 

- Use and elimination of maternal mRNAs: right after fertilization, and before 

the major wave of genome activation, the maternal-stored mRNA sustains early 

embryonic development. These maternal mRNAs are also gradually eliminated. 

Indeed, their elimination starts even before fertilization, at the onset of oocyte 

maturation and continues until the human embryo 4- to 8-cell stage. This 

degradation is performed in a selective manner; for instance, transcripts needed 

for meiotic progression are eliminated before than the ones needed for mitotic 

division (Zhang and Smith, 2015).  

 

- Activation of the embryonic genome: this is the final step to end the transition 

of gene expression control. In mice, the major embryonic genome activation 

occurs at the 2-cell stage and in humans, after a small burst of preparatory 

transcription as early as the 2-cell stage, reaches its apex at the 8-cell stage 

(Vassena et al., 2011).	  	  

 
C. Polarity and cell division orientation: 
During the first 5 days of embryo development, a series of mitotic divisions transforms 

a single large volume cell into multiple and polarized cells. The accuracy of the cell 

division orientation and the establishment of polarity are crucial because they will 

define the first developmental fates. The mechanisms governing cell polarity and 

asymmetrical cell divisions are still not know in our species, however, in animal 

models, such as C.elegans, Drosophila and mice, some of these mechanisms are 

conserved, therefore, it seems reasonable that these mechanisms could also be present in 

the human embryo (Ajduk and Zernicka-Goetz, 2016). Since new molecular and 

cellular information regarding these mechanisms is now arising from mice embryos, in 

this section, I decided to focus only on mice-described mechanisms.  
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In mice, the first cell divisions are completely symmetric and it is not until the 8-cell 

stage that asymmetric divisions and polarity acquisition occur. At the 8-cell stage, 

mouse embryos start to compact and a polarized apical domain is formed at the contact-

free surface (Ajduk et al., 2014). This apical surface is enriched in Par proteins (Par-6) 

and F-actin, and downregulated in acto-myosin. At the 16-cell stage, these polarized 

cells can be either divided perpendicular or parallel to the embryo surface, generating 

two outer cells or one outer polarized cell and one inner apolar cell (Watanabe et al., 

2014). The inner cells will be the precursors of the ICM, and the outer cells the ones of 

the TE (Morris et al., 2010). Cell internalization is mediated at least by 2 mechanisms: 

1) when a parallel division occurs, the outer cell will push the inner one to become 

internalized. 2) If the division is perpendicular, two outer cells are formed. If the apical 

domain is equally distributed between them, no internalization occurs. However, when 

the apical domain is not equally distributed, cells have different contractility due to 

different cortical myosin distribution (apolar versus polar cell). When this differential 

cortical tension is high enough, the apolar cell is internalized (Maitre et al., 2016). The 

asymmetric inheritance of the apical domain is also associated with asymmetric 

distribution of transcripts and molecules that define the cell fate specification (Jedrusik 

et al., 2008; Skamagki et al., 2013). Therefore, asymmetric cell division of the polarized 

domains determines the cell fate specification.  

 

To achieve this accurate asymmetrical division, it is necessary that the bipolar spindle is 

oriented properly. Korotkevich et al., demonstrated that apical domains trigger the 

recruitment of the spindle poles to orient the cellular division plane (Korotkevich et al., 

2017). In mice, MTOCs cluster close to the apical domain. Although it is still not 

known in humans, it is plausible that the centrosome could be also recruited in this 

subapical region, and therefore, plays an important role in defining the cell fate 

specification. 

 
 
 
VII. Centrosomes and infertility: 
 
	  

In most of the species, the centrosome is inherited during fertilization. We also know 

that centrosomes are essential for the development of an adult healthy organism, and an 
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abnormal centrosome number per cell is associated with many diseases. However, is the 

fact that they are inherited during fertilization indicating that they are essential for the 

early embryo development? Or is it just a mechanism to ensure the proper centrosome 

cycle and therefore number? Independently of the answer, abnormalities in this sperm-

derived organelle that is involved in so many cellular processes could be the cause of 

some embryo arrests and, therefore, infertility cases.   

 

It seems that the contribution and importance of the sperm-derived centrosome in early 

embryo development is species-specific. While some studies report that centrosome 

abnormalities or absence impairs embryo early development, others however, suggest 

that centrosomes are not essential. In C.elegans for instance, perturbing the function of 

centriolar duplication proteins such as Sas-4, Sas-5 and Spd-2 (Delattre et al., 2004; 

Kirkham et al., 2003; Pelletier et al., 2004) arrests embryonic development. On the other 

hand, Drosophila Sas-4 mutant can develop apparently normally until birth, although 

then they die (Basto et al., 2006). An important aspect in this last work is that these 

mutant flies do have centrosomes during the early stages of development because they 

are heterozygous, which do not provide an answer to whether centrosomes in 

Drosophila are important for early development. Nevertheless, it was completely 

unexpected that centrosomes were dispensable for later developmental stages. Authors 

suggest that asymmetric cell division, in which astral microtubules orientate the spindle, 

occurs normally because spindles occupy most of the cell, and spindle poles could make 

direct contact with the cell membrane. When analyzing studies in which the oocyte 

centrosome elimination was prevented (the centrosome is inherited by the both 

gametes), we found that in Drosophila, upon fertilization, early embryos arrested their 

development (Pimenta-Marques et al., 2016). In these embryos, abnormal mitotic 

divisions and scattered DNA were observed, with the subsequent embryo arrest. In the 

specific case of starfish embryos, multipolar spindles are also formed (Borrego-Pinto et 

al., 2016).  

 

On the other hand, the spermatozoon basal body is found in a final stage of 

differentiation in the mature spermatozoa. In humans, as well as in Drosophila, 

centriolar microtubules are “degenerated” or even absent, and the PCM is severely 

reduced. In Drosophila, when the sperm PCM reduction was impaired, Drosophila 

embryos had reduced microtubule asters and significantly less embryos hatched (Khire 
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et al., 2015), suggesting that an incorrect centrosome reduction process hampers both 

zygote centrosome function and embryonic development. In mice, males depleted of 

centrin-1 are infertile due to sever sperm malformations, especially, in the tail (Avasthi 

et al., 2013).  Few data correlating the sperm basal body reduction process with the 

spermatozoa fitness or reproductive outcomes exist, however, a short report claim that 

human semen samples with low concentration and motility had reduced levels of 

centrin, α- and γ-tubulin compared to normal samples (Hinduja et al., 2010), although, 

the results they presented are not convincing. But probably, the strongest experimental 

evidence of the importance of the centrosome during embryo early development was 

obtained in Xenopus laevis. When isolated human lymphoid cells centrosomes were 

injected into Xenopus eggs, they triggered parthenogenetic development (Tournier et al., 

1989), whereas just pricking the oocyte, it does not.  

 

Taking all this information into account, it seems that, in animal models where the 

centrosome is inherited during fertilization, the centrosome provides, at least, an 

advantage to the embryo to be successful in its development. Human reproduction is a 

highly inefficient process, especially during its early stages. Because sperm-inherited 

centrosomes are involved in early embryo development in animal models, we and others 

have hypothesized that centrosome abnormalities, either in structure, function or 

composition, could be the cause of some infertility cases. Therefore, many laboratories 

have been looking for a system to test the human sperm basal body functionality in an 

ex vivo system, and to integrate this system in the study of human fertilization related 

processes and sperm basal body to centrosome conversion. However, so far, the only set 

up methods consist in the injection of individual human spermatozoon into bovine or 

rabbit oocytes (Rawe et al., 2002; Terada et al., 2000; Ugajin et al., 2010) or in cell-free 

Xenopus egg extract (Simerly et al., 1999). In these studies, they observed that human 

spermatozoa with abnormal morphology and/or motility have centrosomal microtubule 

nucleation defects in bovine or rabbit oocytes. It is very likely, thus, that couples in 

which sperm basal body is defective will need the help of ART to have a child.  
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VIII. How does ART work? 

 
 
1 in 9 couples trying to conceive will have some difficulties in achieving a pregnancy 

(Mascarenhas et al., 2012). Infertility was described in 1990 by the World Health 

Organization (WHO) as a “disease of the reproductive system defined by the failure to 

achieve a clinical pregnancy after 12 months or more of regular unprotected sexual 

intercourse”. For many of these couples, a pregnancy will only be achieved with the 

help of ART. 

 

According to the American Society of Reproductive medicine (ASRM), 1/3 of the 

infertility cases can be attributed to male factors alone, another 1/3 to female factors and 

the remaining 1/3 are a mix of male and female factors. However, another 20% of cases 

are idiopathic, it means that the causes are not known.   

 

In this section I provide an explanation of gametes and embryo assessments, as well as a 

brief explanation of the main techniques that are performed in IVF clinics in order to 

bypass these infertility problems.  

  

A. Sperm assessment: 
One of the first procedures that an IVF laboratory performs in a new fertility cycle is the 

analysis of the semen sample. This analysis is known as “spermiogram” and reports 

many different semen characteristics such as pH, viscosity, spermatozoa motility and 

morphology. The objective of the spermiogram is not only to evaluate the sample but 

also to grade it to decide which is the best assisted reproduction treatment to perform. 

The WHO manual for semen analysis reported that the semen has two major 

quantifiable attributes: the total number of spermatozoa and the total fluid volume. 

However many other factors related to the nature of the spermatozoa and the 

composition of seminal fluids are also evaluated in a spermiogram because these 

parameters also provide valuable information regarding sperm quality.  

 

Semen evaluation is a much more complex process than it seems because the results of 

the semen analysis can be quite variable due to the nature of the semen production. 

These uncontrollable factors include the variability among semen ejaculate fractions, 
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the activity of the accessory sex glands (more or less diluted sample), the abstinence 

period, and the size of the testis among other factors. Indeed, in a study in which the 

number of spermatozoa and sperm concentration was analyzed in 5 different individuals 

during one and a half year, these values were highly variable (Castilla et al., 2006; 

World Health Organization., 2010).  

 

Here, I summarize some of the most common semen characteristics that are evaluated in 

a spermiogram, only the ones related to spermatozoa:  

 

1. Motility:  

This parameter evaluates the movement of the sperm and its trajectory. It is 

recommended to evaluate this parameter within 1 hour following ejaculation in order to 

reduce the negative effects of changes in temperature, pH among others. Sperm 

movement can be graded in 3 different categories (World Health Organization., 2010): 

 

-‐ Progressive motility: spermatozoa are moving linearly (Figure 13A) or in large 

circles (Figure 13B). However, in both cases they have an active movement.  

-‐ Non-progressive motility: this refers to all the movements in which the 

spermatozoon has a pattern of motility but it is not progressing (Figure 13C). 

-‐ Immotility: spermatozoa that do not move (Figure 13D). 

 

When the sperm motility is analyzed, it is important to distinguish between total sperm 

motility, which includes progressive and non-progressive motility, or only progressive 

motility. In the 4rth edition of the WHO manual for the semen analysis published in 

1999, the velocity of the spermatozoa movement was recommended to be analyzed and 

categorized as rapid (>25 µm/sec) or slow (<25 µm/sec). Nevertheless, the last edition 

did not recommended this value because the variability in its analysis did not provide 

useful information to grade spermatozoa samples.  

 

The WHO also defines a lower reference limit for the evaluation of the different human 

semen characteristics (Cooper et al., 2010). The objective of establishing these reference 

values is to standardize the methodology and analyses for laboratories in which semen 

examinations are performed (Table 2). Regarding motility, the WHO defines that the 
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lower reference limit for total motility (progressive and non-progressive) is 40%, and 

the lower reference limit for only progressive motility is 32%. When semen samples 

have values of spermatozoa motility lower than the reference limits, they are diagnosed 

as asthenozoospermic (low motility sample).  

 

 
 
Figure 13: Sperm motility classification. Sperm motility is clinically classified in 4 different groups. A 
and B include progressive motility. C includes the cells that move around themselves, moving but in a 
non-progressive manner. Finally, D group includes the ones that do not move.  

 
 
2. Morphology:  

This parameter evaluates whether the morphology of the head, midpiece and tail is 

correct. The recovery of spermatozoa from the surface of the zona pellucida has helped 

to define morphologically normal spermatozoa (or at least the ones that arrive and bind 

to the zona pellucida) (Liu and Baker, 1992; Menkveld and Kruger, 1992). Since this 

parameter is very dependent on the biologist interpretation, the WHO recommends 

classifying the morphology as normal or abnormal, and more detailed information about 

abnormalities is restricted to each IVF clinic laboratory decision. For a spermatozoon to 

be considered normal, it has to present the following characteristics (Figure 14 A): 

 

-‐ Head: it has to be smooth, regularly contoured and oval in shape. The acrosome 

has to be well defined and contain only few vacuoles. The post-acrosome region 

should not contain vacuoles.  
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-‐ Midpiece: has to be slender, regular and it has to be aligned with the major axis 

of the sperm head. Cytoplasmic droplets should not be present.  

-‐ Tail: it has to be thinner than the midpiece and uniform along its length. It has to 

measure approximately 45 µm.  

 

But, when is a spermatozoon classified as morphologically abnormal? When 

spermatozoa heads are larger or smaller than expected, amorphous and/or vacuolated; 

the midpiece is asymmetrically inserted into the head, it is bent and/or abnormally thin 

or with an excess of residual cytoplasm; and the tail is short, or there are multiple tails 

in the same cell and/or it is coiled (Figure 14B). Abnormal sperm sample can have any 

combination of these parameters. The reference limit for this spermatozoa parameter is 

4% (Cooper et al., 2010). When a sample has less than 4% of spermatozoa with normal 

morphology, it is diagnosed as teratozoospermic (Table 2). 

 

 
Figure 14: Sperm morphologies. This is a representation of the different sperm morphologies that can 
be observed in an heterogeneous sperm sample. The drawing on the left represents a morphologically 
normal spermatozoon. The following drawings represent cells with abnormal head to tail attachment, 
abnormal sperm tails and heads.  

 
3. Sperm concentration and numbers:  

It is a measure of the number of sperm cells per milliliter of ejaculate (sperm 

concentration). The total sperm number is a measure of the testicular sperm 

productivity. It is advisable to do the measurement of the sperm concentration and 

numbers in a Neubauer haemocytometer chamber of 100 µm in depth. In order to 

reduce the sampling errors, it is recommended to count at least 400 spermatozoa per 

sample.  
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The lower reference limits established for the spermatozoa concentration and number 

are 15x106 cells/ml and 39x106 per ejaculate, respectively (Cooper et al., 2010) (Table 

2). If any of these parameters is not equal or superior in a sperm sample analysis, the 

sample is diagnosed as oligozoospermic.  

 

4. Sperm vitality:  

The sperm vitality parameter measures the number of living cells and it is done by 

measuring the sperm membrane integrity. Like motility, it is recommended to evaluate 

this parameter within the first hour post-semen ejaculation. There are mainly two 

methods to analyze spermatozoa vitality. 1) Dye exclusion. This method is based on the 

principle that only death cells, or cells with a damaged cell membrane, will incorporate 

the dye. 2) Hypotonic swelling. In this scenario, only the living cells with intact 

membranes will swell in a hypotonic solution. The lower reference limit established for 

vitality is 58% (Cooper et al., 2010).   

 

As mentioned, the threshold values are recommended and periodically updated by the 

WHO to classify sperm samples. In the following table, I summarize these values and 

the sample diagnosis when they do not reach the thresholds.  

 
Table 2: WHO reference values for human semen characteristics. The following values are common 
parameters to classify sperm samples (Barratt et al., 2011; Cooper et al., 2010).  

Parameter Value Diagnosis 

Motility (% A+B+C) 40 Asthenozoospermia 

Morphology (%) 4 Teratozoospermia 

Concentration (mill/ml) 15 Oligozoospermia 

 

 
When a sample has values above for each spermatozoa parameter, it is diagnosed as a 

“normal” sample, normozoospermic. However, semen samples can also have a 

combination of the previous abnormal diagnoses (asthenozoospermia, teratozoospermia 

and oligozoospermia), in this case, the samples are diagnosed with the combination of 

the different pathological diagnoses; for example, when samples have low motility and 

abnormal morphology, their diagnosis is asthenoteratozoospermia.  
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B. Oocyte assessment:  
Oocyte selection is based, mainly, on their meiotic progression. Oocytes can be found at 

the Germinal Vesicle (GV) stage, MI or MII (or naturally matured oocyte). When 

women have enough MII oocytes, these are always the ones used for IVF/ICSI cycles. 

In the case that the patient does not have naturally MII oocytes, MI can be in vitro 

matured. MII oocytes are morphologically recognized by the extrusion of the 1st polar 

body.  

 

Although oocyte assessment by meiotic progression is performed in all countries, the 

evaluation of other parameters are clinics-specific, therefore, it makes inter-clinic 

comparisons very difficult. In 2011, the Alpha Scientist in Reproductive Medicine and 

the ESHRE special interest group of Embryology met to define a common criteria and 

terminology for the grading of oocytes (Alpha Scientists in Reproductive and 

Embryology, 2011). The result of this meeting is a proposal document for assessing and 

grading oocytes not only by meiotic progression but also analyzing their anomalies. 

Anomalies should be discriminated in two groups depending on whether they occur in 

the cytoplasm or they are extracytoplasmic. Examples of intracytoplasmic anomalies 

are: refractile bodies, dense central granulation, vacuoles and aggregation of smooth-

surfaced endoplasmic reticulum as a disc-like aggregate. On the other hand, 

extracytoplasmic anomalies are: first polar body morphology, perivitelline space size 

and granularity, discoloration, zona pellucida defects and shape anomalies.    

 

Nevertheless, the consensus oocyte scoring analyzes the following oocyte parts: 

cumulus-oocyte complex, zona pellucida, perivitelline space, polar body, cytoplasm and 

vacuolization. A “good” cumulus-oocyte complex is defined as an expanded cumulus 

and a radiating zona. From the zona pellucida we should analyze its color and thickness 

only in particular cases because so far there are no solid evidences of zona pellucida 

color and thickness and IVF outcome. Regarding the perivitelline space, only the 

presence of inclusions should be noted as an anomaly. In the case of the polar body, it 

should be analyzed the presence of the 1st polar body as well as if it is exceptionally 

large. Oocytes with a large polar body should not be inseminated. The optimal oocyte 

cytoplasm is expected to be homogeneous. Cytoplasm with smooth-surfaced 

endoplasmic reticulum organized in disc-like aggregates is not recommended for 
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insemination. Finally, oocytes with large vacuoles (>14 µm in diameter) should be 

noted because if they persist after fertilization, they could influence the division plane 

(Alpha Scientists in Reproductive and Embryology, 2011; Magli et al., 2012).  

 

C. Embryo assessment: 
Grading an embryo includes an evaluation of the fertilization check, of the cleavage, the 

morula and the blastocyst stage. Each specific stage has a different evaluation criterion 

(Alpha Scientists in Reproductive and Embryology, 2011; Magli et al., 2012):  

 

1. Fertilization check:  

Two important elements to be analyzed at D+1 post-fertilization are the pronuclei and 

polar bodies. An optimal fertilized oocyte must have two juxtaposed pronuclei of a 

similar size, and two polar bodies also of a similar size and located each other in a close 

proximity. The fertilized oocytes with only one pronucleus or 3 or more pronuclei are 

directly discarded.  

 

2. Cleavage-stage embryos:  
This includes the analysis of embryos at D+2 and D+3 post-fertilization and involves 

the evaluation of 4 main parameters: 

 

-‐ Cell number: at D+2 an embryo must have 4-cells and at day D+3, 8-cells. 

Embryos that cleave slower or faster are considered to have a reduced 

implantation potential.  

-‐ Fragmentation: fragments are small cytoplasmic volumes surrounded by 

membranes that localize outside the cells. Fragments at D+2 have to be in size 

less than 45 µm in diameter and less than 40 µm at D+3. Three different degrees 

of fragmentation were defined: mild (<10%), moderate (10 – 25%) and severe 

(>25%). 

-‐ Multinucleation: it refers to the presence of more than one nucleus and/or 

micronuclei in a single cell or blastomere. When multinucleation is observed, 

the probability of this embryo to success is severely reduced because this 

parameter is associated with chromosome abnormalities.   

-‐ Cell size: cells at D+2 and D+3 must be symmetric.  
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Despite all these parameters, other features such as the presence of vacuoles and the 

cytoplasmic granularity should be also noted.  

 

The characteristics that were established that define an optimal D+2 embryo were: 4 

symmetric and mononucleated cells with less than 10% of fragmentation. The 

consensus for an optimal D+3 embryo was: 8 symmetric and mononucleated cells with 

less than 10% of fragmentation. These embryos will be graded as nº1, but two more 

grades were defined: grade 2 includes embryos with the correct number and size of the 

mononucleated cells, but with a moderate fragmentation. Grade 3 embryos, and the ones 

with a poorest rating, they have a severe fragmentation, abnormal cell size and number 

and are multinucleated. As much as possible, embryos graded as optimal (Grade 1) 

should be used.  

 

3. Morula stage:  

The assessment of an embryo at D+4 is basically the analysis of its compaction stage. 3 

different grades were established for D+4 embryos. Grade 1 or good embryos includes 

embryos that are compacting or are already compacted and are in the 4th round of cell 

division. Grade 2 includes the embryos that, almost in their totality (as embryo volume), 

are compacting and they also have entered into the 4th round of cell division. Finally, 

grade 3 embryos (also rated as “poor”) are the ones in which less than half of the 

embryo is compacted.  

 

4. Blastocyst stage:  
At D+5 post-fertilization an optimal embryo should be fully expanded with the two 

well-differentiated cell lineages: ICM and the TE (Figure 15). The ICM must be easily 

detected, with many tightly adhered cells. The TE should be seen as a cohesive 

epithelium. Blastocysts were agreed to be graded by three main parameters, creating a 

complex formula: stage of development (1 to 4: early blastocyst, blastocyst, expanded 

blastocyst and hatched blastocyst); ICM (1 to 3: good, fair and poor) and TE (1 to 3: 

good, fair and poor). ICM and TE grade 2 and 3 share that they have few cells and are 

less tightly bound.    
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Figure 15: Expanded blastocyst. When a blastocyst at D+5 is expanded we can differentiate 3 different 
parts: The trophectoderm (TE), which will give rise to the placenta; the inner cell mass (ICM), which will 
give rise to the fetus and finally a fluid-filled cavity.  

 
D. Intrauterine insemination (IUI): 
The intrauterine insemination consists on the introduction of spermatozoa previously 

selected in the female’s uterus with a cannula. Compared with other ART, IUI is 

relatively simple. It can be performed during a natural or an hormonal stimulated cycle 

and with the partners’ semen or with a donor’s (Kim et al., 2014). The IUI was first 

introduced in 1962 and according to the ESHRE, nowadays, more than 200,000 cycles 

are carried out every year in Europe (European et al., 2016; Matorras et al., 2018). 

However, its main inconvenient is that the number of multiple pregnancies is higher 

compared to other ART. Among others, IUI is specially recommended in cases in which 

the ovulation cycle is altered and the quality of the semen sample is not severely 

affected.  

 

E. In vitro fertilization (IVF): 
This technique consists in obtaining the male and female gametes and performing the 

fertilization process outside the body of the woman. Therefore, using this technology, 

the fertilization occurs in vitro rather than in vivo. Unlike IUI, in IVF both male and 

female gametes can be from patients or from donors.  

 

How are the gametes obtained? Sperm ejaculates, like in the IUI technique, are first 

diagnosed (section: sperm assessment) and then processed. The processing consists in 

obtaining a fraction enriched in motile spermatozoa and with normal morphology. There 

are different techniques to do that, like the swim-up (Materials and Methods section) or 

discontinuous gradient. The process to obtain the oocyte is much more complex. First 
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the woman must undergo a hormonal stimulation in order to obtain a sufficient number 

of COCs (cumulus – oocyte complex) for the IVF cycle (Hamdine et al., 2014). Before 

ovulation, the oocytes are retrieved by ultrasound-guided transvaginal puncture and then 

they are immediately identified and evaluated in the IVF laboratory (Van Voorhis, 

2007).        

 

Once male and female gametes are obtained, two different techniques can be performed: 

the classic IVF or ICSI (Intracytoplasmic Sperm Injection).  

 

1. Classic IVF:  

Oocytes and processed spermatozoa are incubated in the same plate over-night. The 

ratio of spermatozoa per oocyte was proposed to be adjusted depending on the sperm 

diagnosis (Fiorentino et al., 1994). The following day, oocytes are analyzed for 

pronuclei formation to check whether they have been successfully fertilized. 

  

2. ICSI:   

This technique is based on the injection of an individual spermatozoon into an oocyte. 

This technique was introduced in humans in 1992 by Palermo (Palermo et al., 1992) to 

improve fertilization in couples that either have a severe male factor and/or with 

fertilization failures in previous classic IVF cycles (Benadiva et al., 1999; Practice 

Committees of the American Society for Reproductive and Society for Assisted 

Reproductive, 2012). It is interesting to say that this technique was already developed in 

1966 for non-mammalian gametes (Hiramoto, 1962).  
 

In both cases, fertilized oocytes are maintained in culture and evaluated according to the 

previously described “embryo assessment”. Embryos at D+2, D+3 or D+5 are the 

normally preferred for their transfer into the woman uterus. The number of embryos 

transferred depends on their quality, the women’s age and the number of cycles that the 

couple has performed, however, the tendency is, in the cases of favorable prognosis, to 

transfer only one embryo, because it is the safest condition for the women and the 

newborn (Klitzman, 2016).  
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IV. The Xenopus egg extract system as a tool to study 

microtubule dynamics during fertilization: 

 
The Xenopus egg extract system (XEE) is a tool used to study microtubule nucleation, 

spindle assembly and microtubule dynamics. Some of the advantages of this system are 

the following: 

 

-‐ Each frog lays thousands of eggs. The cytoplasmic material of these eggs 

(XEE) can be isolated and approximately 1 ml of cytoplasm is obtained per 

frog. 

-‐ XEE is arrested at MII phase. The transition from meiosis to interphase and 

then to mitosis can be externally triggered.  

-‐ XEE do not contain chromosomes and centrosomes 

-‐ It is an open system; the effect of removing or adding different components or 

proteins on microtubule dynamics can be studied.  

-‐ It is enriched in protein, mRNA and other components. 12 cell cycles can be 

performed without the need for transcription.   

 

All these advantages make the XEE system a suitable tool to study microtubule and 

spindle dynamics. Moreover, the addition of sperm and calcium to the MII arrested 

XEE mimics fertilization. Therefore, this system can be also used to study the molecular 

details of the fertilization process.    
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The main objective of this thesis is to understand and provide novel methodologies to 

study the fertilization process, specifically the sperm basal body to centrosome 

transition and its importance in supporting early embryo development, with a special 

emphasis in understanding the molecular causes of pre-implantation arrests.  

 

Specifically, the objectives are: 

 

1. To set up a method to study the molecular mechanisms that the spermatozoon 

triggers upon oocyte fusion and to functionally evaluate pathological sperm samples 

in an ex vivo oocyte cytoplasm. 

 

2. To analyze the inheritance mechanism of the human sperm basal body and how it is 

converted into a functional centrosome in the zygote, with the objective of 

improving our basic knowledge on centrosome biology during fertilization. 

 

3. To evaluate whether the inheritance of the centrosome during human fertilization 

provides an advantage during the embryo pre-implantation development.  



 

 



 

 

  

RESULTS 
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I. Results overview: 
 
I decided to present the results section in three chapters. The first chapter contains a 

method to study the molecular mechanisms that the spermatozoon triggers upon 

fertilization. This method can also evaluate the functionality of human semen samples 

in terms of microtubule nucleation and spindle assembly. The idea of translating this 

basic method to reproductive clinics is attractive, because we demonstrated that it could 

be used as a new diagnostic and prognostic test.  

 

The second and third chapters contain a descriptive and functional characterization of 

the human sperm basal body and its transition into a functional centrosome upon 

fertilization. Furthermore, the third chapter includes functional assays in human 

oocytes, to study whether the centrosome inheritance during fertilization is needed to 

support human embryo early development.    

  

With these three studies, I wanted to obtain a global view of the microtubule organizing 

centers and microtubule dynamics of the mature spermatozoon, during fertilization and 

in the early embryo development.  
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II. Chapter 1: Functional analysis of human pathological 

semen samples in an oocyte cytoplasmic ex vivo system. 
 
Information about human fertilization is very scarce, mainly due to ethical and technical 

limitations. Moreover, because human samples are limited, and the natural biology of 

the gametes, many techniques cannot be applied.  

 

In order to bypass these limitations, we decided to set up a methodology based on the 

use of Xenopus egg extract and human spermatozoa. This system not only allows us to 

study the behavior of the human spermatozoon once it is placed in an oocyte 

environment in a molecular perspective, but also to use it as a diagnostic method to 

analyze human semen samples functionality in terms of microtubule nucleation and 

organization.   

 
This chapter is written in a “manuscript” format, and submitted to “Science 

Translational Medicine”.  
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Abstract:  

Human fertilization and embryo early development involve a wide range of critical 

processes that determine the successful development of a new organism. Although 

Assisted Reproduction Technologies (ART) solved the infertility problems associated to 

severe male factors, the live birth rate is still low. A high proportion of ART failures 

occur at very early stages before implantation. Understanding the causes for these early 

failures has been difficult due to technical and ethical limitations. Diagnostic procedures 

on human spermatozoa in particular have been limited to morphology and swimming 

behaviors while other specific functional requirements during early development have 

not been addressed due to the lack of suitable assays. Here, we have established and 

validated a quantitative system based on the use of Xenopus egg extracts and human 

spermatozoa. This system provides novel possibilities for the functional characterization 

of human spermatozoa. Using clinical data we show that indeed this approach offers a 

set of complementary data for the diagnosis of spermatozoa from patients. 

 

Introduction: 

Infertility is a global disease affecting 1 in 9 couples in developing countries. The 

introduction of ART such as in vitro fertilization (IVF) (Steptoe and Edwards, 1978) 

and especially intracytoplasmic sperm injection (ICSI) (Palermo et al., 1993), have 

helped to address infertility due to severe male factor; nevertheless, the live birth rate 

per cycle of IVF/ICSI is still less than 30%. One of the most important bottlenecks in 

IVF/ICSI cycles occurs during the first five days of development, i.e. up to blastocyst 

formation. Approximately 25% of the oocytes injected with a sperm arrest their 

development at day 1 due to fertilization errors, while 25-30% of the remaining 

embryos are lost in culture during the first days of in vitro development. Although some 

factors affecting embryo development, such as complex aneuploidies and severe sperm 

DNA fragmentation, have been identified, the systematic characterization of possible 

causes of embryo loss, at the molecular level, has been hampered by ethical and 

technical issues alike. The development of functional assays that recapitulates the 

process of human fertilization and early embryo development should improve our 

understanding of developmental arrest, allowing for better selection methods for 

gametes, and ultimately improving the success rate of IVF/ICSI.  
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After ovulation, the human oocyte is arrested at the metaphase of meiosis II (MII). 

When the sperm fuses with the oocyte, the oocyte is activated, meiosis resumes, and 

half of the sister chromatids are extruded into a second polar body. The fertilized oocyte 

enters interphase before starting mitosis. In interphase, the male and female chromatin 

decondenses, replicates, and forms the male and the female pronuclei. Protamines are 

exchanged from the male chromatin for histones (Johnson et al., 2011). In addition, the 

basal body from the sperm recruits pericentriolar material (PCM) stored in the oocyte 

cytoplasm. The centrosome in the fertilized oocyte generates an array of microtubules 

that mediates the male and female pronuclei movement and apposition, and prior to the 

first division of the zygote, the centrosome duplicates (Clift and Schuh, 2013).   

 

The centrosome is the main microtubule organizing center of the cell. It is formed by 

two centrioles, oriented perpendicularly to each other, surrounded by PCM 

(Bettencourt-Dias and Glover, 2007). In interphase, most microtubules are nucleated at 

the centrosome; it is therefore a main player in the intracellular organization as well as 

in cilia/flagella assembly, among other functions. In mitosis, two main pathways of 

microtubule assembly, the centrosomal and the chromatin-dependent pathway, 

cooperate to support spindle assembly (Cavazza et al., 2016). The mitotic spindle is 

defined by the presence of the duplicated centrosomes that define the two spindle poles 

and spindle orientation thereby also defining the axis of cell division.    

 

Spindle assembly and microtubule dynamics have been widely studied using the 

Xenopus egg extract system (XEE) (Karsenti and Vernos, 2001). Xenopus eggs are 

naturally arrested in MII and do not contain centrosomes, resembling human oocytes. 

The cytoplasm of Xenopus eggs can be isolated and manipulated in the test tube to 

follow interphase and mitotic events associated with the chromatin and the 

microtubules. These events are physiologically relevant as they occur in vivo upon 

fertilization and culminate with the assembly of the first mitotic spindle (Hannak and 

Heald, 2006).  

 

In the present study, we developed an ex vivo heterologous system based on the 

incubation of human spermatozoa in XEE in order to obtain functional information on 

the activity of the human sperm once placed in an oocyte cytoplasm environment. We 
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further characterized the performance of semen samples from patients in this ex vivo 

heterologous assay. We show that this system provides functional data that may 

improve clinical diagnosis as well as our basic knowledge of the mechanisms that the 

spermatozoon triggers upon fertilization.  

 

Results:  
Human spermatozoa assemble functional chromatin in Xenopus egg extracts 
Xenopus eggs are laid arrested in the second metaphase of meiosis ready for 

fertilization. Undiluted cytoplasmic extracts prepared from these eggs (XEE) have been 

widely used to study the cell cycle and spindle assembly (Figure 16A). We decided to 

test whether this system could be suitable to perform functional studies on human 

spermatozoa and provide tools to address male infertility. One of the first and limiting 

events that occur after fertilization is the reorganization of chromatin. In interphase the 

spermatozoa chromatin deconsenses and forms the male pronucleus; in mitosis, the 

chromatin condenses into chromosomes that align at the metaphase plate. We first 

addressed whether XEE could provide a system to study the chromatin-associated 

events that occur in the fertilized oocyte. We monitored chromatin decondensation and 

condensation of human normozoospermic samples incubated in XEE, using the 

Xenopus spermatozoa as control. The XEE were sent into interphase by calcium 

addition. Samples were collected at different time points during the 90min of interphase 

and then during the 60min after cycling the extract back into mitosis. DNA 

decondensation during interphase and condensation during mitosis was quantified by 

measuring the area occupied by the chromatin. Human sperm chromatin decondensed 

gradually during interphase reaching a maximum area at the end of the 90min 

interphase period, following a similar trend of the Xenopus sperm chromatin (Figure 

16B and C). As previously reported, the DNA of human sperm samples not pretreated 

with DTT did not decondense when incubated in interphase XEE (Lohka and Maller, 

1988; Ohsumi et al., 1988) (data not shown). This suggests that the reduction of the 

disulfide bounds of protamines is necessary for their exchange by histones. The human 

sperm chromatin decondensation occurred in 3 phases: during the first 10 minutes the 

chromatin went through a rapid initial decondensation phase expanding to an area of 

63±10.5 μm2 although a local constriction was still visible, probably reflection a steric 

hindrance (Figure 16B and C) (Gordon et al., 1985). Subsequently the chromatin 
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condensed slightly over a period of approximately 30 minutes. After 40 minutes, the 

chromatin occupied an area of 50±10.5 μm2. Towards the end of interphase (90 min), 

the chromatin had expanded into a round pronucleus with a maximum area of 126±42.2 

μm2. Although the overall pattern of decondensation of the human sperm chromatin was 

similar to that of Xenopus, the area occupied by the human chromatin was 

systematically smaller at the same time points. Indeed it was 2.3 times smaller than the 

Xenopus sperm chromatin after 3 min in interphase XEE, and 2.7 times smaller at the 

end of interphase when the Xenopus sperm induced pronucleus occupied an area of 

343±49.8 μm2. Upon entry into mitosis by addition of CSF-EE, both human and 

Xenopus chromatin condensed rapidly and aligned forming the metaphase plate (Figure 

16B and C).  
 

Having established the profile of chromatin decondensation/condensation for human 

normozoospermic samples during interphase and mitosis we then looked at sperm 

samples with altered spermiogram. The chromatin decondensation profiles of 

asthenozoospermic samples was very similar to the normozoospermic ones during the 

first 2 phases, occupying areas of 62±4.1 μm2 in phase 1 and 52±2.7 μm2 in phase 2. 

More variability was observed in the last step of decondensation although the difference 

with the normozoospermic samples was not significant (area of 86±6.6 μm2; ns 

p=0.4359). Chromatin from asthenozoospermic samples condensed upon entry into 

mitosis and formed the metaphase plate as efficiently as the chromatin from 

normozoospermic samples (Figure 16B and C).   

 

Overall we conclude that the XEE system is suitable to study human sperm chromatin 

decondensation in the interphase oocyte cytoplasm and its condensation into 

chromosomes during the first zygotic mitosis. 

 

The human spermatozoa DNA replicates in Xenopus egg extracts  
After fertilization and during the first interphase, the sperm chromatin replicates in 

preparation for the first mitosis of the zygote. We monitored human spermatozoa DNA 

replication upon incubation in interphase XEE containing biotin-dUTPs. 

Immunofluorescence analysis at different time points of incubation showed that 

16±3.6% of the spermatozoa had incorporated biotin-dUTP in their chromatin after 30 

min in interphase and 51±9.0% after 90 min (Figure 16D and E). In mitosis we 
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detected that 89±3% of the human chromatin groups had incorporated biotin-dUTPs 

suggesting that sperm chromatin replicated correctly. These percentages are similar to 

the control Xenopus spermatozoa. As expected, the global replication process appeared 

to be coordinated with the DNA decondensation phases. Asthenozoospermic samples 

showed a similar pattern of DNA replication as normozoospermic ones.   

 

Altogether these data suggest that the main chromatin-associated events (DNA 

decondensation and replication) which the sperm chromatin undergoes in the oocyte 

cytoplasm can be visualized in XEE. Moreover, this provides a novel system to evaluate 

patient samples. Here we assessed DNA decondensation and replication kinetics in 

human sperm samples showing abnormal motility and found that they did not present 

any chromatin decondensation or replication defects.   

 
The human sperm basal body converts into a centrosome that nucleates 

microtubules in Xenopus egg extracts  

Fertilization in humans and other organisms involves the fusion of a female gamete 

devoid of any centrosome and a male gamete with a basal body between the head and 

the flagellum. Upon fertilization, the basal body converts into the first centrosome of the 

new organism. The basal body of the human spermatozoa is an atypical centrosome 

with a ‘degenerated’ distal centriole and with little or no associated Pericentriolar 

Material (PCM). It has been proposed that upon fertilization, the human basal body 

recruits PCM components required for the formation of the first functional centrosome 

of the new organism from the oocyte cytoplasm.  

 

Indeed, human spermatozoa incubated in pure tubulin in vitro did not nucleate 

microtubules. We then addressed directly the recruitment of PCM by the human sperm 

basal body centrioles using the XEE system. Human spermatozoa were stripped from 

PCM proteins and applied onto a coverslip. After incubation with XEE, the samples 

were washed and incubated with pure tubulin. Immunofluorescence analysis showed 

that the sperm centrioles did nucleate microtubules (Figure 17A). This suggested that 

the human sperm centrioles had recruited PCM components from the egg cytoplasm.  

 

 

 



Results – Chapter 1  

88 

Human spermatozoa trigger bipolar spindle assembly in Xenopus egg extracts 

The correct formation of a bipolar spindle is not only an essential mechanism for the 

segregation of the genetic material in two daughter cells, but also for the development 

and survival of a healthy individual. We decided to test whether human spermatozoa 

can trigger spindle assembly in XEE. Human normozoospermic spermatozoa were pre-

treated to loosen their membrane and incubated in XEE (Supplementary Table 1). The 

extract was sent into interphase by addition of Calcium and cycled back into mitosis by 

addition of CSF-EE, as previously described for cycled spindle assembly assays with 

Xenopus sperm nuclei (Figure 16A). After 60min in mitosis the samples were 

centrifuged onto coverslips, fixed and processed for fluorescence microscopy analysis. 

As a control, Xenopus sperm nuclei also pre-treated to loosen their membrane were 

processed in parallel. Microtubule structures associated with the sperm chromosomes 

were classified into three categories: Bipolar Spindles (BP) having two focused spindle 

poles and the chromosomes well aligned at the metaphase plate, Abnormal Structures 

(AB) consisting of disorganized microtubule arrays, and No Structure (NS) when 

chromosomes had no associated microtubules. Human spermatozoa triggered bipolar 

spindle assembly in XEE as efficiently as the control Xenopus sperm nuclei; the 

proportion of bipolar spindles was 65±3.2% for the human spermatozoa and 61±10.5% 

for the Xenopus sperm nuclei (p=0.5378; ns). The proportion of disorganized structures 

was also very similar for human spermatozoa (21±4%) and Xenopus sperm nuclei 

(24±1.7% ; p=0.2622 ; ns). Finally, 14±7% (human) and 15±9.5% (Xenopus) 

(p=0.8945; ns) of the nuclei had no associated microtubules (Figure 17B and C).  

The morphology of the bipolar spindles formed around the human sperm chromosomes 

was also very similar to the control ones formed around Xenopus sperm nuclei. 

However, their length measured from pole to pole was 15.5% shorter (40 spindles per 

condition, p≤0.0001) (Supplementary figure 1).  
 

We then tested whether sperm samples with different spermiograms can also form 

bipolar spindles, and whether they do it with different proportions. Asthenozoospermic 

(n=4) and teratozoospermic (n=6) samples, as well as normozoospermic ones (n=14) 

were tested for cycled spindle assembly in XEE as described above. We found that all 

samples triggered bipolar spindle assembly albeit with different efficiencies: 60±7.6% 

of bipolar spindles for normozoopermic samples, 56±4.6% for asthenozoopermic ones 

and 57±9.8% for teratozoospermic (Figure 18A). Moreover, asthenozoospermic 
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samples formed a higher proportion of abnormal spindles compared with 

normozoospermic ones (p=0.0066).  

 

We then investigated whether centrioles were present at the poles of the spindles 

assembled by human spermatozoa by immunofluorescence microscopy (Cavazza et al., 

2016) (Figure 18B and C). We could detect centrioles at the spindle poles with a 

similar frequency for both human and Xenopus samples. These data suggested that the 

human sperm centrioles had duplicated during interphase and correctly localized at the 

spindle poles. We obtained similar results for asthenozoospermic samples (Figure 18B 

and C).  

 

Altogether our data show that human spermatozoa efficiently trigger the formation of 

bipolar spindles with centrosomes at their poles when incubated in XEE. They suggest 

that patient sperm samples with different diagnosis have different spindle assembly 

efficiencies not associated with centrosome defects. 

 

Predictive value of the spindle assembly test in Xenopus egg extracts in the context 

of clinical data 
To determine whether the spindle assembly assay in XEE has any predictive value for 

IVF/ICSI for patients with different spermiogram results, cycled spindle assembly 

assays were performed for 26 individual samples. The assays were performed 

independently four times with different XEE. The ratio of bipolar spindles in each 

experiment was then quantified as described above and normalized to the results 

obtained from parallel experiments with control Xenopus sperm nuclei incubated in the 

same XEE. The averages from the four experiments showed a moderate positive 

correlation between the ratio of bipolar spindle and three clinical parameters: 

spermatozoa motility B (R=0.506) and C (R=0.408), spermatozoa concentration 

(R=0.495), and the percentage of normal spermatozoa morphology (R=0.420) (Figure 
19A, B, C and D respectively). Interestingly, we obtained a negative correlation 

between the ratio of BP and the motility parameter D (data not shown). This suggests 

that the assay is sensitive enough to obtain data for samples with bad prognosis.  

 

Altogether, these results indicate that scoring spindle assembly efficiency of human 

sperm samples in XEE provides a novel and reliable test for assessing the human 
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spermatozoa functionality into the oocyte. Moreover, specific functional information 

can be obtained for difficult cases concerning chromatin physiological 

condensation/decondensation and replication as well as basal body conversion to a 

centrosome.  

 

Discussion:  
Although many oocytes fail to fertilize and a number of zygotes arrest their 

development during the first cell divisions after IVF/ICSI, the molecular causes of these 

failures remain difficult to investigate. Advances in this area are hampered by the lack 

of experimental systems that could provide functional information on the human 

gametes during and after fertilization. The present study describes an ex vivo 

heterologous system based on the use of XEE to obtain functional information on 

human spermatozoa, by testing their capacity for driving microtubule nucleation and 

spindle assembly providing essential information for their role in fertilization and early 

development. Although a previous study had used XEE to study human spermatozoa 

(Simerly et al., 1999), here we have expanded the array of functional analysis and taken 

them to a quantitative level to define different chromatin and microtubule-associated 

events that must occur for a successful fertilization and early development.  

 

Some of the sperm factors reported to be related with poor embryo development are 

severe DNA damage (Simon et al., 2014), epigenetic abnormalities (Gannon et al., 

2014), severe aneuploidies (Templado et al., 2013) and centrosome dysfunction (Rawe 

et al., 2002), among others. One of the earliest and critical events that occur in the 

zygote is the formation of a functional bipolar spindle to segregate correctly the genetic 

material into two daughter cells (Van Blerkom et al., 2004). According to Simerly et al 

(1995), about 25% of the fertilization failures observed in ART cycles are associated 

with defects in microtubule nucleation and organization (Simerly et al., 1995). 

Therefore, a system that could score the probability of assembly a functional spindle 

would inform about the chances of a successful IVF/ICSI cycle. We validated our 

functional system by scoring 26 patient samples for bipolar spindle assembly in XEE, 

and found that samples with a higher percentage of motile spermatozoa, higher 

concentration and a normal morphology trigger bipolar spindle assembly more 

efficiently. These results suggest that our quantitative system can be used to 
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functionally diagnose sperm samples with IVF/ICSI cycles of already bad prognosis to 

propose the most convenient ART approach. They also provide some molecular 

evidences to the open question of whether the sperm selection criteria currently in use 

are effective clinically. Indeed our results provide a validation of the current sperm 

selection criteria showing that normozoospermic samples with optimal parameters have 

higher probabilities to support fertilization and early development (Arikan et al., 2012; 

Li et al., 2014).  

 

We did not detect major differences for chromatin-associated events (decondensation-

condensation, replication) for normozoospermic and asthenozoospermic sperm samples. 

We found a negative correlation between type D motility and bipolar spindle formation 

efficiency. This correlation is in agreement with the poor fertility prognosis of immotile 

spermatozoa but goes beyond the difficulties in fertilization proper (Ortega et al., 2011).  

 

To our knowledge this is the first assay that provides a correlation between semen 

diagnosis parameters and molecular data related to cell division in the oocyte. With this 

validation, we posit that our system will be useful to study several sperm dependent 

processes as well as the causes of male idiopathic infertility. For instance, it could be 

used to study spermatozoa that fail to activate the oocyte resulting in absent pronuclei, 

which represents the 15% and the 40% of cases in IVF and ICSI cycles respectively; or 

the ones with abnormal pronuclei formation (approximately 20% of the failed 

fertilizations) (Rawe et al., 2000). In ART, the timing of pronuclear formation and cell 

division is an important indicator of fertilization and embryo quality. Our assay is 

amenable to check whether longer S-phases correlate with abnormal chromatin 

decondensation-condensation patterns and/or protamine exchange by histones, and 

whether these alterations affect later molecular events as bipolar spindle assembly. This 

would indicate whether the timing of pronuclei formation is a limiting factor for embryo 

development.  

 

Several studies remarked the importance of the centrosome for pronuclei migration, 

syngamy and embryo cleavage (Hewitson et al., 1997; Navara et al., 1995; Rawe et al., 

2002). Indeed, individual cases of severe asthenoteratozoospermia with abnormal head 

– to – tail attachment exhibit no microtubule nucleation from the centrosome once they 

are injected into a bovine oocyte (Rawe et al., 2002). Another study showed that the 
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average rate of sperm aster formation was lower for spermatozoa from infertile patients 

injected in bovine oocytes than those produced by spermatozoa from fertile patients 

(Yoshimoto-Kakoi et al., 2008). Our system could be very useful to analyze whether 

some idiopathic infertility cases are due to abnormal centrosome function as well as to 

obtain quantitative data for the basal body to centrosome transition and its microtubule 

nucleation activity in vitro for specific sperm samples.  

 

Overall, we have developed and validated a quantitative heterologous system using 

human spermatozoa and XEE that mimics the events triggered by the human 

spermatozoa during fertilization. The system was validated using clinical data. It 

provides a quantitative approach to address molecular mechanisms that are very 

difficult to study in human oocytes due to ethical restrictions. Moreover, it reduces the 

bias originated by the heterogeneous human oocyte sample population, which in clinical 

studies cannot be ignored. It will be particularly interesting to use this system for cases 

of unexpected fertilization and early embryo development failures. The system could 

provide some molecular evidences to address these infertility cases. 

 

Materials and Methods: 
Ethics 
Permission to conduct this study 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, as revised in 2013. Written informed consent to participate was obtained 

from all participants prior to their inclusions in the study.  

 

Sperm preparation 

Human sperm samples were washed with HSPP buffer (250mM sucrose, 15mM Hepes 

pH 7.4, 0,5mM spermidine, 0,2mM spermine and protease inhibitors) and centrifuged at 

850xg for 10 minutes at room temperature. After some initial optimization 

(Supplementary Table 1) sperm samples were treated with HSPP buffer containing 

1mM of DTT during 10 minutes at room temperature. Next, the same volume of HSPP 

buffer containing 1mM of DTT and 0,5% Triton X-100 was added to the solution and 

kept under movement for 30 minutes at room temperature. The reaction was stopped 
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adding HSPP-BSA 3% in excess and chilled on ice for 10 minutes followed by 

centrifugation at 850xg for 10 minutes at 4ºC. The pellet was washed with HSPP – BSA 

0,3% and then diluted with HSPP – 0,3% BSA – 30% glycerol and adjusted to 2x107 

cells/ml before freezing. Xenopus spermatozoa were treated as previously described 

(Murray, 1991). 

 

Egg extract and spindle assembly 

Preparations of fresh CF-arrested Xenopus egg extract (CSF extract) and cycled spindle 

assembly reaction were performed as previously described (Desai et al., 1999). Briefly, 

Xenopus laevis frogs were stimulated with 100 and 1,000 I.U PMSG and hCG 

respectively to lay eggs arrested at MII. The eggs were centrifuged at 10,000xg at 4ºC 

and then the cytoplasmic layer was isolated. To analyze spindle assembly in cycled 

XEE, 3,000 sperm nuclei (human or Xenopus) together with 0,4mM of calcium and 

≈0,2 mg/ml of Rohodamine-labelled tubulin (to visualize microtubules) were added to 

the CSF-extract and placed at 20ºC to release the XEE into interphase (90 minutes). 

Then the interphasic XEE were cycled back to mitosis by adding the same volume of 

CSF-EE (60 minutes; total time of 150 minues) (Figure 16A). Bipolar spindles 

assembled were pelleted by centrifuging the XEE at 4,000xg for 20 minutes at room 

temperature through a spindle cushion buffer (40% glycerol, 1x BrB80 (80mM K-pipes, 

pH 6.8, 1mM MgCl2, 1mM Na3-EGTA)). The samples were fixed with methanol and the 

DNA was stained with Hoechst (1µg/ml, 33342 Invitrogen) for 30 minutes. 

 

Decondensation and replication assays 
To analyze the decondensation dynamics of the spermatozoon nucleus, 2 µl of cycling 

XEE was stained with Hoechst (1µg/ml, 33342 Invitrogen). The area of individual 

sperm nucleus was analyzed for each time point using Fiji (ImageJ software, NIH, 

USA). For the replication assay, 40 µM of biotin-dUTPs (R0081, ThermoFisher) were 

added to the cycling XEE. 10 µl of the mix was taken every 30 minutes and fixed for 1 

hour at room temperature in 200 µl of XB (10 mM Hepes, 100 mM KCl, 0.1 mM CaCl2, 

1 mM MgCl2, 50 mM sucrose) containing 4% formaldehyde. The samples were 

centrifuged at 2,500 g through a 0.7 M sucrose cushion in XB onto coverslips and post-

fixed for 4 minutes in methanol at -20ºC. Finally, a Streptavidin-Alexa Fluor 488 

conjugate antibody (S11223, ThermoFisher) and Hoechst (1µg/ml, 33342 Invitrogen) 
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were used to detect replicated and total amount of DNA, respectively. 20 spermatozoa 

per condition and time point were analyzed for each experiment.  

 

Tubulin and centrosome detection 

Rhodamine-labeled tubulin was added to the XEE to visualize the nucleation of 

microtubules. Centrioles of the bipolar spindles were detected by adding Nocodazole 

(0,5uM, 20minutes at 20ºC, M1404 Sigma) to the XEE before spinning them down 

(Cavazza et al., 2016). Monoclonal mouse anti-centrin antibody (20H5, Millipore, 

1:2,000) was used to immunodetect the centrosomes.   

 

Centrosome complementation assay  
To assess the capacity of the human centrioles to recruit pericentriolar material and to 

nucleate microtubules, we used a previously published protocol with minor 

modifications (Moritz et al., 1998). Briefly, 100,000 human spermatozoa were 

incubated with 4M KI in 1xBRB80 and applied to a poly-lysine coated glass coverslip 

during 10 minutes at 30ºC. The adhered sample was washed by pipetting three times 

with 60 µl of Hepes block buffer (100 mM KCl, 10 mg/ml BSA, 1 mM β-

mercaptoethanol) before incubation with 60 µl of XEE for 10 minutes at 30ºC and then 

washed briefly three times with 60 µl of TDB wash buffer (1x BRB80, 10% Glycerol, 1 

mM GTP and 10 mg/ml BSA). 25 µl of unlabeled brain cow tubulin at 2 mg/ml in TDB 

(1x BRB80, 10% Glycerol, 1 mM GTP) was added to the sample for 10 minutes. Next, 

the samples were fixed for 3 minutes in 1% glutaraldehyde and post-fixed for 3 minutes 

in methanol at -20ºC. The coverslips were quenched with 0.1% sodium borohydride in 

TBS (Tris buffer saline) for 7 minutes. Microtubule and centrosomes were visualized by 

immunostaining with a rabbit monoclonal anti-beta-tubulin antibody (ab6046 Abcam, 

1:200) and a mouse polyclonal anti-centrin antibody (20H5 Millipore, 1:2,000). 

Samples were visualized with an inverted DMI-600 Leica wide-field fluorescent 

microscope using a 63x objective.  

 

Statistical analysis 

For each sperm sample analyzed in XEE, 100 and 200 sperm nuclei were counted for 

Xenopus and human samples respectively in individual XEE (a total of 4 independent 

XEE incubations with a total number of 400 and 800 Xenopus and human sperm nuclei 

analyzed, respectively). The microtubule structures associated with the spermatozoa 
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DNA were classified as: bipolar spindles, abnormal structures or no structures. The 

analysis of spindle structures was done applying the t-test in Prism 6 (GraphPad 

Software, La Jolla, CA). To analyze spindle assembly by sperm patient samples, the 

percentage of bipolar spindles was normalized by the percentage of Xenopus sperm 

bipolar spindles in the same XEE. Semen diagnoses and fertilization rate were described 

for each sperm patient sample and associated IVF/ICSI cycle. Pearson’s R coefficient 

was calculated to evaluate the lineal association between the previous parameters and 

bipolar spindle assembly. All statistical analyses were performed using the Statistical 

Package for the Social Sciences (SPSS, version 22). A Pearson’s R coefficient between 

0.3 and 0.7 was considered as a moderate correlation.  

For spindle length measurements, the length of 40 spindles per sample was analyzed 

using a straight line from ImageJ software and the nonparametrical Mann-Whitney test 

applied with the Prism 6 program. 

 

Supplementary Materials: 

Fig. S1. Human-Xenopus bipolar spindles are smaller than Xenopus-Xenopus bipolar 

spindles. 

Table S1. Conditions tested to optimize the human sperm membrane destabilization.  
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Figures: 

 
 
Figure 16: Human spermatozoa nuclei reorganize and replicate their DNA in XEE. 

(A) Schematic representation of the experimental design. 3,000 human (or Xenopus) 

sperm nuclei and calcium were incubated in the XEE to mimic fertilization. These 

incorporations induce the resumption of the cell cycle, first by 90 minutes of interphase 

followed by 60 minutes of mitosis. (B and C) Time course of sperm nucleus 

decondensation. Xenopus and human spermatozoa (normozoospermic and 

asthenozoospermic) incubated in XEE were retrieved at different time points along the 
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150 minutes of the experiment, to measure the nuclei area. The graph shows the area 

evolution in µm2 of the three different spermatozoa samples. The images on the right 

are representative pictures of the nuclei decondensation per time point. Scale 10 µm. (D 

and E) Time course of sperm DNA replication. Xenopus and human (normozoospermic 

and asthenozoospermic) spermatozoa, calcium and biotin-labeled dUTPs were 

incubated in the XEE and retrieved every 30 minutes. The graph shows the percentage 

of incorporated dUTPs per sample. The images are representative pictures of the dUTPs 

incorporation. In green fluorescence is the dUTPs incroportaed in the DNA (blue). In 

red are the microtubules.  Scale 10 µm. 
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Figure 17: The human sperm basal body is converted into a fully functional 

centrosome in the oocyte cytoplasm. (A) Human sperm basal body actively nucleates 

microtubules in XEE. Immunofluorescence images of KI treated sperm samples 

incubated with XEE and pure tubulin. Microtubule asters are in red and centrioles in 

green. Scale 5µm. (B and C) Capacity of the Xenopus and human spermatozoa to 

assemble microtubule mitotic structures. The microtubules are in red and the DNA in 

blue. The structures associated with the DNA were classified as bipolar spindles, 

abnormal structures and no structures as shown in the images on the right. Scale 10 µm. 

The graph on the left shows the analysis of 100 and 200 sperm nuclei for Xenopus and 

human samples respectively. 
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Figure 18: Human spermatozoa are able to assemble bipolar spindles in XEE 

independently of the sperm diagnosis. (A) Capacity to assemble microtubule mitotic 

structures of human spermatozoa samples with different diagnosis. The graph shows the 

percentage of bipolar spindles, abnormal structures and no structures per sample. (B 

and C) Human basal body duplicates in XEE. Bipolar spindles assembled in XEE were 

treated with Nocodazole and processed for immunofluorescence. The number of bipolar 

spindles with centrosomes at both poles were analyzed in 2 normozoospermic and 2 

asthenozoospermic samples and normalized by the number of bipolar spindles with 

centrosomes at both poles in Xenopus spermatozoa. The images show in blue the DNA, 

in red the microtubules and in green the centrosome. Scale 10µm. 
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Figure 19: Human sperm samples have different capacities to trigger functional 

bipolar spindles. (A – D) The percentage of bipolar spindles per XEE was normalized 

by the percentage of bipolar spindles triggered by Xenopus spermatozoa in the same 

XEE. The average of bipolar spindles of each sample in the four XEE was correlated 

with each sperm sample characteristics and clinical outcomes for their respective 

IVF/ICSI cycle. A positive moderate correlation was found for the following 

parameters: motility B (R=0.506), motility C (R=0.408), morphology (R=0.420) and 

concentration (R=0.495). 
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Supplementary Materials: 
 

 
 
Supplementary Figure 1: Human-Xenopus bipolar spindles are smaller than 

Xenopus-Xenopus bipolar spindles. The spindle length in µm of 20 bipolar spindles 

per sample was analyzed by measuring the distance from the two spindle poles. 2 

normozoospermic, 2 asthenozoospermic and 2 teratozoospermic patients’ samples were 

analyzed in 2 independent XEE per sample. p≤0.001 (***), p≤0.0001 (****).  
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CONDITION BIPOLAR 

SPINDLES (%) 

ABNORMAL 

STRUCTURES (%) 

NO STRUCTURES 

(%) 

Xenopus 60.8 

 

24.2 

 

15.0 

 

Human not treated 2.3 

 

0.9 

 

96.8 

 

Lysolecithin 1,5% 9.0 

 

2.2 

 

88.8 

 

Lysolecithin 1,5% + 

1mM DTT 

57.3 

 

22.0 

 

20.7 

 

Triton 0,05% 13.3 

 

1.6 

 

85.1 

 

Triton 0,25% 2.2 

 

5.0 

 

92.7 

 

Triton 0,25% + 1mM 

DTT 

65.3 

 

20.7 

 

14.0 

 

NP40 0,05% 5.4 

 

3.6 

 

91.0 

 

NP40 0,25%  12.4 

 

3.7 

 

83.9 

 

NP40 0,25% + 1mM 

DTT 

65.7 

 

18.7 

 

15.7 

 

1mM DTT 50.7 

 

20.0 

 

29.3 

 

 
Supplementary Table 1: Conditions tested to optimize the human sperm 

membrane destabilization. Different permeabilization agents combined with or 

without DTT were used to treat the human spermatozoa before incubation in XEE. 

Their efficiency was analyzed by their capacity to assemble mitotic microtubules 

structures.  
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III. Chapter 2: PCM characterization of the human sperm 

basal body. 
 
Several authors have postulated that the centrosome is biparentally inherited during 

mammalian fertilization (centrioles provided by the spermatozoon and PCM by the 

oocyte). This statement is based on different observations: 1) many animals inherit the 

centrosome asymmetrically (centriole versus PCM). 2) The elimination of the 

centrosome from the oocyte prevents its parthenogenetic development in Xenopus.  

 

Humans are not an exception. Electron microscopy studies showed that the sperm basal 

body consists of two centrioles, one of them partially degenerated with incomplete 

microtubule triplets. On the other hand, the human oocyte does not have a centrosome, 

but it likely contains centrosomal proteins and/or mRNAs encoding them. Therefore, 

the working model so far is that the sperm basal body, which has lost most of the 

centrosome associated proteins and the capacity to nucleate microtubules, reconstitutes 

a functional centrosome after fertilization by recruiting centrosomal proteins from the 

oocyte cytoplasm.  

 

There are evidences supporting this idea. Drosophila spermatozoa also follow a 

centrosome reduction process (involving centrosomal protein degradation). When this 

process is not correct, early embryo development is compromised. Other species such as 

Xenopus or mice eliminate completely centrosome proteins like γ-tubulin and centrin 

respectively. On the other hand, defects in centrosome elimination from Drosophila and 

starfish oocytes, result in fertilization and early development problems. 

 

It is highly likely that an asymmetric inheritance of the centrosome also occurs during 

human fertilization. However, although it is broadly accepted that human sperm 

centrosome proteins are degraded during spermatogenesis and therefore, the mature 

spermatozoon only carries a pair of centrioles, there are no direct experimental evidence 

to support this idea. We, therefore, decided to investigate this issue by determining 

whether centrosomal proteins are associated with the human sperm basal body and may 

participate in the transition to a functional centrosome in the fertilized oocyte.      
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A. The sperm degenerated centriole (distal centriole) has the capacity 

to recruit PCM: 
In order to test the hypothesis that 1) the mature spermatozoon lacks most of its PCM 

and 2) the sperm basal body is only converted into a functional centrosome once it 

recruits PCM from the fertilized oocyte; we decided to perform immunofluorescence 

(IF) for 2 centrosomal proteins: centrin and Cep63 (Figure 20A and B). Centrin is a 

structural protein that localizes inside the centrioles and it is actually often used as a 

maker for centrioles by IF (Middendorp et al., 2000; Paoletti et al., 1996; Salisbury et 

al., 2002; White et al., 2000). It may therefore also be a good marker for general 

centriole structure and, in particular, to get some hints about the “degenerated” distal 

centriole. In principle, we expected that the degenerated centriole contained very low 

amounts of centrin compared to the other centriole. Using Stimulated Emission 

Depletion (STED) on fixed human spermatozoa we found that both the proximal and 

distal centrioles were positive for centrin (Figure 20A). Moreover, centrin localization 

and distribution was very similar for both centrioles. A similar staining was observed 

for the centrosomal duplication protein Cep63: it is recruited to both centrioles (Figure 

20B). We were surprised by these findings because they suggest that the hypothesis that 

the mature spermatozoon lacks PCM was not carefully evaluated and that, although the 

distal centriole has an incomplete microtubule structure, it retains some centrosomal 

components which in turn may play a role after fertilization in its replication and 

microtubule nucleation function. 

 
Figure 20:Mature human spermatozoon still has PCM. A) High resolution image of the sperm 
centrioles. Centrioles are shown in green and tubulin in red. Proximal and distal centrioles are completely 
perpendicular. Scale 1 µm. B) Representative images of Cep63 IFs. Proteins (centrin and Cep63) are 
shown in green and tubulin in red. Scale 5 µm.  
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B. Sperm tails fraction enrichment:  
Because our IF analysis suggests that the sperm basal body could contain more PCM 

than expected, we decided to use a high-throughput technology to identify these 

proteins. We decided to apply proteomics only on normozoospermic samples with more 

than 50% of A+B motility because, although 50% of motility does not ensure that the 

centrosomes are not altered, at least it suggests that the spermatogenesis was not 

severely impaired.  

 

Since centrosomal proteins are usually in low abundance and often difficult to detect by 

mass-spectrometry based proteomic approaches (Bauer et al., 2016), we aimed at 

enriching the samples in basal bodies components by fractioning the head and tails.  

Searching the literature we found that sonication has been successfully used for 

subcellular fractionation of mammalian sperm samples and sperm tail proteomics 

analysis (Amaral et al., 2013; Firat-Karalar et al., 2014b). We therefore tested several 

conditions to optimize the separation of sperm heads from tails. We tested 9 different 

conditions (data not shown) changing the output values as well as the number of bursts, 

while maintaining a constant time for each burst. The most efficient separation of head 

and tails was obtained with 70% output, 5 x 15 seconds bursts at 30 seconds intervals as 

tested by IF against DNA and tubulin (55% of the heads did not even contain a small 

fraction of tail). Then, sonicated samples were centrifuged twice through a 30% sucrose 

cushion (200xg, 10 min at 4˚C) and a fraction enriched in sperm tails free of heads (in 

the pellet) was recovered at the top of the gradient (Figure 21A and B). We analyzed 

by bright-field microscopy the purity of fraction 2 and found that the presence of heads 

was less than 0.01% (Figure 21B). To further validate the purity of the tail sample, we 

assessed by Western Blot (WB) analysis the presence of protamines, which are 

specifically associated with the packaged chromatin in the sperm head (Figure 21C). A 

very low amount of protamines could be detected in the sperm tail fraction 1 but not 

anymore after the second purification step (fraction 2), whereas tubulin was detected in 

both fractions. These results demonstrate that we had obtained a sample enriched in tails 

and with very few heads as contaminants. Furthermore, when this process was repeated 

with other sperm samples, the percentage of sperm heads present in the tail fraction was 

less than 0.01% in all cases, indicating that our protocol is highly efficient and 

reproducible.  
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To finally determine whether centrosomes are present in the sperm tail fraction 2, we 

performed IF analysis against DNA, centrin and tubulin (Figure 21D). The head 

fraction contained isolated heads sometimes associated with pieces of flagella (labeled 

with the anti-tubulin antibody) and centrosomes. The tail fraction 2 did contain sperm 

tail fragments and some of them had an associated centrosome.  

 

These data suggest that the protocol was appropriate to obtain a fraction enriched in 

sperm tails that sometimes are associated with a centrosome. This fraction is amenable 

for proteomic analysis. 
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Figure 21: Isolation of human sperm tails. A) Protocol followed to isolate human sperm tails. Briefly, a 
mixture of normozoospermic samples was sonicated prior to two sucrose gradient purifications. B) Intact 
human sperm, heads and tails fractions visualized by phase-contrast microscopy. Note that tails fraction 2 
is enriched in tails and very few heads can be detected (0.01%). Scale bar 100 µm. C) Detection of head 
and tail specific proteins (tubulin and protamine-1) in extracts of intact sperm, heads and tails fractions. 
D) Representative images of intact and sperm fractions stained for DNA (blue), centrin (green) and α-
tubulin (red). In some tails from tails fraction 2 one or two centrioles could still be detected. Scale 10 µm.  

 
C. Sperm tail sample preparation for proteomic analysis: 
In order to extract as many centrosomal proteins as possible to then identify them by 

mass spectrometry, we decided to follow two different protocols. The first approach was 

based on sequential washes with three different detergent solutions of increasing 

stringency (Figure 22A) (Firat-Karalar et al., 2014b). WB analysis of the three extracts 

showed that this approach was successful and different human sperm proteins were 

extracted at each wash step (Figure 22B). We monitored γ-tubulin as a marker of the 

centrosome fraction and α-tubulin as a marker of axonemes. Anti-centrin antibodies did 

not detect any positive band and could not be used as a maker of the centrosomes (data 
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not shown). We found that γ-tubulin is enriched in the sample obtained upon the wash 

with extraction buffer 1 whereas α-tubulin is enriched in the sample obtained after the 

wash with the extraction buffer 2. None of them were present in the sample obtained 

after a final wash with extraction buffer 3, suggesting that the cytoskeletal proteins of 

interest are not present anymore (Figure 22B).  
Our results with human sperm are different from those in the literature on bovine 

spermatozoa. According to these published data, the centrosome enriched fraction from 

bovine spermatozoa is obtained with the extraction buffer 2 and α-tubulin is mainly 

found with extraction buffer 3. It seems, therefore, that proteins are extracted more 

easily from human spermatozoa than from bovine spermatozoa. These differences may 

be due to different composition and/or complexity of the membranes of the human and 

bovine sperms and/or the specific sonication conditions.  

 

As an alternative approach we decided to directly solubilize all the proteins in tail 

fraction 2 by incubation in SDS-PAGE loading buffer (Lammeli Buffer). The resulting 

soluble fraction was then run in a 4-16% gradient SDS-PAGE gel (Figure 22C). The 

gel was stained with Coomassie blue staining. In the gel we could appreciate that the 

sperm proteome is complex, and that the sample is enriched in proteins with a molecular 

weight of approximately 100 kDa or less (3rd top molecular marker band). Three major 

bands are highly enriched: one of them corresponding to tubulin (55 kDa) and the two 

other bands, of unknown proteins, have a molecular weight of approximately 100 and 

70 kDa respectively.  

For mass spectrometry analysis, 9 fragments of the gel were excised taking into account 

the abundance and complexity of the proteins. In this way, we separated segments 

containing highly abundant proteins, such as tubulin, from others with less proteins. The 

9 bands were analyzed independently by mass spectrometry. 
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Figure 22: Protein extraction form. A) Protocol used to sequentially extract proteins. This protocol is 
based on the published protocol from Firat et al., 2014. B) Samples from each extraction were run in a gel 
and blotted to confirm the different protein extraction, and to identify the centrosome enriched fraction. 
C) Protocol of the second approach and protein gel obtained from the solubilized Tails 2 fraction.     

 
 
D. Mass spectrometry based proteomic analysis of human sperm tails: 
Data from the 4 independent experiments resulted in the identification of around 2,000 

proteins per experiment using the sequential protein extraction protocol (protocol 1) 

(experiment 1 to 3) and approximately 4,500 proteins using the tail solubilization 

approach (protocol 2) (experiment 4) (Figure 23A). In total we identified 4,736 proteins 

(Figure 23B). To minimize potential contaminants we further considered only proteins 

identified in at least two independent experiments. This resulted in a human sperm tail 

proteome of 2,312 proteins. To our knowledge, it is the most complete tail proteome 

from human spermatozoa. Indeed, our proteome, that includes 82.7% of the proteins 
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previously reported for human sperm tails, is twice as big (Figure 23C) (Amaral et al., 

2013). The high number of proteins identified may seem surprising because previous 

data have suggested that spermatozoon eliminates a large number of proteins during its 

maturation and it is mostly composed of the genetic material and the centrosome.  

To analyze the composition of the sperm tail proteome we performed Gene Ontology 

(GO) analysis. Based on biological processes, the most abundant proteins are related to 

metabolic processes as previously described (Figure 23D) (Amaral et al., 2013), 

followed by intracellular transport, cell movement and reproductive processes, as 

expected. Based on cellular localization, most of the proteins were related to 

mitochondria or the cytoskeleton (Figure 23E). Note that we emphasized in the graph 

the proteins allocated to the cytoskeleton cluster because centrosomal proteins should be 

included there. Many proteins were also associated with the Golgi apparatus, the 

Endoplasmic Reticulum and to vesicles. These groups had also been described in 

previous proteomic studies of whole sperm (Wang et al., 2013). The fact that 

spermatozoa contain a large number of these proteins suggests that the mature 

spermatozoa is much more dynamic than previously thought. It is also important to 

mention that the distribution of the GO clusters for each individual experiment was 

highly similar, demonstrating the robustness and reproducibility of our approaches. 

Taken together, our data suggest that mature spermatozoa are much more complex cells 

than previously described. Although many of their proteins are involved in the 

spermatozoon reproductive function (movement, sperm-oocyte fusion), many metabolic 

pathways and protein/membrane synthesis processes are also represented.	  	  	  	  
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Figure 23: Proteome of the human sperm tail. A) Number of proteins identified in each experiment. 
Note that the approach in which we identify more proteins was using the gel protein protocol. B) Number 
of proteins identified that appear at least in 1, 2, 3 or in all 4 experiments. C) Comparison of the number 
of proteins identified at least in 2 of our experiments and the previously published human sperm tail 
proteome. D) Gene Ontology of the 2312 proteins related to their biological process. E) Gene Ontology 
of the 2312 proteins related to their cellular localization.    

 
E. The sperm centrosome composition: 
To define the proteome of the human sperm basal body we looked for proteins with GO 

terms such as microtubule organizing center, microtubule organizing center part, 

centriole, centrosome and spindle pole. We will further on refer to these proteins as 

PCM proteins. As already exposed, PCM proteins are very low abundant proteins that 

are difficult to detect. Therefore, we decided to consider all the proteins identified in the 
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4 experiments without taking into account whether they appeared or not in different 

experimental replicates. 288 proteins were related to PCM (Figure 24A). Some proteins 

were centriolar, such as Cep68, Cep135; others were coiled-coil proteins (CCDC146, 

CCDC151), components of the γ-TuSc (GCP2, GCP3) and protein kinases (Nek9) 

(Table 3). We then evaluated our results in the view of previously published proteomic 

data from entire sperm, heads or tails. Until 2014, 6198 different proteins had been 

described for human spermatozoa (Amaral et al., 2014a). Despite this large number, 

22% of the PCM proteins identified in our work are new (Figure 24B).  
 

We evaluated whether we mostly identified abundant centrosomal proteins by looking 

at published data on centrosomal protein abundance in KE37 isolated centrosomes 

(Bauer et al., 2016). We have identified 19 out of the 73 proteins for which they 

characterized their abundance.  We were able to detect proteins that are considered to be 

abundant in KE37 isolated centrosomes like ODF2 (402 average copy 

number/centrosome, normalized to γ-tubulin) and POC1B (284 average copy 

number/centrosome, normalized to γ-tubulin); other with a mild abundance such as 

OFD1 (121 average copy number/centrosome, normalized to γ-tubulin) and Cep76 (113 

average copy number/centrosome, normalized to γ-tubulin), and also proteins with low 

abundance, such as LRRC45 (42 average copy number/centrosome, normalized to γ-

tubulin), Cep290 (57 average copy number/centrosome, normalized to γ-tubulin) and 

Cep170 (58 average copy number/centrosome, normalized to γ-tubulin). These data 

suggest that the sperm basal body contains a wide range of PCM proteins either 

characterized by function or by amount, although it may not be accurate to make these 

direct extrapolations since spermatozoa are highly differentiated cells and the relative 

abundance of the different proteins is cell-specific.  
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Figure 24: Spermatozoa PCM proteome. A) Number of PCM proteins identified in each experiment. 
Using the second approach we were able to identify more PCM proteins (experiment 4). B) PCM proteins 
identified here compared to previously published data. 22% of our 288 PCM proteins are, for the first 
time, described in the human spermatozoa (orange fraction) while 78% of proteins were already 
published.  

 
Table 3: Spermatozoa PCM proteins identified by mass spectrometry.  

Human sperm PCM proteins (Only identified by mass spectrometry) 
P62081 40S ribosomal protein S7 
O60733 85/88 kDa calcium-independent phospholipase A2 
Q99996 A-kinase anchor protein 9 AKAP9 
Q8IZT6 Abnormal spindle-like microcephaly-associated protein 
Q15650 Activating signal cointegrator 1 
Q9Y6K8 Adenylate kinase isoenzyme 5 
P36404 ADP-ribosylation factor-like protein 2 
P36405 ADP-ribosylation factor-like protein 3 
Q9NRG9 Aladin 
P61163 Alpha-centractin 
Q8TCU4 Alstrom syndrome protein 1 
Q03518 Antigen peptide transporter 1 
Q9BZC7 ATP-binding cassette sub-family A member 2 
Q08211 ATP-dependent RNA helicase A 
Q9UQB9 Aurora kinase C 
Q9UPM9 B9 domain-containing protein 1 
Q9NR09 Baculoviral IAP repeat-containing protein 6 
Q9BXC9 Bardet-Biedl syndrome 2 protein 
Q96RK4 Bardet-Biedl syndrome 4 protein 
Q8N3I7 Bardet-Biedl syndrome 5 protein 
Q8IWZ6 Bardet-Biedl syndrome 7 protein 
Q8ND07 Basal body-orientation factor 1 
P42025 Beta-centractin 
Q8IYS8 Biorientation of chromosomes in cell division protein 1-like 2 
Q9P287 BRCA2 and CDKN1A-interacting protein 
Q9Y6D5 Brefeldin A-inhibited guanine nucleotide-exchange protein 2 
Q15018 BRISC complex subunit Abro1 
O60271 C-Jun-amino-terminal kinase-interacting protein 4 
Q99828 Calcium and integrin-binding protein 1 

Centrosomal proteins
Experiment 1 96
Experiment 2 95
Experiment 3 89
Experiment 4 274
Total amount 288

Newly identified 
MTOC proteins

Already identified 
MTOC proteins

A B
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P62158 Calmodulin 
Q9P1Y5 Calmodulin-regulated spectrin-associated protein 3 CAMPSA3 
P17612 cAMP-dependent protein kinase catalytic subunit alpha 
P22694 cAMP-dependent protein kinase catalytic subunit beta 
P13861 cAMP-dependent protein kinase type II-alpha regulatory subunit 
P30622 CAP-Gly domain-containing linker protein 1 
P48729 Casein kinase I isoform alpha 
P35222 Catenin beta-1 
Q96JB5 CDK5 regulatory subunit-associated protein 3 
P60953 Cell division control protein 42 homolog 
Q13042 Cell division cycle protein 16 homolog CDC16 
Q9NXG0 Centlein 
Q12798 Centrin-1 
O43264 Centromere/kinetochore protein zw10 homolog 
Q8N8E3 Centrosomal protein of 112 kDa 
Q66GS9 Centrosomal protein of 135 kDa 
Q5SW79 Centrosomal protein of 170 kDa 
O15078 Centrosomal protein of 290 kDa 
Q53EZ4 Centrosomal protein of 55 kDa 
Q76N32 Centrosomal protein of 68 kDa 
Q8NHQ1 Centrosomal protein of 70 kDa 
Q8TAP6 Centrosomal protein of 76 kDa 
Q9HD42 Charged multivesicular body protein 1a 
Q9Y696 Chloride intracellular channel protein 4 
Q5JU67 Cilia- and flagella-associated protein 157 
Q9Y6A4 Cilia- and flagella-associated protein 20 
O43809 Cleavage and polyadenylation specificity factor subunit 5 
Q7Z460 CLIP-associating protein 1 
Q96AJ1 Clusterin-associated protein 1 
Q8TD31 Coiled-coil alpha-helical rod protein 1 
Q9H0I3 Coiled-coil domain-containing protein 113 
Q8IYX3 Coiled-coil domain-containing protein 116 
Q8IYE0 Coiled-coil domain-containing protein 146 
A5D8V7 Coiled-coil domain-containing protein 151 
Q502W7 Coiled-coil domain-containing protein 38 
Q6ZN84 Coiled-coil domain-containing protein 81 
A6NC98 Coiled-coil domain-containing protein 88B 
Q2M329 Coiled-coil domain-containing protein 96 
O94886 CSC1-like protein 1 
Q13618 Cullin-3 
P06493 Cyclin-dependent kinase 1 
Q14204 Cytoplasmic dynein 1 heavy chain 1 
Q13409 Cytoplasmic dynein 1 intermediate chain 2 
Q9Y6G9 Cytoplasmic dynein 1 light intermediate chain 1 
O43237 Cytoplasmic dynein 1 light intermediate chain 2 
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Q8IYA6 Cytoskeleton-associated protein 2-like 
Q14008 Cytoskeleton-associated protein 5 
P53384 Cytosolic Fe-S cluster assembly factor NUBP1 
Q9Y5Y2 Cytosolic Fe-S cluster assembly factor NUBP2 
Q8TF46 DIS3-like exonuclease 1 
Q15398 Disks large-associated protein 5 
P11388 DNA topoisomerase 2-alpha 
Q02750 Dual specificity mitogen-activated protein kinase kinase 1 
Q14203 Dynactin subunit 1 
Q13561 Dynactin subunit 2 
O75935 Dynactin subunit 3 
Q9UJW0 Dynactin subunit 4 
Q9BTE1 Dynactin subunit 5 
O00399 Dynactin subunit 6 
P50570 Dynamin-2 
Q9UI46 Dynein intermediate chain 1, axonemal 
P63167 Dynein light chain 1, cytoplasmic 
Q96FJ2 Dynein light chain 2, cytoplasmic 
O75923 Dysferlin 
O95714 E3 ubiquitin-protein ligase HERC2 
Q86YT6 E3 ubiquitin-protein ligase MIB1 
Q5T4S7 E3 ubiquitin-protein ligase UBR4 
Q5JVL4 EF-hand domain-containing protein 1 EFHC1 
P50402 Emerin 
Q5T890 ERCC6L2 
Q9UPT5 Exocyst complex component 7 
P15311 Ezrin 
P08F94 Fibrocystin 
O75955 Flotillin-1 
P05062 Fructose-bisphosphate aldolase B 
P14635 G2/mitotic-specific cyclin-B1 
Q9BSJ2 Gamma-tubulin complex component 2 
Q96CW5 Gamma-tubulin complex component 3 
Q96RT7 Gamma-tubulin complex component 6 
Q3V6T2 Girdin 
P49841 Glycogen synthase kinase-3 beta 
Q08379 Golgin subfamily A member 2 
O95995 Growth arrest-specific protein 8 
P62826 GTP-binding nuclear protein Ran 
P63096 Guanine nucleotide-binding protein G(i) subunit alpha-1 
P04899 Guanine nucleotide-binding protein G(i) subunit alpha-2 
P08754 Guanine nucleotide-binding protein G(k) subunit alpha 
O94927 HAUS augmin-like complex subunit 5 
P0DMV8 Heat shock 70 kDa protein 1A 
Q00839 Heterogeneous nuclear ribonucleoprotein U 



Results – Chapter 2  

118 

P42858 Huntingtin 
Q9Y547 IFT25 
Q9HBG6 Intraflagellar transport protein 122 homolog 
Q96RY7 Intraflagellar transport protein 140 homolog IFT40 
Q9UG01 Intraflagellar transport protein 172 homolog 
Q8IY31 Intraflagellar transport protein 20 homolog 
Q9H7X7 Intraflagellar transport protein 22 homolog 
Q9BW83 Intraflagellar transport protein 27 homolog IFT27 
Q9NQC8 Intraflagellar transport protein 46 homolog 
Q9Y366 Intraflagellar transport protein 52 homolog 
A0AVF1 Intraflagellar transport protein 56 
Q9NWB7 Intraflagellar transport protein 57 homolog IFT57 
Q96LB3 Intraflagellar transport protein 74 homolog 
Q9P2H3 Intraflagellar transport protein 80 homolog 
Q8WYA0 Intraflagellar transport protein 81 homolog 
Q13099 Intraflagellar transport protein 88 homolog 
Q15051 IQ calmodulin-binding motif-containing protein 1 
P53990 IST1 homolog 
Q14145 Kelch-like ECH-associated protein 1 
P05783 Keratin, type I cytoskeletal 18 
P33176 Kinesin-1 heavy chain 
Q92845 Kinesin-associated protein 3 
Q02241 Kinesin-like protein KIF23 
O00139 Kinesin-like protein KIF2A 
Q8N4N8 Kinesin-like protein KIF2B 
Q99661 Kinesin-like protein KIF2C 
O15066 Kinesin-like protein KIF3B 
Q9BVG8 Kinesin-like protein KIFC3 
Q86VQ0 Lebercilin 
Q9C099 Leucine-rich repeat and coiled-coil domain-containing protein 1 
Q9UFC0 Leucine-rich repeat and WD repeat-containing protein 1 
Q96CN5 Leucine-rich repeat-containing protein 45 
P46736 Lys-63-specific deubiquitinase BRCC36 
P40121 Macrophage-capping protein 
Q5HYA8 Meckelin 
Q9P2G4 Microtubule-associated protein 10 
Q15691 Microtubule-associated protein RP/EB family member 1 
P28482 Mitogen-activated protein kinase 1 
Q16539 Mitogen-activated protein kinase 14 
P53985 Monocarboxylate transporter 1 
Q13485 Mothers against decapentaplegic homolog 4 
P78406 mRNA export factor 
P29966 Myristoylated alanine-rich C-kinase substrate 
O95865 N(G),N(G)-dimethylarginine dimethylaminohydrolase 2 
Q92597 NDRG1 
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Q96JN8 Neuralized-like protein 4 
Q14980 Nuclear mitotic apparatus protein 1 
P57740 Nuclear pore complex protein Nup107 
P37198 Nuclear pore glycoprotein p62 NUP62 
P06748 Nucleophosmin 
Q9Y5B8 Nucleoside diphosphate kinase 7 
P15531 Nucleoside diphosphate kinase A 
Q8WVJ2 NudC domain-containing protein 2 
Q9NTK5 Obg-like ATPase 1 
Q9NQR4 Omega-amidase NIT2 
O75665 Oral-facial-digital syndrome 1 protein 
Q5BJF6 Outer dense fiber protein 2 
O95613 Pericentrin 
Q15154 Pericentriolar material 1 protein 
P43034 Platelet-activating factor acetylhydrolase IB subunit alpha 
Q8TC44 POC1 centriolar protein homolog B 
O00592 Podocalyxin 
P49768 Presenilin-1, PSEN1 
Q8WUM4 Programmed cell death 6-interacting protein 
P12004 Proliferating cell nuclear antigen 
P25786 Proteasome subunit alpha type-1 
P28074 Proteasome subunit beta type-5 
Q5VYK3 Proteasome-associated protein ECM29 homolog 
O43822 Protein C21orf2 
Q9P219 Protein Daple 
O60610 Protein diaphanous homolog 1 
Q3B820 Protein FAM161A 
A1XBS5 Protein FAM92A1 
Q5VTH2 Protein Flattop 
Q13045 Protein flightless-1 homolog 
Q9UJC3 Protein Hook homolog 1 
Q9ULD6 Protein inturned 
O76095 Protein JTB 
Q04759 Protein kinase C theta type 
O14974 Protein phosphatase 1 regulatory subunit 12A 
Q8TCI5 Protein pitchfork 
Q3SYG4 Protein PTHB1 
O43663 Protein regulator of cytokinesis 1 
Q13432 Protein unc-119 homolog A 
Q9UBK9 Protein UXT 
O75695 Protein XRP2 
Q96QF0 Q96QF0 
Q9Y3P9 Rab GTPase-activating protein 1 
Q9BXF6 Rab11 family-interacting protein 5 
P31749 RAC-alpha serine/threonine-protein kinase 
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P46060 Ran GTPase-activating protein 1 
Q86VV4 Ran-binding protein 3-like RANBP3L 
P43487 Ran-specific GTPase-activating protein 
P62491 Ras-related protein Rab-11A 
Q9ULC3 Ras-related protein Rab-23 
P51157 Ras-related protein Rab-28 
Q9H0N0 Ras-related protein Rab-6C 
P61006 Ras-related protein Rab-8A 
Q9NRY4 Rho GTPase-activating protein 35 
O15013 Rho guanine nucleotide exchange factor 10 
Q13464 Rho-associated protein kinase 1 
O75116 Rho-associated protein kinase 2 
Q9Y3A5 Ribosome maturation protein SBDS 
Q9Y265 RuvB-like 1 
Q9Y230 RuvB-like 2 
P51957 Serine/threonine-protein kinase Nek4 
Q8TDX7 Serine/threonine-protein kinase Nek7 
Q8TD19 Serine/threonine-protein kinase Nek9 

Q15172 Serine/threonine-protein phosphatase 2A 56 kDa regulatory 
subunit alpha isoform 

P67775 Serine/threonine-protein phosphatase 2A catalytic subunit alpha 
isoform 

P62714 Serine/threonine-protein phosphatase 2A catalytic subunit beta 
isoform 

P60510 Serine/threonine-protein phosphatase 4 catalytic subunit 
Q9NY27 Serine/threonine-protein phosphatase 4 regulatory subunit 2 
Q6IN85 Serine/threonine-protein phosphatase 4 regulatory subunit 3A 
Q8TCT7 Signal peptide peptidase-like 2B 
O43805 Sjoegren syndrome nuclear autoantigen 1 
Q9Y448 Small kinetochore-associated protein 
Q76KD6 Speriolin 
Q8IYX7 Stabilizer of axonemal microtubules 1 
Q9P2P6 StAR-related lipid transfer protein 9 
Q6ZVD7 Storkhead-box protein 1 
Q14683 Structural maintenance of chromosomes protein 1A 
Q9UQE7 Structural maintenance of chromosomes protein 3 
O95721 Synaptosomal-associated protein 29 
Q96C24 Synaptotagmin-like protein 4 
P17987 T-complex protein 1 subunit alpha 
P50991 T-complex protein 1 subunit delta 
P48643 T-complex protein 1 subunit epsilon 
P50990 T-complex protein 1 subunit theta 
O95271 Tankyrase-1 
Q6IQ55 Tau-tubulin kinase 2 
Q9P0N9 TBC1 domain family member 7 
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Q8WW35 Tctex1 domain-containing protein 2 
Q9UIF3 Tektin-2 
Q6NXR4 TELO2-interacting protein 2 
Q9UJT2 Testis-specific serine kinase substrate 
Q96PF2 Testis-specific serine/threonine-protein kinase 2 
Q9H892 Tetratricopeptide repeat protein 12 
Q6DKK2 Tetratricopeptide repeat protein 19, mitochondrial 
Q8TDR0 TRAF3-interacting protein 1 
O95359 Transforming acidic coiled-coil-containing protein 2 
Q9BVT8 Transmembrane and ubiquitin-like domain-containing protein 1 
Q13748 Tubulin alpha-3C/D chain 
P23258 Tubulin gamma-1 chain 
Q9BTW9 Tubulin-specific chaperone D 
Q99816 Tumor susceptibility gene 101 protein 
P06239 Tyrosine-protein kinase Lck 
Q9H3S7 Tyrosine-protein phosphatase non-receptor type 23 
O75604 Ubiquitin carboxyl-terminal hydrolase 2 
Q9NQC7 Ubiquitin carboxyl-terminal hydrolase CYLD 
Q9BZV1 UBX domain-containing protein 6 
Q8IVU9 Uncharacterized protein C10orf107 
Q8N865 Uncharacterized protein C7orf31 
Q9Y224 UPF0568 protein C14orf166 
A7E2U8 UPF0602 protein C4orf47 
P07911 Uromodulin 
P54725 UV excision repair protein RAD23 homolog A 
Q9Y5K8 V-type proton ATPase subunit D 
P61421 V-type proton ATPase subunit d 1 
Q8NEZ2 Vacuolar protein sorting-associated protein 37A 
Q9UN37 Vacuolar protein sorting-associated protein 4A 
O75351 Vacuolar protein sorting-associated protein 4B 
Q9H1Z4 WD repeat-containing protein 13 
Q96EX3 WD repeat-containing protein 34 
Q9P2L0 WD repeat-containing protein 35 
O43379 WD repeat-containing protein 62 
Q14191 Werner syndrome ATP-dependent helicase 
Q92834 X-linked retinitis pigmentosa GTPase regulator 
O75800 Zinc finger MYND domain-containing protein 10 
 
	  

F. Composition of the early embryonic PCM: a biparental inheritance? 
Our data suggest that the sperm basal body is associated with PCM proteins that are 

most likely transferred upon fertilization to the oocyte. However, additional components 

are most likely recruited from the oocyte cytoplasm, suggesting that the PCM is 
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biparentally inherited. A recent work described a human oocyte proteome consisting of 

2,154 proteins (Virant-Klun et al., 2016). We found that 88 of the 288 sperm PCM 

proteins that we identified by mass spectrometry were also identified in oocytes. 

Surprisingly this represents only 30.6% of the centrosomal proteins we identified in 

sperm (Figure 25A). We envisage two possible explanations for this low recovery in 

oocytes. First, the report of Virant-klun et al. is the first and only proteomic study of 

human oocytes. Centrosomal proteins are often difficult to detect and it is plausible that 

not all of them were identified. Second, oocytes do not have centrioles and it is possible 

that the PCM components are stored in the form of mRNAs instead of proteins. To 

explore this idea, we used data obtained from total RNA extracted from 36 donor 

oocytes (Barragan et al., 2017) to search for RNAs encoding PCM proteins. We found 

that 94.4% of the sperm PCM proteins we identified are also present as RNAs in the 

oocyte. The data from Barragan et al. does not provide any evidence for translation 

activity of the RNAs since they are based on total RNA. They, however, suggest that 

centrosomal protein genes are highly transcribed during oocyte growth and maturation 

(Figure 25B). To elucidate whether this idea is true, we searched for the presence of 

pericentrin, a PCM component that localizes to the MTOCs and recruits other PCM 

proteins (Kim and Rhee, 2014) in the human oocytes. Although pericentrin RNA was 

found in the oocyte (7±0.2 A.U. of intensity), no protein was identified (Figure 25C), 

while we could detect it in arrested human embryos (after fertilization) (Figure 25D). 

This suggests that indeed some PCM components are stored in the oocyte in the form of 

RNA. 

To summarize, the human oocyte contains PCM components, some of them as proteins 

but many as RNAs that are probably translated during early embryogenesis. 	  	  	  	  
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Figure 25: Oocyte PCM material. A) Common oocyte and sperm PCM proteins, both detected by 
proteomics. B) Percentage of detected proteins and RNAs from the sperm PCM in the oocyte. C) 
Representative image of an MII oocyte stained for pericentrin (red) and tubulin (green). D) As a positive 
control, human embryo at D+2 was fixed and stained for pericentrin and tubulin. Scale 10 µm.	  

	  

G. Identification of novel centrosomal proteins: 
Several proteins identified here by mass spectrometry are uncharacterized. 26 were 

identified in at least 2 independent experiments (Table 4). For most of them, no 

information is currently available. In very few cases, there is some information about 

localization mostly based on similarity or obtained through high throughput assays.  

 
    Table 4: Uncharacterized proteins identified in the sperm tail proteome 

Uniprot code Name Uniprot information (localization) 
H3BRN8  C15orf65  - 
Q53QW1  TEX44  Cytoplasm  
Q5JU67  CFAP157  Cilium basal body 
Q5T5A4  C1orf194  - 
Q5T681  C10orf62  - 
Q5TEZ5  C6orf163  - 
Q5VTT2  C9orf135  Cell membrane and cytoplasm 

A

200 88 2066

Sperm PCM
Proteins

Oocyte
Proteome

% Source
Proteins 30.6 Virant-Klun et al., 2016

RNAs 94.4 Barragán et al., 2017

B

C D

Pericentrin
Tubulin
DNA
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Q5VU69  C1orf189  - 
Q6P656  CFAP161  - 
Q6V702  C4orf22  - 
Q6ZQR2  CFAP77  Cilium localization 
Q8IZ16  C7orf61  Nucleus 

Q8N1D5  C1orf158  - 
Q8N801  STPG4  Nucleus and cytoplasm 
Q8N865  C7orf31  Centrosome in bovine sperm 
Q8NA69  TEX45  - 
Q8NEP4  C17orf47  - 
Q8WW14  C10orf82  - 
Q96LM5  C4orf45  - 
Q96M34  C3orf30  - 
Q9H0B3  KIAA1683  Mitochondrion and Nucleus 
Q9H1P6  C20orf85  - 
A4D263  C7orf72  - 

A4QMS7  C5orf49  - 
A6NCJ1  C19orf71  - 
B2RV13  C17orf105  - 

 
 
In order to elucidate whether these proteins could be novel centrosomal proteins, we 

selected 10 (in bold in the table) to further characterize in culture human cells. We used 

the protein C7orf31 as a positive control because it was recently identified by mass 

spectrometry analysis of bovine sperm and validated as a new centrosomal protein in 

human somatic cells (Firat-Karalar et al., 2014b). We cloned the corresponding cDNA 

of the 10 candidate proteins to express them with an N-terminal GFP or C-terminal CFP 

tags. HeLa cells were transfected with the corresponding constructs and the localization 

of the exogenously expressed proteins monitored by fluorescence microscopy in fixed 

cells with anti-centrin antibodies. 2 out of the 10 proteins co-localized with centrin, 

suggesting that they are indeed novel centrosomal proteins (Figure 26A and B). 
C7orf31 also accumulated to the centrosome as previously described (data not shown). 

The remaining 7 proteins did not co-localize with centrin.  

In summary, we have identified two novel centrosomal proteins that will be interesting 

to further characterize. 
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Figure 26: Localization of new centrosomal proteins. A) HeLa cells transfected for 24 h and then fixed 
with methanol. Centrioles were stained with centrin (red), C1orf189 visualized with CFP (green) and 
DNA stained with Hoechst (blue). Scale 10 µm. B) The same conditions were used to visualize centrin 
(red) and the C10orf82 (green) protein. Scale 10 µm 

	  

H. Conclusions and a short data interpretation: 
We used and adapted a previously reported method to obtain a sperm fraction enriched 

in tails and centrosomes. Two different proteomic approaches to the analysis of this 

fraction identified more than 2,000 proteins, most of them involved in metabolic and 

reproductive processes. Additional analysis showed that we identified 289 PCM 

proteins, suggesting that the sperm basal body is enriched in PCM. We further identified 

two novel centrosomal proteins. Interestingly, although the distal centriole has a 

“degenerated” structure, we found that it is associated with centriolar and PCM proteins. 

An attractive model is that the PCM proteins that the spermatozoon does provides to the 

fertilized oocyte are important to assemble the first functional centrosome of the zygote, 

because only around 30% of these proteins are also present in the mature oocyte at the 

time of fertilization. Therefore, our results could point to a biparental inheritance of 

PCM during human fertilization. 

 

Centrin

C1orf189

Centrin

C10orf82

A B
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IV. Chapter 3: The paternal inheritance of the centrosome 

provides an advantage to support early embryonic 

development. 
	  

In the human species, the centrosome is already present in the zygote, in contrast to 

other species in which the centrosomes are formed de novo during early development. 

Therefore, are centrosomes really necessary for the first stages of human development? 

Or is its fertilization inheritance a mechanism only needed in order to regulate the 

number of centrosomes per cell? 

 

We know that centrosomes are essential for the development of C. elegans and 

Drosophila embryos. However, they are not necessary in mice. The centrosomes could 

be important due to several reasons. For example, they could be important to position 

the spindle inside the cell during early embryo development. Specifically, in the first 

cell division when a completely symmetric segregation of the cytoplasmic material must 

occur. We also hypothesize that centrosomes could be important during embryo 

compaction, when embryo asymmetry arises. Astral microtubules should play an 

important role in establishing the asymmetric cell division plane. On the other hand, we 

know that there are alternative mechanisms of spindle positioning in the cell relying on 

actin filaments. Also, indispensable for the correct development and survival of the 

organism is maintaining the correct number of centrosomes per cell. Abnormal 

centrosome number is associated with many diseases such as cancer and microcephaly. 

The mechanism of centrosome duplication is cell cycle dependent, as centrosomes 

duplicate once per cycle and it involves a complex machinery regulated by many cell 

cycle factors. If the centrosome is inherited during fertilization, centrosome duplication 

cycle is regulated already in the zygote but, if centrosomes are formed de novo, the 

number of centrosomes per cell tends to be altered.    

 

Aware of the lack of data on this matter in the human species, we tried to establish a 

methodology to test the role of the paternal centrosome during human preimplantation 

development. In this chapter, I expose the methodology we developed, as well as our 

data supporting one of the hypotheses previously described. 
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A. Individual isolation of the human sperm centrosome: 
Our experimental approach is based on the injection of microsurgically isolated sperm 

tails, containing the centrosome, into mature human oocytes, followed by 

parthenogenetic activation of the resulting construct. We expect the paternal centrosome 

in the injected tails to become functional in the resulting parthenote. If the addition of 

the centrosome provides an advantage to the parthenote, the centrosome-containing 

ones would develop more efficiently up to later stages of embryo development, the cells 

would maintain their symmetry up to D+3 post-activation and the ICM and the TE 

would better segregate, among other characteristics. 

 

To set up the method, we had to take several aspects into consideration: 1) the 

microsurgical head – tail sperm separation had to be very precise because the sperm 

centrosome is located very close to the head (Figure 27A). 2) DNA could not remain 

attached to the tail portion. The introduction of DNA into oocytes, in fact, would equate 

to fertilization, and the Spanish law and regulations prohibit fertilization of human 

oocytes for any purpose other than reproduction. 3) Centrosome and mitochondria are 

the main organelles of the tail. Mitochondria are mostly eliminated soon after sperm 

entry, therefore, the effect that we would expect to see may be centrosome-specific. 4) 

Several heterologous ICSIs models (both gametes are from different species) have been 

proposed to study the human sperm centrosome during fertilization (Terada et al., 

2004). However, because they are heterologous, the results obtained might not 

recapitulate exactly what occurs naturally during human development. Here, we propose 

to use both male and female human gametes, albeit without paternal DNA, to mimic as 

much as possible human early development.   

 

As an initial proof of principle, we assessed how many isolated sperm tails contained 

the centrosome. We used sperm donor samples. Once the sperm tail microsurgical 

separation was done (see Materials and Methods for an accurate description of the 

technique), we aspirated and loaded the separated spermatozoa (head + tail) onto a glass 

microscope slide and stained with an antibody against centrin in order to detect the 

centrioles, tubulin and DNA (Figure 27B). In an ejaculated normozoospermic sperm 

sample not microsurgically manipulated, 83,9% of the spermatozoa presented a positive 

centrin signal, indicating that the staining was robust. We found that 63,1% of the 
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detached sperm presented either 1 or 2 centrin dots, and no traces of DNA were detected 

(Figure 27C). In summary, we were able to efficiently isolate sperm tails with most of 

the centrosomes and no DNA.  

 

 
Figure 27: Sperm centrosome localizes to the microsurgically separated tails. A) Intact sperm cell. 
Centrioles localize close to the head. Scale 7,5 µm. B) Head and tail from a manually separated 
spermatozoon. In the tail, two centrioles and no DNA can be detected. Scale 7,5 µm. C) Percentage of 
isolated tails with centrosomes. Approximately, 60% of the tails, at least, contain one centriole.  

 
B. Functional MTOCs are assembled in tail-injected oocytes: 
More than 60% of the sperm tails did contain at least one centriole. Nevertheless, we 

checked if these centrioles assembled functional centrosomes when they were injected 

into oocytes that were activated. To assess if functional centrosomes were assembled, 

we first checked whether our centrosome detection protocol by IF was efficient and 

reliable. To do that, we used embryos with 1- or ≥3-PN because, although these 

embryos are incorrectly fertilized and discarded form IVF cycles, the oocytes were 

activated naturally. We were unable to optimize centrin staining (centriolar marker) in 

1- or ≥3-PN embryos, therefore we used pericentrin. Since pericentrin is a PCM 

component, we cannot refer to the detected structures as centrosomes. For this reason, 

we decided to refer to them as MTOCs. We stained 1- (n=9) and ≥3- (n=7) PN embryos 

fixed at the 2- or 4-cell stage to detect pericentrin, tubulin, and DNA. 87% and 100% of 

the 1- and ≥3-PN embryos, respectively, did contain at least one MTOC (Figure 28A 
and B). These data suggest that pericentrin can be used as a marker of MTOCs in early 

embryos and parthenotes.  

 

Then, we analyzed 6 sham– (or Control) and 10 tails– (or Injected) injected and 

activated oocytes fixed at 2- or 4-cell stage (D+1 or D+2) and stained to visualize 
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pericentrin, tubulin and DNA. As expected, no pericentrin staining was detected in 

control oocytes. In contrast, in 20% of the injected-oocytes we detected a pericentrin 

signal similar to the one in 1- or ≥3-PN embryos, as well as in 2-PN embryos in a 

previously published (Kai et al., 2015) (Figure 28C). These data also showed that 40% 

of the injected centrosomes did not become functional into the activated oocyte. One 

possible explanation is that the mechanical process of sperm head-tail separation affects 

the centrosome structure and function.	  	  

 

 
Figure 28: MTOCs are only detected in injected oocytes. A) Percentage of cells that contains at least 
one MTOC at 2- to 4-cell stage of 1- and ≥3-PN embryos. Our staining is very efficient because in ≥3-PN 
embryos we detected at least one MTOC per cell. B) Representative pictures of 1- and ≥3-PN embryos 
stained for pericentrin, tubulin and DNA. MTOCs are very small dots that localize close to the nucleus. 
Scale 20 µm. C) Representative image of control and injected oocytes. Control oocytes were sham 
injected, activated and fixed at D+1 or D+2 to visualize MTOCs, tubulin and DNA. In none of the 
controls, a MTOC signal was detected. In tail injected oocytes, 20% assembled functional MTOCs. In this 
particular image, for example, two MTOCs are detected, which also suggests that the sperm centrosome 
can duplicate. Scale 20 µm.  
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In summary, 20% of the injected-oocytes formed functional MTOCs at the 2- to 4-cell 

stage, so if any difference during parthenogenetic development is caused by the 

presence of MTOCs, it might be difficult to detect. It is worth to mention that this 

experiment was performed once and the sample size is small, therefore, the percentage 

of parthenotes with functional MTOCs could be slightly variable among experiments. 

 

C. MTOCs provide an advantage to the embryo to support its early 

development: 
Despite the presence of just 20% of functional MTOCs, we performed two independent 

experiments with control (n=10) and injected (n=15) oocytes (Table 5). Right after the 

injections and parthenogenetic activation, we maintained the parthenotes in culture until 

D+5 or D+6 when we fixed and stained them for pericentrin, tubulin and DNA. During 

these days of in vitro culture, images of the growing parthenotes were taken every 5 

minutes to analyze morphokinetically the parthenotes development (time-lapse).  

 

First, we compared the percentage of controls and injected oocytes that reached 

blastocyst stage as a marker of active development. We found that 20% of controls and 

27% of injected oocytes developed up to blastocyst (Figure 29A and B). Although 

more injected oocytes formed blastocysts, it was not significantly different. This could 

be due to the samll sample size, not enough to perform robust statistical analyses. The 

percentage of controls that form blastocyst was previously quantified to be ≈12.8% 

(Paffoni et al., 2007). Our percentage of control blastocysts is above, which indicated 

that our system is optimized. 

 
Table 5: Sample size for each experiment. We only took into account oocytes that were activated (PB 
extrusion and PN formation) in order to avoid oocyte activation problems.  

	   Control	   Injected	  
Experiment	  1	   5	   8	  
Experiment	  2	   6	   7	  
Total	   10	   15	  
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Figure 29: Similar rates of control and injected oocytes reached blastocyst stage. A) Representative 
images of control and injected blastocysts imaged with tubulin and DNA. Scale 20 µm. B) Percentage of 
blastocysts obtained at D+5 and D+6 in control and injected conditions. The number of blastocysts 
achieved in both situations is very similar and not statistically different.   

 

When we compared in detail the early development of control versus injected oocytes, 

interesting data were found (Table 6). We quantified the number of parthenotes that 

achieved the following stages: 1-, 2-, 3-, 4- and 5-cells, compaction, early blastocyst 

and expanded blastocyst (Martinez et al., 2016) (Figure 30A). In general, control and 

injected oocytes had a similar developmental progress, but a slightly different pattern 

was detected in 1- to 2-cell stage transition as well as from 5-cells to early blastocyst 

transition. To quantify these observations, we measured the different percentage of 

controls versus injected parthenotes at each stage (Figure 30A and B) together with the 

slope between each stage transition (Figure 30C).  
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Table 6: Time-lapse images analyses. The time needed to achieve each cellular and embryonic stage 
per sample was annotated in hours. “no data” refer to processes that could not be analyzed due to the 
low quality of the image. The last two columns refer to whether the sample could be analyzed by IF 
and if the sample was positive or negative for MTOC signal. 
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Figure 30: Developmental progress of control and injected oocytes. A) The graph represents the 
percentage of parthenotes that continue their development until blastocyst. B) Percentage of the different 
number of injected versus control oocytes that achieved each cellular or embryonic stage. C) Analysis of 
the slope between the transition of cells and parthenotes stages. 
 
 

Stage	   Injected	  versus	  Control	  (%)	  

1-‐cell	   0	  

2-‐cells	   10	  

3-‐cells	   7	  

4-‐cells	   13	  

5-‐cells	   13	  

Compaction	   20	  

Early	  Blasto	   3	  

Expanded	  Blasto	   7	  

Stage	   Injected	  slope	   Control	  slope	  

1-‐	  to	  2-‐cells	   0	   -‐10	  

2-‐	  to	  3-‐cells	   -‐13.3	   -‐10	  

3-‐	  to	  4-‐cells	   -‐13.3	   -‐20	  

4-‐	  to	  5-‐cells	   0	   0	  

5-‐cells	  to	  Compaction	   -‐13.3	   -‐20	  

Compaction	  to	  Early	  Blasto	   -‐26.6	   -‐10	  

Early	  Blasto	  to	  Expanded	  Blasto	   -‐6.6	   -‐10	  
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From 1- to 2-cell stage, 10% of controls did not divide whereas all the injected oocytes 

formed 2-cells (%= 0; slope=-10). Microtubules from this control oocyte emanated from 

the DNA but they did not organize into a bipolar structure (Figure 31A) what could 

suggest that MTOCs are important for spindle assembly and bipolarization at the first 

embryo cell division. The transition from 2- to 5-cells presented a similar pattern in 

control and injected oocytes (Figure 30). But, whereas control parthenotes mainly 

arrested at 3- to 4-cell (slope=-20) as previously described (Paffoni et al., 2007), 

injected oocytes arrested indifferently from 2- to 4-cell stage (slope=-13.3). 

Nevertheless, in both cases, when a parthenote had 4-cells, it divided to 5-cells 

(slope=0), indicating that MTOCs are not essential for this division.  

An important step during embryo early development is compaction. We hypothesized 

that centrosomes may play an important role because the embryo symmetry is broken. 

Indeed, we found the most divergent percentage of control versus injected parthenotes 

at compaction; 20% more oocytes could compact in the injected group compared with 

controls (Figure 30A and B), while this difference disappeared in early blastocysts 

(30% of controls and 33% of injected parthenotes). In the same direction of these data, 

the slope is inverted in control and injected oocytes from 5-cells to compaction (control 

slope=-20, injected=-13.3) and from compaction to early blastocyst (control slope=-10, 

injected=-26.6) (Figure 30B and C). So far, these data would suggest that MTOCs 

might be needed to both start and exit compaction. 

 

To further understand the observed phenotype, we analyzed at which point the arrested 

parthenotes stopped their development. We formed two groups: parthenotes that 

arrested before compaction (from 1- to 5-cells) and after compaction (from compacted 

parthenote to blastocyst). Our functional experiments showed that 75% of the arrested 

controls (from the 80% of total parthenotes arrested) did so before compaction and 25% 

after compaction (Figure 31B and C). On the other hand, 55% of the injected oocytes 

(from the 73% of total parthenotes arrested) arrested before compaction and 45% after it 

(Figure 31B and C). These data showed that if MTOCs are present during early 

development, parthenotes arrest similarly during these 5 days whereas parthenotes 

without MTOCs tend to arrest before compaction.  
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Figure 31: More injected oocytes can compact compared with control oocytes. A) Control oocyte 
stained with tubulin and DNA. This oocyte was activated but did not divide. Around the DNA, 
microtubules were assembled but a bipolar spindle was not organized. Scale 20 µm. B) Rate of control 
and injected oocytes that arrested before or after compaction. Most of the control oocytes arrested before 
compaction (from 1- to 5-cells stage) whereas injected oocytes arrest similarly before and after 
compaction. C) Representative images of parthenotes imaged with tubulin and DNA before compaction 
and already compacted. Scale 20 µm.  

 
D. Human parthenotes can form de novo MTOCs : 
To complete our analyses, we checked by IF how many of the injected oocytes had 

MTOCs signal (Table 6). 46.6% of the injected oocytes had MTOCs signal, from which 

85.7% developed at least until compaction while 14.3% arrested before. These data 

support the previous observation that MTOCs might help to achieve a successful 

compaction. Surprisingly, we found that in a few cases, MTOCs could also be detected 

in controls (Figure 32A). MTOCs were only detected in early blastocysts, right after 

compaction (100% of control blastocysts contained MTOCs). Until now, the presence 

of MTOCs in human parthenotes was only described once (Brevini et al., 2012). We 

hypothesized that because centrosomes might be necessary to efficiently bypass 

compaction, if they are not paternally inherited, centrosomes can be formed de novo 

when the embryonic genome is reactivated. The activation of the genome will lead to an 
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increase of PCM proteins that may facilitate their clustering thanks to their phase-

separation properties (Woodruff et al., 2017). To confirm our hypothesis, we sham-

injected oocytes, activated them parthenogenetically, and fixed at D+3 or D+5 to detect 

pericentrin and tubulin by IF in two independent experiments (Table 7 and 8). None of 

the control oocytes fixed at D+3 did have MTOC signal, in contrast, 1 out of 5 controls 

fixed at D+5 progressed until blastocyst and presented MTOCs. This mechanism of 

MTOC formation at the blastocyst stage highly resembles de novo centrosome 

formation in mice. Since when the centrosomes are formed de novo their duplication 

cycle is altered (Khodjakov et al., 2002), we quantified the number of centrosomes per 

cell in 1- and ≥3-PN embryos (n of cells=65), in controls (n of cells=116) and in the 

injected ones (n of cells=116) (Figure 32B). The number of cells with 1 or 2 MTOCs 

(correct proportion) in injected oocytes highly resembled the ones in embryos 

(Injected=62.8%; embryos=66.2%). However, in controls where MTOCs are all formed 

de novo, the proportion of cells with no MTOCs is much higher (0 MTOCs=37.9%). 

We also realized that in control parthenotes, MTOCs are not defined structures like in 

injected oocytes and embryos. We classify this morphology as “scattered” (Figure 32A 
– lower panels). We found that almost half of the control MTOCs are scattered whereas 

most of the 1- and ≥3-PN embryos and injected oocytes had MTOCs with a defined 

structure (% of scattered MTOCs, embryos=15.4%; Controls =54.2%; Injected=28.3%) 

(Figure 32C). Our data propose that the paternal inheritance of the centrosome not only 

supports early embryo development, but also it is a mechanism to ensure the proper 

structure and number of centrosomes per cell in the developing embryo. 

 
Table 7: Sample size for each experiment. A total of 6 control oocytes were fixed at D+3 and 5 at D+5 

	   D+3	   D+5	  
Experiment	  1	   3	   2	  
Experiment	  2	   3	   3	  
Total	   6	   5	  
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Table 8: Kinetics and IF analyses of control oocytes fixed at D+3 and D+5 of development. Like in 
the previous experiment, the time to achieve each cellular and embryonic developmental stage was 
annotated in hours. “no data” refer to process that could not be analyzed due to the low quality of the 
image. The last two columns indicate if the sample was analyzed by IF and if MTOC signal was present.    

 
 

Figure 32: MTOCs can form de novo in control blastocyst and after the embryonic genome 
activation. A) ≥3-PN embryo, control and injected oocytes were fixed at blastocyst stage and analyzed by 
IF for MTOC, tubulin and DNA. In all the three cases MTOCs are detected, however their morphology is 
slightly different. MTOCs from ≥3-PN embryos are defined rounds whereas in control and injected 
oocytes rounded and scattered MTOCs were also visualized (lower panel). Scale 20 µm. B) Number of 
MTOCs per cell in 1- or ≥3-PN embryos, control and injected oocytes. In the controls, where MTOCs are 
all formed de novo, it is frequent to detect aberrant MTOC numbers. C) Rate of scattered MTOCs per 
sample. MTOCs were classified as rounded structures (NO) or scattered (YES). The MTOCs morphology 
of injected oocytes resembles that of the embryo rather than controls. 
  
 
We finally analyzed the contribution of the MTOCs to the early embryonic development 

morphokinetics since centrosomes define the kinetics of the first embryonic spindle 

bipolarization (Cavazza et al., 2016). To be as accurate as possible, we only included in 

the injected condition the parthenotes that had MTOCs detected by IF. (Figure 33 and 

Sample Pronucleus.
formation

Pronuclear.
Break.Down

2.cells 3.cells 4.cells 5.cells Compaction Early.Blastocyst Expanded.
Blastocyst IF MTOC Signal

Control_1 no data no data 35 51 54 54 NO
Control_2 12 21 23 YES NO
Control_3 17 19 22 34 36 48 YES NO
Control_4 9 17 20 36 39 57 YES NO
Control_5 7 28 31 YES NO
Control_6 9 22 25 24 YES NO

Control_1 no data no data 21 22 46 53 63 93 102 YES YES
Control_2 10 26 31 44 44 56 83 NO
Control_3 7 19 22 YES NO
Control_4 11 23 25 28 43 63 YES NO
Control_5 no data 22 24 NO

FIXED.AT.D+3

FIXED.AT.D+5
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Table 6). Although injected oocytes took less time to achieve each of the previous 

described cellular or embryonic stages, the differences are not significant, thus, MTOCs 

did not provide a kinetic advantage when a whole complex cellular structure is 

analyzed. Probably the differences in the spindle assembly kinetics are not detected due 

to the small sample size. 

 

 
Figure 33: Kinetics of early development is not centrosome-dependent. A) No significant differences 
are detected in the kinetics of cell division and embryonic stages after tail injection compared with 
controls. B) Representative picture of injected oocytes at D+4. Note that when multiple MTOCs are 
formed in one cell, the assembled spindle is not functional. Scale 20 µm.  

 

E. Conclusions and a short data interpretation: 
We optimized a methodology that enables us to study the contribution of the sperm 

centrosome to embryo early development. Although our microsurgical separation of the 

sperm tail from the head was highly efficient, only 20% of the injected centrosomes 

became functional in the activated oocyte. Nevertheless, we were able to detect that the 

paternal inheritance of the centrosome provides an advantage to successfully achieve 

compaction and to ensure the correct number of MTOCs per cell. Surprisingly, we 

found that when parthenotes do not have MTOCs they can be formed de novo after 

embryonic genome reactivation. This emphasizes that MTOCs must provide a positive 

cue for the embryo development. 
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I. Why I think that human infertility treatments fail: 
	  

It is estimated that 186 million people worldwide are affected by infertility (Inhorn and 

Patrizio, 2015). The introduction of ART helped many of them to fulfill their dream of 

becoming parents, yet, ART is still not available worldwide. Since the birth of Louise 

Brown in 1978, the number of people conceived by ART has grown exponentially, 

approaching rapidly to 0.1% of the world population. It is estimated that by 2100, ART 

children will represent, at least, 1.4% of humanity (Faddy et al., 2018). In some 

countries such as Denmark, Slovenia and Belgium, ART births already represent 6.1%, 

4.9% and 4.6% respectively of the total natality (European et al., 2016), which 

emphasizes the social impact of ART.  

 

Although ART has witnessed numerous advances, which include the development of 

several different techniques and equipment as well as the training of highly qualified 

professionals, ART success rate is still low. From 2009, the pregnancy rate remained 

almost constant (≈30%) as well as the percentage of ART infants born per cycle 

(≈21%). However, from 1997 the number of reported ART cycles has increased more 

than 3-fold (only in Europe 203,225 cycles in 1997 and 686,271 cycles in 2013) 

(European et al., 2017; European et al., 2016; Ferraretti et al., 2013; Kupka et al., 2014). 

This suggests that we still miss much knowledge that there is a whole space of research 

to explore, with the final goal of translating this knowledge to fertility clinics to increase 

ART success rates and ultimately, social welfare.    

 

So, one can ask what is failing in ART? First, we must take into account that human 

reproduction is a highly inefficient process. It has been estimated that the chances of 

getting pregnant on the first menstrual cycle upon the decision of having a child are 

only 30.1% in a population of young women (Wang et al., 2003b). However, in ART 

the gametes and embryos to transfer are selected and the women body is monitored to 

select the best moment for embryo to implant, but the success rate is even lower than in 

natural human reproduction.     

 

The main bottleneck seems to be during the early stages of development. On average, 

the fertilization rate is around 75% (Joergensen et al., 2014; Liu et al., 2017) 
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independently of the technique (IVF vs ICSI). The remaining 25% are not fertilized 

oocytes or fertilized oocytes with abnormal number of PN (1 or ≥3 PN). Although 

almost 100% of the correctly fertilized oocytes cleave, only 66% of them are considered 

top-quality day-3 embryos and only between 50 to 60% will form blastocysts by day 5 

of in vitro culture (Ebner et al., 2012; Jin et al., 2015). As an example to realize the 

impact of these losses, if a couple has 10 MII oocytes only 4 will become blastocysts 

(not selected by their quality) and from these 4, less than the half will implant. These 

data show that during human in vitro embryo early development, most of the fertilized 

oocytes fail to develop up to day 5, reducing the number of embryos available for 

transfer.  

 

There are many reasons that could explain why in vitro development fails; here, there 

are some of them: 

 

-‐ Human assisted reproduction is a relatively recent area of research and many 

advances are still made based on observational studies.  

 

-‐ The sample population is very heterogeneous; each gamete, embryo and 

women body (reproductive system) behave differently because they come from 

different genetic and environmental conditions, which makes difficult to 

extrapolate results to all patients.  

 

-‐ Embryos are cultured in vitro outside the body. Many studies have been 

performed to determine the levels of metabolites, oxygen and pH variations 

during embryo development in vivo in order to adjust the in vitro conditions as 

much as possible to the natural ones (Gardner et al., 1996; Morbeck et al., 

2017; Sunde et al., 2016). For example, it is known that atmospheric oxygen 

levels (20% vs 5%) can reduce embryo developmental rates and influence the 

kinetics of embryonic cell divisions (Kirkegaard et al., 2013); on the other 

hand, embryos are exposed to different metabolite concentrations (such as 

lactate and glucose) along the oviduct (Gardner et al., 1996). All these transient 

changes are difficult to reproduce in vitro and, most likely, have an effect on 

the embryo development success.  
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-‐ Gamete and embryo selection are mainly based on morphological 

characteristics rather than functional analyses. In ART, the concept of gamete 

selection is particularly relevant because embryo success only depends on one 

spermatozoon and an oocyte. If any of the gametes is unable to develop a new 

organism, no other cell can compensate for its failure. Unfortunately, the 

development of new selection methods is difficult because human reproduction 

is a multifactor process and many uncontrolled elements can introduce a bias 

when trying to correlate gamete quality with reproductive results (Sakkas et al., 

2015). 

 

Basic research could aid in understanding the molecular causes of human embryo arrest 

and provide new concepts and tools to improve ART success. The main limitation of 

this approach is the difficulty of working with human samples, even though some 

molecular causes of infertility are already known. These causes that will affect the 

embryo early development can be divided in whether they come from maternal or 

paternal origin at the time of fertilization.  

 

Oocytes are prone to aneuploidy, and this is one of the major factors that result in low 

efficiency in human infertility treatments. Although it has been estimated that 20% of 

human oocytes are aneuploid (Pacchierotti et al., 2007), some authors detected more 

than 60% of aneuploid oocytes (Kuliev et al., 2005).  The incidence of aneuploidies 

increases with woman age, as the oocyte spindle becomes aberrant and chromosomes 

are not well aligned (Eichenlaub-Ritter et al., 1988). On the other hand, the oocyte 

cytoplasm undergoes a complex process of maturation during oogenesis (Conti and 

Franciosi, 2018). Although the functional significance of the oocyte cytoplasm 

maturation is not completely known, it is necessary for the acquisition of the embryo 

developmental competence. Often the cytoplasm of human oocytes display 

morphological anomalies (granularity, elongated shape, among others) (Coticchio et al., 

2004) and whereas some authors demonstrated that such dysmorphisms have a negative 

effect on the embryo developmental competence (Serhal et al., 1997), others questioned 

these findings (Balaban et al., 1998). Molecular data should be obtained to clarify this 
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controversy and maybe relate these morphological anomalies to aberrant oocyte 

cytoplasmic maturation.  

 

When we refer to the spermatozoon defects aneuploidies are rare (1 – 4%) but DNA 

fragmentation is relatively common (in an ejaculate, ≈20% of the cells) (Kishi et al., 

2015). DNA fragmentation can refer to either single or double DNA strand damage, or 

both. When a sperm sample has high levels of DNA fragmentation, it is associated with 

recurrent pregnancy loss (Carrell et al., 2003; Ribas-Maynou et al., 2012). Other 

components that the spermatozoon provides to the oocyte, and were molecularly 

characterized to affect embryo early development, are sperm-borne oocyte activating 

factors such as PLCζ (Hachem et al., 2017). But, during fertilization the spermatozoon 

also provides another component that is essential for the development of a new and 

healthy organism, the centrosome. Therefore, can the sperm centrosome be used as a 

new functional prognosis tool? Is the centrosome necessary to support human embryo 

early development? These are few questions that have been discussed in the literature, 

but no conclusive answers exist yet, and in my opinion, it is mainly due to the lack of 

methods to address them.  

 

II. The human sperm basal body contributes a complex 

matrix of proteins important for proper preimplantation 

development of the oocyte upon fertilization: 
 

Some species degenerate their sperm basal body but others do not; some need the 

centrosome from the zygote whereas others can develop until the blastocyst stage 

without them. So, how is the centrosome inherited in humans, and how important is the 

centrosome to support human embryo early development? In the literature, many 

authors suggest that the human sperm basal body is partially degenerated and “PCM-

naked”, but its contribution in human early development has not been directly tested. 

Here, we used a combination of tools, which includes descriptive and functional 

analyses to elucidate how the human sperm basal body is converted into a functional 

centrosome in the fertilized oocyte.      
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A. Sperm tail proteomics as an approach to identify sperm 

centrosomal proteins: 
Serial sections of electron microscopy in the human sperm basal body showed that some 

microtubule-triplets are absent in the distal centriole (mother centriole) (Manandhar et 

al., 2000). Due to this structural particularity, it was hypothesized that the sperm basal 

body also has a reduced PCM content (centrosome reduction) (Avidor-Reiss et al., 

2015; Manandhar et al., 2005). To further test this hypothesis, we analyzed by IF two 

centrosomal proteins related to centrosome structure (centrin) and centrosome 

duplication (Cep63), as representative proteins of the centrosome. To our surprise both 

proteins were found in the sperm basal body and interestingly, centrin localization 

clearly resembles a centriole when imaged with high-resolution microscopy.  

 

After this first unexpected result we looked for a technique that could provide an 

overview of the centrosomal protein composition of the spermatozoon. Although the 

spermatozoon is one of the most specialized cells in the human body, it is not just a 

simple carrier of half of the genetic material to the oocyte; it also provides proteins, 

mRNAs and the centrosome. Indeed, when all the proteomic analyses of human sperm 

were analyzed, more than 6,198 different proteins were identified (Amaral et al., 

2014a), demonstrating the complex composition of this cell.   

 

We know from somatic cell studies that the identification of centrosomal proteins by 

proteomics (and with many other techniques) is difficult because they are present with 

low abundance (Bauer et al., 2016). But here, we faced an extra challenge; spermatozoa 

from many species suffer a process of centrosome reduction. It has been proposed that 

centrosome reduction also occurs in human spermatozoa. Therefore, it is expected that 

centrosomal proteins are even less abundant. Proteomics could be a useful tool to 

identify low abundant proteins but only when the sample is sufficiently enriched in 

centrosomal proteins; if not, other more abundant proteins would mask their detection. 

In order to simplify as much as possible our sample, we decided to perform cellular 

fractionation, which allowed us to analyze only sperm tails containing centrosomes. 

Using this approach, we identified the most complex sperm tail proteome, which covers 

more than 2,300 proteins. Most of the proteins are cytoskeleton or mitochondrion 
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related proteins, as expected of a structure whose main function is to provide energy to 

promote sperm motility. 

When we focused on the cytoskeleton cluster we identified 288 MTOC related proteins. 

We were truly surprised about this finding because our results suggest that the sperm 

basal body is formed by a complex matrix of proteins and, more interestingly, that these 

proteins will be included in the fertilized oocyte. We think that we obtained a good 

representation of the sperm centrosomal proteins because we found proteins related to 

many centrosome cycle events such as centriole duplication and centriolar length 

regulation; but also, PCM components with structural roles like pericentrin or 

nucleating roles like GCPs, as well as motor proteins and kinases. Most of them, when 

compared with a quantitative somatic centrosome proteome (Bauer et al., 2016) are 

included in the abundant centrosomal proteins although we could also detect some very 

low abundant proteins. However, we also missed some components essential for the 

centrosome function and cycle like PLK4 and PLK1 (Bettencourt-Dias et al., 2004).  

 

Altogether, the combination of proteomics and other techniques such as IF was 

sufficient to demonstrate that although the sperm basal body is microtubule-

degenerated, it contains more centrosomal proteins than expected, and the distal 

centriole has the capacity to recruit them.  

 

B. A proposed mechanism for human sperm basal body biparental 

inheritance: 
The identification of 289 different centrosomal proteins in the human spermatozoa, the 

capacity of some of them to localize to the “degenerated” centriole, and the fact that 

some of these centrosomal proteins are also present in the oocyte opens a completely 

new view about how the human sperm basal body is converted into a fully functional 

centrosome in the fertilized oocyte.  

 

As explained previously, several hypotheses exist around this topic (Introduction – 

IV.C). Nevertheless, certain aspects of our results are reminiscent of the proposed 

model for Drosophila sperm basal body inheritance (Khire et al., 2016). Drosophila 

sperm basal body is composed of a giant centriole and a PCL, which is an atypical 

centriole. This PCL is remodeled during spermatogenesis and is only formed by an 
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electrodense material in mature spermatozoa. Despite missing microtubules, this 

centriole-like structure is able to recruit centrosomal proteins. Its PCM composition 

(containing proteins such as Poc1 and Asterless) at the time of fertilization is essential 

for the recruitment of other oocyte centrosomal proteins and therefore, to ensure the 

correct basal body to centrosome transition. Our results point in a similar direction, but 

with some variations. The distal centriole has been described to be “microtubule-

degenerated” but it is enriched in PCM proteins, suggesting that “centrosome reduction” 

is less severe in the human species. It seems plausible that the human sperm basal body 

is indeed a functional centrosome, and that its centrosomal proteins serve as a platform 

to recruit more PCM proteins in the oocyte, as it happens in Drosophila. Therefore, we 

propose that the sperm basal body is remodeled rather than degenerated, because 

although the distal centriole has a particular microtubule structure, it retains many PCM 

proteins.   

 

This model also opens other questions related to the basic biology of the centrosome 

cycle. If the centrosome microtubule structure is not maintained, how does duplication 

occur? How is the mechanism of cartwheel formation? For the first question, the 

centriole walls serve as a platform to initiate centriole duplication. How does the 

centrosome duplication occur if the centriolar microtubules are so remodeled? Does it 

follow a mechanism of de novo centrosome formation? Regarding the second question, 

it has been proposed that the cartwheel can be formed either directly at the centrosome 

surface or it is assembled first in the centriolar lumen to then be placed at the centriole 

surface (Fong et al., 2014; Guichard et al., 2017). In the case of the sperm basal body it 

seems more feasible that the cartwheel structure assembles directly on the centriole wall 

without the need of a full-length centriole.  

 

C. Functional assays to elucidate the importance of the human sperm 

basal body in supporting human embryo early development: 
Proteomic studies are useful to identify new components, but it is necessary to 

supplement these studies with functional analysis to understand the magnitude of the 

results. To do that, we set up a challenging method in which sperm tails microsurgically 

separated from the DNA containing heads were injected into an oocyte that was then 

parthenogenetically activated.  
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Spanish law does not allow the fertilization of oocytes to create human embryos for 

research purposes. However, to study the first embryonic events we can take advantage 

of the oocyte parthenogenetic development. Parthenogenesis is defined as the formation 

of a pseudo-embryo without the contribution of the paternal genome. In order to induce 

human oocytes to develop parthenogenetically, only few pulses of calcium are 

necessary (Paffoni et al., 2007). However, these pseudo-embryos fail to develop easily 

because they do not have the paternal content. The injection of sperm tails containing 

the basal body in parthenogenetically activated oocytes offered a unique system to test 

the role of the sperm basal body in supporting human embryo early development 

independently of other sperm components such as the paternal genome.  

 

In spite of the high efficiency in separating sperm tails containing the centrosome from 

the heads, only 20% of these centrosomes became functional in the activated oocyte. 

This is a low percentage, and the main limitation of our system. However, because the 

only difference between our control oocytes and the injected oocytes is the tail, whose 

main organelle is the centrosome, we were able to detect differences. Nevertheless, this 

20% forces us to use big sample sizes to detect significant differences, and this is 

extremely difficult when working with human gametes. In order to reduce sample 

variability and phenotypes derived from infertility, we decided to only use donor 

oocytes and spermatozoa. To visualize the sperm centrosome in the parthenotes we used 

pericentrin staining because we were unable to optimize centriole-specific staining. 

Therefore, it is important to specify that all pericentrin positive structures identified 

have to be referred as MTOCs rather than centrosomes, as we can not assume that they 

are centriole positive. Despite this, we are convinced that pericentrin staining in tails-

injected oocytes recognize the sperm derived centrosome because sham injected 

controls did not show any positive signal before the embryonic genome reactivation.  

 

D. Fertilization inheritance of the sperm basal body increases the 

likelihood of human embryo compaction: 
We observed that when MTOCs are inherited during fertilization they favor parthenotes 

compaction. But, why are the centrosomes important to support compaction? 

Compaction is characterized by a high cellular and embryonic reorganization, and in 

these and other events centrosomes could play an important role.  For instance, the 
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symmetry of the embryo is broken to favor cell internalization (Maitre et al., 2016), a 

prelude of cell specification. In mice, many different mechanisms have been proposed 

to mediate cell internalization, but the orientation of the cell division is a key point in 

most of them. If the orientation of cell division is parallel to the embryo surface, a cell is 

already internalized. On the other hand, if cell division is perpendicular to the embryo 

surface, the localization of the spindle is responsible for the distribution of the apical 

membrane generating different membrane tensions, which in turn drives cell 

internalization. In the Drosophila male germ line, the asymmetric behavior and 

inheritance of the mother centrosome versus the daughter centrosome determines the 

spindle orientation and daughter cells fate (Yamashita et al., 2007). In humans, a similar 

mechanism could exist. The mother and daughter centrosomes have different properties. 

The mother centrosome is a completely mature centrosome with all the appendages and 

much more enriched in PCM compared with the daughter centrosome. The different 

mother and daughter centrosome properties could not only define the orientation of the 

spindle but also the asymmetric distribution of the cellular components between the two 

daughter cells, mediating symmetry breaking.   

 

E. Genome activation drives de novo MTOC formation by a phase-

separation mechanism: 
An interesting and completely unexpected result was the visualization of MTOCs in 

control blastocysts, and we wondered how they could be formed. In humans, embryonic 

genome reactivation starts as early as the 4-cell stage (D+2 of embryo development) 

but, the maximum protein expression occurs when the embryo is at morula stage 

(compaction) (Vassena et al., 2011). Control parthenotes stopped at D+3 never showed 

MTOCs whereas control D+5 parthenotes (blastocyst-like stage) did. The only possible 

mechanism that could explain de novo MTOC formation is the embryonic genome 

reactivation. Our results suggest that when the genome is active, the production of PCM 

proteins increases considerably after D+3. PCM proteins may cluster and form 

independent identities thanks to their phase separation properties. Their ability to 

accumulate tubulin triggers microtubule nucleation. Therefore, we also must take into 

account when interpreting the IF data of tail injected oocytes that some of the 

pericentrin positive MTOCs could be formed de novo instead of “real” centrosomes 

derived from the sperm basal body.  
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The appearance of MTOCs at the blastocyst stage is kinetically similar to de novo 

centrosome formation in mice, however, in our case we cannot assume that they are 

centriolar MTOCs, but it suggests that MTOCs activity is important for the 

development of complex organisms.  

 

F. Model for sperm basal body to functional centrosome transition 

during development: 
Taking into account both descriptive and functional analyses, we propose the following 

model (Figure 34): the human spermatozoon provides the oocyte with a basal body that 

is a remodeled centrosome, which has not suffered a dramatic “centrosome reduction” 

during spermatogenesis. Although the distal centriole is microtubule-remodeled, it still 

has the capacity to recruit proteins, which suggests that despite being structurally cell-

specific, it is still a functional centrosome. On the other hand, the human oocyte does 

not have centrioles because they are eliminated during oogenesis. However, 

centrosomal proteins or their RNA are present in the oocyte cytoplasm. One of the most 

important PCM proteins, pericentrin, is not expressed in the oocyte (we could not detect 

it by IF) but it is present in the spermatozoon. When the oocyte is fertilized, the sperm 

centrosome can recruit oocyte-derived centrosomal proteins that are not recruited 

without the activity of the centrosome as a protein hub. We think that the fact that the 

sperm centrosome is inherited with a good PCM composition could be important to 

mediate oocyte proteins recruitment and to perform its microtubule organization 

functions right after fertilization. This model is reinforced by the fact that no MTOC 

foci are observed in parthenotes. Since the sperm basal body has the capacity to 

maintain centrosomal proteins despite its unconventional structure, we think that it 

could also duplicate. Later, during the embryo early development, the centrosomes 

provide an advantage during compaction. Probably centrosomes can also play a role in 

driving cell internalization defining the axis of the cell division. When centrosomes are 

not present, this process is highly inefficient as 75% of the pseudo-embryos that arrest, 

do it before compaction. In the case that activated oocytes start compaction, MTOCs 

can be formed de novo due to the increase in centrosomal proteins expression after the 

reactivation of the embryonic genome. When centrosomal proteins are highly expressed, 

their structure favors their accumulation assembling clusters that are phase separated 
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from the cytoplasm favoring tubulin recruitment and microtubule nucleation and 

organization. However, the number and morphology of these MTOCs are not the correct 

one, suggesting that sperm basal body inheritance also ensures the correct number of 

centrosomes per cell. This process of MTOC formation is similar in mice, no 

centrosomes are inherited during fertilization rather they are formed de novo at the 

blastocyst stage. We cannot answer if MTOC formation is the consequence of embryo 

compaction or its cause, what we can say is that it should be important to have MTOCs 

at that stage because they favor embryo compaction. Together our results demonstrate 

that the inheritance of the sperm basal body and its associated PCM during fertilization 

is biparental and that having the centrosome provides an advantage to the embryo to 

compact and to ensure the correct number of MTOCs per cell in the future organism.        

 
 

 
 

Figure 34: Model for the human sperm basal body to functional centrosome transition during 
human embryo early development. Our results point out to a model in which the sperm basal body is 
remodeled rather than a degenerated centrosome because it suffered a modest “centrosome reduction” 
process. In the fertilized oocyte the centrosome is biparentally inherited as the PCM is provided by both 
gametes. The presence of centrosomes during compaction favors the embryo to bypass this process. 
However if the embryos do not have centrosomes they can form MTOCs de novo after the embryonic 
genome is reactivated, although their number and morphology is not optimal, suggesting that not only the 
inheritance of the centrosomes during fertilization provides an advantage to compact but also ensures the 
correct number of MTOCs per cell to develop a healthy organism.  
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III. Development of a new ex vivo system to study the 

processes that the human spermatozoon triggers during 

fertilization:  
 
One of the main concerns in human in vitro reproduction is the selection of functional 

gametes to improve the chances of success. Nowadays male gamete selection is mainly 

based on observational analysis, but the low ART success rate suggests that selection by 

morphology, motility and concentration are not sufficient to select the right 

spermatozoon. Other observations, either in humans or in animal models, reinforce this 

previous statement: 

 

- Men with a good percentage of motile spermatozoa (from 54 to 92% of 

progressive motility) differ in the fecundity rate (from less than 5% to almost 

40% of fecundity) (Barratt et al., 1998).  

 

- Rat spermatozoa with abnormal morphology and motility can also arrive to the 

oocyte (van der Horst et al., 2011). 

 

Therefore, it is important to establish new sperm quality indicators. Some new 

technologies emerged these last years such as the hyaluronic acid binding capacity, but 

its correlation with clinical outcomes is still not confirmed (Sakkas et al., 2015). One 

can think that having a technology that mimics as much as possible the natural sperm 

selection will increase the chances of having a successful ART, but we know that 

natural fertilization is also inefficient. What I think we need is a method that reproduces 

the spermatozoon triggering molecular events during fertilization to evaluate not only 

the whole sperm sample fitness in the fertilized oocyte, but also to understand at the 

molecular level the process of fertilization.  

  

A. The use of Xenopus egg extract system to study human fertilization: 
Relatively little information is known about human fertilization due to ethical and 

technical reasons, and most of our knowledge comes from animal models. However, 

species-specific differences in basic reproductive biology make conclusions difficult. 

With the purpose of gaining knowledge of the events that the human spermatozoon 
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triggers during fertilization, we set up a quantitative system based on the use of XEE 

and human spermatozoa.  

 

The XEE system is a powerful tool to study not only microtubule related processes but 

also other mechanisms such as DNA damage and repair pathways (Hoogenboom et al., 

2017). This system has numerous advantages, for example it contains enough 

cytoplasmic material to complete 12 cell cycle events and it allows the study of proteins 

translation independently of transcription. Another property that is especially important 

is that most of the mechanisms studied XEE are conserved in humans. In the laboratory 

of Dr. Vernos, the XEE system has been widely used to study the different microtubule 

assembly pathways. We decided to use the XEE as a system to mimic human 

fertilization and the processes that the human spermatozoon triggers during fertilization.  

 

Our system can reproduce most the processes expected to occur during human 

fertilization: DNA decondensation and replication, centrosome reconstitution and 

duplication, and spindle assembly. Because we checked that all these previous processes 

are at the molecular level correctly performed and resemble what has been described in 

human fertilization, we think that our system could be a powerful tool to study 

molecular details that could not be addressed until now. Some of the mechanisms that 

we would like to address with our system are: identification of new sperm proteins that 

trigger oocyte activation and their mechanism, the kinetics of protamines’ substitution 

with histones in the sperm DNA, and the temporal mechanism of basal body to 

centrosome reconstitution.  

 

We further wanted to provide a clinical application to our system. We know that defects 

in microtubule nucleation and organization are detected in almost 25% of fertilization 

failures observed in ART cycles (Simerly et al., 1995), and that human embryos that 

arrest during they early development had more abnormal spindles when compared with 

human developing embryos (Chatzimeletiou et al., 2005). Therefore, we decided to test 

if our system could be used as a prognosis tool testing sperm sample capacity to 

assemble a functional spindle, as a marker of spermatozoa functionality. Indeed we 

validated our system by correlating spindle capacity with semen parameters. Therefore, 

our system can be used to analyze the behavior of a sperm sample population in the 

oocyte to provide a complementary functional test for sperm fitness. The functional 
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results will be useful in order to decide with is the best ART treatment for each patient. 

For instance, an example of how our system can be used in setting up a personalized 

assisted reproduction treatment is to test sperm samples with idiopathic infertility. 

Testing sperm performance in Xenopus oocytes could indicate the use of sperm 

donation in specific IVF/ICSI cycles.  

 

But the applicability of our system in clinical research is probably beyond a functional 

sperm prognosis tool before performing IVF/ICSI cycles. We would like to test, for 

instance, how the environment, the radiations or some habits like smoking or doing 

sport can affect sperm functionality.  

 

IV. The importance of developing new approaches to answer 

old questions: 
 

The questions that I have tried to answer in this thesis are not new; what is new is the 

development of different methodologies to answer them. The hypothesis that the sperm 

basal body can be the cause of some infertility cases was first postulated in the eighties 

(Holstein et al., 1986). Still, there is little information on the importance of the sperm 

centrosome for early embryo development, which prevents the development of 

functional tools based on microtubule nucleation and organization. 

 

We decided to answer these questions setting up new methodologies. Indeed, an 

important part of this thesis was destined to optimize the sperm head-tail microsurgical 

separation as well as our XEE heterologous system. With these methodologies we were 

able to demonstrate that the sperm basal body is a complex organelle, whose PCM is 

biparentally inherited during fertilization and its function is important to support 

embryo compaction. But we were also able to predict the functionally of the human 

spermatozoa in the oocyte in terms of microtubule nucleation and spindle assembly.  

 

As future directions to gain a better understanding of the role of the centrosome during 

fertilization and development, I would like to know if centrosomes are involved in the 

process of embryo symmetry breaking, and by which mechanism. Later in implantation, 

are the centrosomal microtubules playing a key role in mediating embryo-uterus 
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invasion? Are semen samples with DNA fragmentation able to reproduce a normal 

fertilization process in XEE? Are mutations in sperm basal body proteins responsible 

for altered sperm motility and morphology? These are only some general questions that 

should be addressed in the next future. 



 

 



 

 

CONCLUSIONS 
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1) We set up a method based on the use of Xenopus egg extract and human 

spermatozoa to mimic the molecular processes that occur during fertilization.    

2) Human sperm samples decondense and replicate their DNA as well as duplicate 

their basal body in our heterologous system independently of the sperm diagnosis.  

3) However, although all the sperm samples can trigger spindle assembly, their 

positively correlate with some sperm sample diagnosis parameters, a correlation 

that validates functionally our system. 

4) We defined the most extensive human sperm tail proteome, which includes 2,312 

proteins. Many of them are functionally related to the cytoskeleton or mitochondria. 

5) The sperm basal body contains, at least, 289 centrosomal proteins, therefore, it does 

not undergo a full process of centrosome reduction. 

6) The sperm distal centriole can recruit centrosomal proteins although it has 

incomplete microtubules triplets. 

7) Many of the sperm centrosomal proteins are not found in human oocytes, they are 

rather stored in an RNA form.  

8) We identified a subset of uncharacterized proteins present in sperm tails; 2 of them 

are new centrosomal proteins.  

9) We set up a functional method to incorporate isolated human sperm centrosomes 

into human oocytes to study how the sperm basal body supports human pre-

implantation development.  

10) MTOCs seem to be necessary to initiate and complete embryo compaction 

efficiently.  

11)  Pseudo-embryos not injected with centrosomes can assemble de novo MTOCs 

after embryonic genome reactivation and during early blastocyst formation.	  	  
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In the discussion, I already mentioned some general questions that scientists are 

interested in answering. Here, I provide some specific questions that came up during the 

development of my thesis, and how I would like to address them. 

 

I divided them in the following 4 main topics: 

 

1. Xenopus egg extract system: our heterologous system could be a powerful tool 

to study the human sperm basal body reconstitution during fertilization. High-

resolution microscopy could be performed to visualize and analyze centriole 

length, to answer whether sperm distal centriole is regenerated. But we could 

also assess which are the first proteins recruited to the centriole, for instance.  

 

2. Centrosome reduction: how severe and important is the centrosome reduction 

process in human spermatozoa? We could analyze it by quantitative proteomics 

of ejaculated versus biopsied (less matured) patient sperm tails. If centrosome 

reduction is important for embryo early development, we could inject 

microsurgically separated tails from both sample populations in donor oocytes 

and analyze their microtubule configuration and dynamics.  

 

3. Tails injection approach: using this methodology several aspects can be 

studied. For example, I would like to perform live imaging of tails injected and 

activated oocytes in which labeled tubulin and centrin are added. This will allow 

us to analyze how are the microtubule dynamics in human pseudo-zygotes. Is 

actin also playing a role in pronuclear apposition? Inhibitors of actin could also 

be included in these experiments. Using time-lapse microscopy, is the 

cytoplasmic wave at D+0 post-fertilization centrosome dependent? Maybe this 

cytoplasmic wave can be used as a marker of centrosome functionality. 

 

4.  Mechanism of de novo MTOC formation in human parthenotes: the study 

of molecular mechanisms in human gametes and embryos is difficult but, 

recently, a powerful tool was developed: the Trim-Away system. This system 

allows protein depletion within minutes (Clift et al., 2017). Depleting 

centrosomal proteins such as PLK4 or pericentrin, could provide some hints on 
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the mechanism by which MTOCs are formed de novo. This analysis could be 

complemented by a study of the pattern of centrosomal proteins expression.  

 

 



 

 

MATERIALS AND METHODS 
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I. Ethics: 
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, 2013). Written informed consents to 

participate were obtained from all participants prior to their inclusions in the studies. 

 

 

II. Specific techniques: 

 

A. Xenopus egg extract: 
CSF-arrested XEE (CSF-EE) were prepared as previously described (Desai et al., 1999). 

Briefly, to visualize microtubules, ≈0.2 mg/ml final concentration of rhodamine-labelled 

tubulin was added. For cycled spindle assembly, 0.4 mM of calcium and 3,000 sperm 

nuclei (Xenopus or human) were added to the CSF-EE and placed at 20˚C for 90 

minutes. Then, interphase extracts were cycled back into mitosis by adding the same 

volume of CSF-EE. After 60 minutes, the assembled spindles were centrifuged through 

a 40% glycerol cushion onto a 12mm diameter coverslip, and fixed with cold methanol 

for 10 minutes. For spindles treated with nocodazole (centrosome immunodetection), 

after the spindles were assembled, 0.5 µM of the compound were added for 20 minutes. 

For decondensation dynamic analyses, 2 µl of cycling XEE and 4 µl of fixing solution 

were squashed below an 18x18mm coverslip at the indicated time points. DNA 

replication was analyzed by adding 40 µM of biotin-dUTPs to the cycling XEE. At each 

indicated time point, 10 µl of XEE was retrieved and fixed with 4% formaldehyde.  

 

B. Sperm preparation for XEE: 
Xenopus spermatozoa were treated with lysolecithin 50 mg/ml for 10 minutes at room 

temperature. Then, the sample was washed with HSPP buffer containing decreasing 

amounts of BSA (HSPP 3% BSA and HSPP 0.3% BSA). Human sperm samples were 

first washed with HSPP buffer. Then, samples were mixed with 1 mM of DTT at room 

temperature for 10 minutes. Right after these 10 minutes, 0.25% of Triton X-100 final 
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concentration was added to the samples and they were kept under movement for 30 

minutes at room temperature. Like Xenopus spermatozoa, human samples were washed 

with decreasing BSA concentrations. Both samples were finally diluted with HSPP 

0.3% BSA, 30% glycerol and their concentration were adjusted at 2x107 cells/ml before 

freezing.  

 

C. Centrosome complementation assay: 
Centrosome complementation assay was performed as previously described (Moritz et 

al., 1998) with minor modifications. Xenopus and human spermatozoa were incubated 

with 4 M KI (potassium iodide) and then applied onto a 12mm diameter poly-lysine 

coated glass coverslip. After blocking the samples with 60 µl of HEPES blocking 

buffer, 60 µl of XEE were incubated for 10 minutes at 30˚C. After several washes, 2 

mg/ml of pure tubulin were incubated 10 minutes also at 30ºC. Samples were fixed with 

1% glutaraldehyde and post-fixed 3 more minutes with cold methanol. Finally, the 

samples were processed by IF to detect tubulin and centrosomes.   

 

D. Sperm freezing and thawing: 
To freeze sperm, specific commercial products were used. 0.5 ml of Sperm Rinse 

(bicarbonate and HEPES buffered medium with BSA; Vitrolife) was added to a human 

sperm pellet (previously centrifuged at 300xg, 5 minutes). To the 0.5 ml of sperm 

sample, 177 µl of Sperm Cryoprotect (contains ingredients to reduce intracellular water 

and cryoprotectants; Nidacon) were added drop by drop. The mix was incubated 1h at 

4˚C and then 30 minutes at nitrogen vapors.  

 

To thaw sperm samples, straws were incubated at 37˚C for 5 minutes. To remove the 

sperm cyroprotectant, the sample was centrifuged for 5 minutes at 300xg.  

 

E. Sperm swim-up: 
Freshly ejaculated sperm samples were liquated and washed by diluting the samples 

with the same volume of Sperm Rinse. The diluted samples were pelleted at 372xg, 5 

minutes at room temperature. After the elimination of the supernatants, 0.1 ml of Sperm 

Rinse was carefully loaded on the top of the pellets. The tubes were oriented at 45˚ for 

10 minutes. During this time, the motile spermatozoa swam to the Sperm Rinse fraction. 
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Finally, the Sperm Rinse fractions were carefully taken avoiding the aspiration of the 

pellet.    

 

F. Proteomics: 
Two different methods were used to analyze spermatozoa centrosomal composition. 

Only normozoospermic samples with >50% of A+B motility were used. The first 

approach was based on a previously published protocol (Firat-Karalar et al., 2014b) but 

with some changes. Frozen samples were thawed and washed two times with PBS and 

checked under the microscope for any defects caused by the freezing and/or thawing 

cycles (if any defect was detected, they were discarded). The total amount of cells used 

at each experiment was of ≈60 millions. Washed samples were pelleted at 850xg, 10 

minutes, and resuspended with 350 µl of PBS. Then, samples were sonicated 5 times at 

70% output for 15 seconds with 30 seconds intervals (Bioruptor). 1 µl of each sample 

was taken to check the sonication efficiency under a bright-field microscope. Sperm 

tails were separated from the heads through a 30% sucrose cushion (centrifugation at 

200xg for 10 minutes at 4˚C). 1 µl of the tails fraction was taken and squashed in an 

18x18 mm coverslip to check its purity. Tails were diluted with the same volume of 

Buffer 1 (NP40, ß-mercaptoethanol, DTT. See exact composition at the buffers table) 

and incubated 1h at 4˚C under movement. After this incubation, the sample was 

centrifuged at maximum velocity for 10 minutes at 4˚C. The pellet and the supernatant 

were separated in two different tubes to be treated differentially. In the supernatant, the 

proteins solubilized by buffer 1 are found. 125 µl of 100% TCA was added to the 

supernatant and kept at 4˚C for 10 minutes. To pellet all the precipitated proteins, the 

sample was centrifuged at maximum velocity at 4˚C, 5 minutes. The supernatant was 

removed and the pellet washed twice with cold acetone and dried at 95˚C to remove the 

remnants of acetone. Finally, it was diluted with 6M urea and 200mM of ABC 

(ammonium bicarbonate) in ddH2O. Exactly the same process was performed for the 

pellet obtained after Buffer 1 incubation, first resuspending it with 500 µl of Buffer 2 

(KSCN, DTT) and then with Buffer 3 (urea). 3 different extractions diluted in urea and 

ABC were finally obtained and analyzed by mass spectrometry.    
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For the second approach, sonicated tails were pelleted at 4˚C at the maximum velocity 

and diluted with LB (loading buffer). Samples were run in a 4 – 16% gradient gel and 

each row cut in 9 different bands that were analyzed by mass spectrometry.  

 

G. Oocyte warming: 
Warming oocytes is a much more delicate process than thawing spermatozoa. Three 

different media (all of them commercial) were needed: TS, DS and WS (Kitazato). TS 

had to be prewarmed at 37˚C at least 1.5h prior to use. DS and WS were used at room 

temperature. Oocyte straws need to be always submerged in liquid nitrogen. The straw 

cap was carefully removed and the straw quickly immersed in a dish with 500 µl of TS 

solution located on the microscope stage. This process needs to be as fast as possible. 

During this minute, oocytes should be release from the straw to the TS medium. After 

this minute, oocytes were changed from the TS to the DS medium and kept them in DS 

for 3 minutes. Finally, oocytes were placed to the WS medium 5 more minutes before 

incubating them 2h at 37˚C, 6% CO2 atmosphere to let them recover from the warming.  

 

H. Tails injection: 
In an ICSI dish of 60mm of diameter, drops of G-MOPS plus (containing each one an 

oocyte, Vitrolife) surrounded a PVP drop (polyvinylpyrrolidone; Origio) containing the 

sperm swim-up sample. The plate was filled with oil (ovoil, Vitrolife) to prevent the 

evaporation of the drops. This plate has to be prepared on the same day, and maintained 

at 37˚C (at least for 15 minutes) to temperate the solutions. Once the plate is at 37˚C, 

the oocytes and the sperm sample can be added and placed on the ICSI microscope 

(Olympus IX50).  

Two different pipettes were needed to perform tails separation and injection into 

oocytes. The pipette used for the sperm head-tail separation was a PZD (Partial Zona 

Dissection, Vitrolife) pipette, and the one for tails injection was an ICSI micropipette 

(Vitrolife). Both pipettes were located in a double needle holder. Then, the PZD pipette 

was located in the interface between the sperm head and the midpiece. With a sharp but 

accurate blow the separation of both parts was achieved. To collect these tails it is better 

to do it immediately because the tails can get attached to the plate surface. To known 

whether the separated tails had the centrosome but not DNA, tails were collected with 

the ICSI micropipette and loaded to a glass microscope slide (25 mm x 75 mm) and 



Materials and Methods 

173 

fixed with 4% PFA to immunodetect centrosomes and DNA. If the tails were injected 

into oocytes (ICSI), they were collected with the micropipette and microinjected into an 

oocyte. In all the cases, only one tail was injected per oocyte. We realized that when the 

tail was aspirated in the micropipette it was very difficult to visualize it. To be sure that 

the tail was incorporated into the oocyte, in all the cases, we microinjected more PVP 

containing the tail that the one we aspirated. 

 

I. Oocyte activation: 
Right after the ICSI, oocytes were mixed and washed 4 times with G1-Plus medium 

(Vitrolife) (higher content of calcium compared with other media) and we let them 

recover from ICSI during 30 minutes at 37˚C, 6% CO2. Oocyte activation protocol or 

AOA included 3 incubations with 10 µl of 1 mM ionomycin (calcium ionophore, MP 

Biomedical) diluted in 990 µl of G1 medium and 3 washes with G1 medium alone. All 

the plates were covered with oil.  After the first 30 minutes of G1 incubation, oocytes 

were transferred into an ionomycin plate and incubated 10 minutes at 37˚C. Then, 

oocytes were washed 10 times in G1 drops and incubated 30 minutes at 37˚C. This 

protocol was repeated 2 more times. When the protocol was finished, oocytes were 

transferred in a plate with SAGE medium (continuous medium for embryo 

development, Origio) to be placed at the Primovision or Embryoscope (Vitrolife). These 

two equipments maintain the embryo (in our case parthenotes) developmental 

conditions (37˚C, 6% CO2) but they also take images of each sample every 5 minutes, 

allowing the morphologic and the kinetic analyses of each sample without moving them 

out from the incubator.       

 

J. Cell culture: 
HeLa cells were grown at 37˚C in a 5% CO2 atmosphere. The culture medium was 

DMEM 4,5 g/L glucose, supplemented with Ultraglutamine (Lonza), with 10% fetal 

bovine serum (Invitrogen), 100 µg/ml streptomycin and 100 units/ml penicillin.    

 

K. DNA cloning and transfection: 
DNA sequences of the 10 uncharacterized proteins were obtained from the ORFeome 

service (Centre for Genomic Regulation). These sequences were cloned into a pDEST 
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vector that contained either CFP at the N-terminus (Kanamycin resistant) or GFP at the 

C-terminus (Ampicillin resistant).  

 

DNA were transfected with the same volume of X-tremeGENE (Sigma) and 100 µl of 

Opti-MEM (Thermofisher) using 500ng of DNA per well in a 12 well plate (150,000 

cells/well) of HeLa cells already attached to a glass coverslip (18 mm diameter). After 

24h of protein expression (at 37˚C in a 5% CO2 atmosphere), cells were collected and 

washed twice with 1 ml of PBS prior fixation with cold methanol (10 minutes) or 4% 

PFA (15 minutes). To visualize the centrioles, an immunfluorescence was performed 

against centrin (centrin antibody-Merck Millipore) and DNA (Hoechst, 1 µg/ml).    

 

 

III. Common techniques: 
 

A. Immunofluorescence: 
In this section, I detail the IF conditions for each experiment. You will notice that, 

although it is the same technique, it is performed differentially depending on the cell 

type and the protein I wanted to detect. In most of the cases (if not, it is detailed) the 

images were acquired on an inverted DMI-6000 Leica wide-field fluorescent 

microscope, and the images processed using Adobe Photoshop CS5.1.  

 

1. XEE immunofluorescence: 

Spindles assembled in XEE were diluted with 500 µl of spindle dilution. The mixed 

sample was spinned down on a glass coverslip through a 4 ml spindle cushion (4000xg, 

20 minutes at room temperature) and fixed 10 minutes with cold methanol. After several 

PBS washes, DNA was stained with Hoechst, and the slides mounted in Mowiol. 

Samples were visualized with a 40X objective.  

 

For centrin staining, treated spindles with 0.5 µM of Nocodazole were spinned down as 

described above. Samples were fixed with cold methanol for 4 minutes and the blocking 

was carried out for 50 minutes with 5% BSA and 0,1% Triton. To incubate the primary 

and the secondary antibody, the same blocking solution was used adding centrin (20H5, 
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Merck Millipore) or Alexa-conjugated antibodies. Samples were visualized with a 63X 

objective. 

 

To immunodetect centrin in the asters formed by the centrosome complementation 

assay, samples were first fixed with 1% of glutaraldehyde for 3 minutes and post-fixed 

3 more minute with cold methanol. After rehydrating the samples with 2 washes of 10 

minutes in TBS, they were incubated with small amounts of sodium borohydride diluted 

with TBS for 7 minutes, and then extensively washed with TBS. Detection of centrin 

was carried out as described in the previous paragraph but also adding tubulin antibody 

(ß-tubulin, Abcam). Samples were visualized with a 63X objective.    

 

In the XEE with dUTPs to study chromatin replication dynamics, every 30 minutes 10 

µl of XEE were retrieved and fixed 1 hour at room temperature in 200 µl of XB 

containing 4% formaldehyde. Right after this hour, the sample was spinned down at 

2500xg through a 0.7 M sucrose cushion prepared in XB onto a 12 mm diameter glass 

coverslip, and post-fixed 4 more minutes with cold ethanol. Samples were rehydrated 

with several washes in PBS and incubated 1 hour in PBS 1%BSA to block non-specific 

interactions. Then 50 µl of Streptavidin-Alexa Fluor 488 conjugate antibody 

(ThermoFisher) and Hoechst were used to detect replicated and total amount of DNA. 

Samples were visualized with a 40X objective. 

 

2. Sperm immunofluorescence:  

Thawed samples were washed twice with PBS and then loaded onto a poly-L-lysine 

coated glass coverslip (12 mm of diameter – from 50,000 to 100,000 cells). After 30 

minutes (sperm cells got attached to the glass), the supernatant was removed and the 

cells were fixed with either 4% PFA 1 hour, or methanol for 10 minutes, depending on 

the antibody I used. After several washes with PBS, samples were permeabilized with 

0,5% Triton X-100 PBS 15 minutes at room temperature. Samples were loaded with 5% 

BSA in PBS to block unspecific interactions for 2 hours. The same blocking solution 

was used to incubate the primary and the secondary antibody for 1 hour and 45 minutes 

respectively. Samples were visualized with a 63X objective.  
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3. Oocyte and embryos immunofluorescence: 

In a prewarmed plate (37˚C) oocytes and embryos were mixed with Tyrode’s (Sigma) to 

remove the zona pellucida. This is a critical step because incubating too long with 

Tyrode’s can affect the sample, however when the zona pellucida was not removed, I 

could not detect MTOCs by IF. It is very important from this step on to wash all the 

plates and tips with Tween because oocytes and embryos without zona pellucida are 

very sticky. When the zona pellucida had disappeared, I performed a quick wash with 

prewarmed PBS. Quickly after this wash, samples were fixed with prewarmed 4% of 

PFA, 15 minutes. Once the samples are fixed, we can work at room temperature. 

Permeabilization was done incubating the samples in PBS 0.2% of Triton X-100 during 

15 minutes. After washing the samples once with PBS-T and 3 more times with PBS-

TB (20 minutes each), samples were blocked with 5% normal goat serum in PBS-TB 

(freshly prepared) for 3 hours. All primary antibodies were incubated over-night at 4˚C 

with the blocking solution. The next day, 3 washes of 20 minutes in PBS-TB were done 

while shacking to eliminate the remaining primary antibody. The secondary antibody 

was only incubated 1 hour at room temperature in PBS-TB together with 1 µg/ml of 

Hoechst. Samples were mounted with Vectashield (Vector) and visualized at the Zeiss 

780 confocal/multiphoton microscopy at 63X with 80% glycerol. 

 

4. Cell culture:  

HeLa transfected cells were collected and washed twice with PBS before fixing 10 

minutes with cold methanol or 15 minutes with 4% PFA. Cells were block and 

permeabilized at the same time with IF medium (0.1% Triton X-100, 2% BSA in PBS 

1x) during 30 minutes. The primary and the secondary antibodies diluted in IF medium 

were placed onto the samples for 50 and 45 minutes, respectively. Finally, the samples 

were visualized at 63X or with the Leica TCS SP5 upright microscope.  

 

B. SDS-PAGE, coomassie and Western Blot: 
Sperm cell extracts were obtained diluting the samples with 1x LB and freezing and 

boiling them 3 times. Then, samples were run in a SDS-PAGE gel. Protein gels were 

prepared differently whether they were used to analyze tubulin PTMs or sperm proteins 

(see buffer composition). Nevertheless, they were run at 120V for 90 minutes. Protein 

gels were stained using Coomassie solution for 15 minutes and distained over-night. To 
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transfer proteins, the iBlot dry system (ThermoFisher) was used. PVDF membranes 

were blocked with TBS 5% milk 1 hour. The primary and secondary antibodies were 

diluted with 2% milk in TBS and incubated over-night at 4ºC and 1 hour at room 

temperature, respectively. Blots were developed using Alexa Fluor 680  (Invitrogen) 

and/or IRdye 800 (Li-cor) labeled antibodies at the Odyssey Infrared imaging system 

(Li-cor).  

 

C. Quantifications and statistics:  
To quantify the spindle assembly of individual human and Xenopus sperm samples in 

XEE, 200 and 100 sperm nuclei were counted, respectively, in 4 independent XEE (total 

amount of structures: 800 per human sample and 400 per Xenopus sample). To compare 

the spindle assembly capacity of samples with different diagnosis, the t-test in Prism 6 

(GraphPad Software, La Jolla, CA) was applied. To correlate spindle assembly values 

with clinical values, % of bipolar spindles for each human sample was divided by the % 

of Xenopus bipolar spindles obtained in the same XEEs. Semen diagnoses and 

fertilization rates were described for each sperm patient sample and associated IVF/ICSI 

cycle. Pearson’s R coefficient was calculated to evaluate the lineal association between 

the previous parameters and bipolar spindle assembly. All statistical analyses were 

performed using the Statistical Package for the Social Sciences (SPSS, version 22). A 

Pearson’s R coefficient between 0.3 and 0.7 was considered as a moderate correlation. 

For spindle length measurement, a straight line from spindle pole to pole was manually 

drawn using the ImageJ software in 40 spindles per sample. A nonparametrical Mann-

Whitney test was applied with the Prism 6 program to find significant differences.  

 

Tubulin PTMs distribution along the spermatozoa tail was quantified using the Fiji 

Program (Schindelin et al., 2012). By drawing a line on top of the sperm tail, the tubulin 

and tubulin PTM intensity was measured at each 0.1 µm. Then, each 0.1 µm was 

divided by the total length of the sperm tail, to standardize the tail length to 1. The 

mathematical equation of lineal regression was used to calculate the new intensity (y) 

for each new 0.001 relative unit of length (x) (y= 𝑦! + 𝑥 − 𝑥!
!!!  !!
!!!  !!

 ), where (x1,y1) 

and (x2,y2) are the known values. To calculate the tubulin PTM/tubulin intensity ratio, 

the intensity at each 0.001 relative units of lengths of tubulin PTM intensity was divided 
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by the tubulin intensity. Finally all the 1,000 values were represented using the Prism 6 

program.  

 

D. Primo-vision analysis: 
To analyze the kinetics of parthenotes development, we measured the time of cell 

division. At day 3 and 5 post activation we graded the parthenotes as explained in the 

introduction.  

 

E. Gene Ontology enrichment analysis: 
The Gene Ontology analyses were performed using the “Gene Ontology Consortium”. 

http://geneontology.org/page/go-enrichment-analysis 

 

F. Venn diagrams: 
A bioinformatic tool form CSIC was used to generate Venn diagrams. 

http://bioinfogp.cnb.csic.es/tools/venny/index.html) 

 
 

IV. Tools: 
 

 ANTIBODIES  

PROTEIN RAISED 

IN 

IF DILUTION WB 

DILUTION 

COMPANY 

∆2-tubulin Rabbit 1:200 1:2000 Merck Millipore 

AB3203 

1D5 Mouse 1:200 1:2000 Synaptic systems 

302 011 

Acetylated 

tubulin 

Mouse 1:1000 1:10000 Sigma T7451 

B3 Mouse 1:200 1:2000 Sigma T9822 

Centrin Rabbit 1:2000 - Millipore, 20H5 

Cep63 Rabbit 1:100 - Merck Millipore, 

06-1292 
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Glu-

tubulin 

Rabbit 1:1000 1:500 Merck Millipore 

AB3201 

GT335 Mouse 1:200 1:2000 ENZO life 

sciences ALX-

804-885 

MonoGly Mouse 1:200 1:2000 Merck Millipore 

MABS277 

Pericentrin Rabbit 1:500 - Abcam, ab448 

PLK4 Rabbit 1:500 - Dr. Bettencourt 

gift 

PolyE 

tubulin 

Rabbit 1:1000 1:500 Home-made 

Protamines Mouse 1:100 1:100 Novus Biologicals 

H00005619 

Tyr-

tubulin 

Rat 1:1000 1:2000 Merck Millipore 

MAB1864 

α-tubulin Mouse 1:1000 sperm and 

culture cell 

1:100 in oocytes 

and embryos 

1:20,000 Sigma, T6199 

Β-tubulin Rabbit 1:200 sperm and 

culture cells 

1:100 in oocytes 

and embryos 

1:10,000 Abcam, ab6046 

γ-tubulin Mouse 1:100 1:1000 Sigma, GTU-488 

 

 

 DRUGS  

DRUG EFFECT STOCK [] WORKING [] COMPANY 

Nocodazole Mt 

destabilization 

20 mM 0.5 µM Sigma M1404 
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 BUFFERS  

BUFFER COMPOSITION 

50X Calcium 

solution 

20 mM CaCl2, 500 mM KCl, 5 mM MgCl2 p.H. 7.7 

Aster cushion 40% glycerol in BRB80 

Aster dilution 30% Glycerol, 0.25% glutaraldehyde, 0.1% Triton X-100 in 

BRB80 

BRB80 80 mM K-pipes, pH 6.8, 1 mM MgCl2, 1 mM EGTA 

Coomassie Coomassie Brillant Blue R250, 10% acetic acid, 50% Methanol 

CSF-XB XB, 2 mM MgCl2, 5 mM EGTA, p.H. 7.7 

Dejellying 2% cysteine (in water) p.H 7.8 with NaOH 

Distaining 10% methanol, 10% acetic acid 

Fixing 11% formaldehyde, 48% glycerol, 1 µg/ml Hoechst in CSF-XB 

buffer 

Hepes block 100 mM KCl, 10 mg/ml BSA, 1 mM β-mercaptoethanol 

HSPP 250 mM sucrose, 15 mM Hepes pH 7.4, 0.5 mM spermidine, 0.2 

mM spermine and protease inhibitors 

Lammeli 

Buffer 

2% w/v SDS, 10% Glycerol, 50 mM Tris-HCl p.H. 6.8, 5% ß-

mercaptoethanol 

MMR 5 mM Hepes, 1000 mM NaCl, 2 mM KCl, 1 mM MgCl2, 2 mM 

CaCl2, 0.1 mM EDTA, p.H. 7.8 with NaOH 

Mowiol 0.1 M Tris p.H 8.5, 10% Mowiol 4-88, 25% Glycerol 

PBS 10X 80.6 mM sodium phosphate, 19.4 mM potassium phosphate, 27 

mM KCl and 1.37 M NaCl in 1ml of dH2O p.H 7,4 

PBS-T PBS, 0.1% Tween20 

PBS-TB PBS, 0.1% Tween20, 2% BSA Fraction V 

Proteomics 

Buffer 1 

100 mM Tris HCl p.H. 8, 4 mM EGTA, 4 mM EDTA, 1000 mM 

NaCl, 2% NP40, 0.2% ß-mercaptoethanol, 2mM DTT, protease 

inhibitors in dH2O 

Proteomics 

Buffer 2 

50 mM Tris HCl p.H. 8, 600 mM KSCN, 2 mM DTT, protease 

inhibitors in dH2O 

Proteomics 

Buffer 3 

50 mM Tris HCl p.H. 8, 4 M urea, protease inhibitors in dH2O 
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Resolving gel 

(tub PTMs) 

7.5% acrylamide, 5 M Tris-HCl pH 9.8, 0.1% SDS (95% Pure, 

Sigma L5750), 0.07% ammonium persulfate, 0.1% TEMED in 

ddH2O 

Running 

Buffer 

25 mM Tris base, 200 mM glycine, 0.1% SDS 

Running 

Buffer (tub 

PTMs) 

0.1% SDS (95% Pure, Sigma L5750), 0.025 M Tris-HCl p.H. 8.3, 

0.192 M glycine 

SDS Protein 

Loading 

Buffer 

10% glycerol, 3% SDS, 10 mM Tris-HC, pH 6.8, 5 mM DTT, 

0.2% Bromophenolblue 

Spindle 

Cushion 

40% glycerol in 1x BRB80 

Spindle 

dilution 

BRB80 1X, 30% glycerol, 0.25% glutaraldehyde, 0.1% Triton X-

100 

Stacking gel 4% acrylamide (30% acrylamide BioRad), 125 mM Tris-HCl p.H. 

6.8, 0.1% SDS, 0.07% ammonium persulfate, 0.1% TEMED 

Stacking gel 

(tub PTMs) 

6% acrylamide (30% acrylamide BioRad), 2.5 M of stacking 

solution (0.5 M Tris-HCl pH 6.8), 0.1% SDS (95% Pure, Sigma 

L5750), 0.07% ammonium persulfate, 0.1% TEMED in ddH2O 

TDB 1x BRB80, 10% Glycerol, 1 mM GTP 

TDB wash 1x BRB80, 10% Glycerol, 1 mM GTP and 10 mg/ml BSA 

XB 10 mM Hepes, 100 mM KCl, 0.1 mM CaCl2, 1 mM MgCl2, 50 

mM sucrose 
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ANNEX 1: 
 

The microtubules in the sperm flagella are composed of tubulin and are necessary for 

sperm movement. Tubulin can be modified post translationally by the addition or 

removal of different aminoacids, defining the flagellum functionality. Several tubulin 

PTMs have been described in Drosophila and sea urchin spermatozoa, where blocking 

tubulin polyglutamilation decreases sperm motility. Tubulin monoglycylation and 

acetylation are associated with axoneme stability, while preventing tubulin glycylation 

causes sperm defects and infertility in Drosophila. Despite the reported effect of PTMs 

on sperm fitness, very little is known about PTMs presence and role in human sperm 

functionality. On that line I started a side project which main objective was to 

characterize the presence and distribution of the human sperm tubulin PTMs along the 

sperm flagella and their relationship with sperm fitness.   

 
Human spermatozoa axonemes are enriched in tubulin PTMs: 
In order to known whether human sperm axonemes are also enriched in tubulin PTMs 

we performed WB of whole cell lysates and IF for most of the described C-terminal tail 

tubulin modifications as well as acetylation in normozoospermic samples (Figure 1A 

and B). We found that microtubules in the sperm flagella are highly modified overall; 

in fact we detected acetylation, polyglutamylation, ramification (branching 

glutamylation - GT335), lack of tyrosine, tyrosination and monoglycylation. The 

antibodies recognize specifically the tubulin modifications because no staining is 

observed apart from the sperm tail.  
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Figure 1: Identification of tubulin PTMs in human spermatozoa. A) WB against 7 selected tubulin 
PTMs. We tested these 7 modifications because, in exception of acetylation, all of them occur at the C-
terminal tail of the tubulin. B) Co-staining of the 7 previous tested tubulin PTMs with tubulin (either α or 
β) to analyze the tail specific localization. Scale 10μm. 

 

We observed that not all tubulin PTMs are equally distributed along the sperm tail. This 

suggests that each tubulin PTM could regulate different axoneme properties along the 

tail. We decided to focus on 4 specific tubulin PTMs that have been described to be 

involved in axoneme motility and stability in different animal models: acetylation, 

monoglycylation, polyglutamylation and ramification. In order to quantify their changes 

along the tail, we analyzed tubulin PTMs as well as tubulin intensity at every 0.1 μm. 

We divided each length value for the total length of the sperm tail in order to 

standardize each tail length to 1. To be more precise in the analysis we applied the 

mathematical equation of lineal regression to obtain an intensity value at each of the 
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0.001 units. The intensity of each tubulin PTM for each unit was then divided by the 

corresponding tubulin intensity (Figure 2). As our observations suggested, not all 

tubulin PTMs are equally distributed along the sperm tail. Acetylation is the most stable 

modification, monoglycylation increases whereas polyglutamylation and ramification 

decreases along the tail.   

 

 
Figure 2: Quantitative analyses of tubulin PTMs distribution. A precise quantitative analysis of the 
ratio of tubulin PTM distribution versus tubulin was calculated at each 0.001 relative units of tail length. 
The distribution of tubulin PTM acetylation, monoglycylation, polyglutamylation and ramification is 
different in each case. n=10 spermatozoa per condition.  

 

Human semen samples have different tubulin PTMs distribution: 
The results I present in this section were performed once and are still ongoing, therefore 

they have to be taken with caution. 

 

Because tubulin PTMs regulate axoneme stability and motility mediating the interaction 

of different proteins such as motor proteins and MAPs with the microtubule surface, we 

wondered whether samples with abnormal or immotile flagella could have an altered 

tubulin PTM distribution. We used a normozoospermic (progressive motility=37%, 

normal morphology=7%) and a teratozoospermic (progressive motility=34.8%, normal 

morphology=3% sample, both of them selected by swim-up, therefore we had 4 

fractions:  
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- Normozoospermic sample motile (swim-up fraction). 

- Normozoospermic sample mix (motile + immotile spermatozoa – pellet of the 

swim-up).  

- Teratozoospermic sample motile (swim-up fraction). 

- Teratozoospermic sample mix (motile + immotile spermatozoa – pellet of the 

swuim up). 

 

We performed the same quantification analysis as described in the previous section but 

the fact that the sperm tails are highly enriched in tubulin PTMs made it difficult to 

detect any difference in intensity, therefore we decided to focus only on the last 10% of 

the sperm tail because this region is less enriched and, if any difference exist, we expect 

to detect them there. So far we only analyzed acetylated, monoglycylated and 

ramificated tubulin. We were not able to detect differences in intensities but we realized 

that the pattern of each tubulin PTM is not the same in each sample and fraction (Figure 

3). We found that reduction of tubulin acetylation starts closer to the sperm proximal 

part in teratozoospermic sample mix compared with normozoospermic motile fraction, 

which it is the one that starts to decrease more distally (Terato mix 0.90 > Normo mix 

0.920 > Terato motle 0.931 > Normo motile 0.940). Regarding monoglycylation, mixes 

behave similar as motile samples do independently of their diagnoses (Terato mix 0.90 

= Normo mix 0.90 > Terato motile 0.965 = Normo motile 0.963). Finally, in 

ramification we found that teratozoospermic motile fraction behaves similar to 

normozoospermic mix sample, suggesting that although motile spermatozoa are selected 

from teratozoospermic samples for assisted reproduction, molecularly they are not 

equivalent to normal motile spermatozoa in terms of tubulin glutamylation (Terato mix 

0.90 > Terato motile 0.916 + Normo mix 0.917 > Normo motile 0.936).	  	  
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Figure 3: Quantitative analyses of the last 10% of the normozoospermic and teratozoospermic 
sperm samples. The decrease pattern for each tubulin PTM was analyzed in normozoospermic and 
teratozoospermic samples fractionated in motile and mix samples by the swim-up technique. n=20 
spermatozoa per condition.   

	  

Data interpretation and conclusions: 
Our results indicate that the human sperm tail is highly modified by tubulin PTMs as all 

C-terminal associated tubulin modifications are present along the sperm tail. To 

quantify precisely how tubulin PTMs distribute along the sperm tail, we established a 

method to analyze the intensity of each modification and found that each modification 

presents a specific pattern of distribution. 

 

The analysis of the last 10% of the sperm tail are ongoing experiments and results 

should be taken with caution, however, we observed that in the mix fractions, acetylated 

and monoglycytaled tubulin ends in a more proximal region than motile fractions. When 

tubulin polyglycylation is inhibited in Drosophila, the sperm tails are less stable and 

some cannot form. Our results suggest that the mix sperm tails are less stable than the 

tails of the motile fraction. Regarding tubulin ramification, the mix fraction has fewer 

ramifications and the motile teratozoospermic fraction is similar to the mix fraction of a 

normozoospermic sample. We known that in sea urchin, when polyglutamylation is 

blocked, sperm motility is reduced, therefore motile fractions of teratozoospermic 

samples might have a less optimum motility in terms of beating dynamics and 

frequency than motile normozoospermic samples.   
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To conclude, these preliminary results suggest that tubulin PTMs fingerprinting could 

define the sperm fitness.	  	  
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Abstract:  
Microtubules are intracellular filaments that define in time, but also in space, a large 

number of essential cellular functions such as intracellular transport, flagella and cilia 

assembly, and cell division. Their function is therefore essential for male and female 

gametes maturation and function, and for embryo development. The dynamic and 

functional properties of the microtubules are in large part defined by various classes of 

interacting proteins including MAPs (Microtubule Associated Proteins), microtubule 

dependent motors, and severing and modifying enzymes. Multiple mechanisms regulate 

these interactions. One of them is defined by the combinatorial diversity of the 

microtubules themselves through two mechanisms: various tubulin isotypes and a 

number of tubulin post-translational modifications (PTMs). This generates a so-called 

tubulin code that defines the specific set of proteins that associates with a given 

microtubule population thereby defining its properties and functions.  The objective of 

this review is to provide an in depth description of tubulin isotypes and PTMs in 

spermatozoa, oocytes, and preimplantation embryos in various model systems and in the 

human species. We focus on functional implications of the tubulin code for cytoskeletal 

function, particularly on the field of human reproduction, with special emphasis on 

gamete quality and infertility. Finally, we discuss some of the knowledge gaps and 

propose future research directions.  
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Introduction: 
Successful gamete and embryo development, including sperm flagellar beating, meiotic 

and mitotic spindle assembly, and polarization of blastomeres, rely on the fine 

regulation of the microtubule network in time and space (Figure 1A).  
Microtubules are intrinsically dynamic hollow polymers formed by the lateral 

interaction of protofilaments, each composed by the head to tail self-assembly 

association of alpha- and beta-tubulin dimers. Other members of the tubulin family have 

non-overlapping functions. Gamma tubulin is specifically required for microtubule 

nucleation (Kollman et al., 2011; Kollman et al., 2010). Epsilon and delta tubulins 

localize to the centrosome and play a role in centriole duplication and pericentriolar 

material organization (Chang and Stearns, 2000). Zeta tubulin is absent in humans and 

was found to be a component of the basal foot (Turk et al., 2015). In mammalian cells 

cytoplasmic microtubules have 13 protofilaments. Microtubules are polarized filaments 

with an exposed alpha-tubulin subunit at the so-called minus end and a beta-tubulin 

subunit exposed at the so-called plus end (Figure 1A).  In most cells, their minus-ends 

are focused at the centrosome (the main microtubule organizing center, MTOC) and 

their more dynamic plus-ends extend out toward the cell periphery. However, 

microtubules can organize different types of networks highly related to the specific 

function of different cell types. They can also form specialized cellular structures that 

can be either relatively stable like the axoneme of flagella and motile cilia, or highly 

dynamic like the bipolar meiotic or mitotic spindles, the molecular machines that 

segregate the chromosomes during cell division.  

Microtubules alternate between phases of growth and shrinkage, an intrinsic property 

known as “dynamic instability”. The length of dynamic microtubules therefore varies 

constantly. In the cell, the microtubule dynamic properties are regulated by several 

classes of interacting proteins that can promote their stabilization or, on the contrary, 

destabilize them. In addition, microtubule dependent motors define their intracellular 

organization and/or use them as tracks to drive the directed transport of different 

cellular components in a directional manner (Figure 1A). Despite their homogeneous 

alpha-beta tubulin dimer core composition, two mechanisms generate diversity at the 

microtubule surface thereby defining different binding affinities for the associated 

proteins resulting in major functional implications. These mechanisms rely on the 

presence of small sequence differences at the exposed C-termini of the alpha and beta 
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tubulin isotypes, and on several tubulin PTMs that mostly occur on specific residues of 

these C-terminal sequences (Figure 1B) (Schatten and Sun, 2014)  

 

Here we will review the mechanisms that generate microtubule diversity and our current 

understanding of their role during gamete maturation, fertilization, and early embryo 

development with a special emphasis on the putative implications for fertility in 

humans. In the light of these data, we will discuss the potential of designing novel tools 

that could be useful for ART.  

 

Results: 
Tubulin isotypes 

The analysis of the human genome has shown that 12 genes encode alpha tubulins (9 

genes, 2 pseudogenes and 1 putative gene) and 10 genes encode beta tubulins (9 genes 

and 1 pseudogene) (Table 1) (HGNC Database, HUGO Gene Nomenclature Committee 

(HGNC), EMBL Outstation - Hinxton, European Bioinformatics Institute, Welcome 

Trust Genome Campus, Hinxton, Cambridgeshire, CB10 1SD, UK 

www.genenames.org. Data retrieved on August 2016). All alpha and beta tubulins have 

a highly conserved N-terminal globular domain and an unstructured C-terminal tail that 

extend outwards along the microtubule surface serving as docking site for a large 

number of associated proteins. These C-terminal tails show the highest sequence 

diversity amongst the different tubulin isotypes (Table 1). For instance, TUBA4 A/B 

(tubulin alpha isotype 4 A/B), TUBA8 (tubulin alpha isotype 8) and TUBAL3 (tubulin 

alpha L3) do not contain the final tyrosine present in the other alpha tubulin isotypes 

(Gu et al., 1988) (Table 1). 
Interestingly, some tubulin isotypes are expressed in different cell types whereas others 

are restricted to certain cell types or specific developmental stages (Denoulet et al., 

1986; Hurd et al., 2010; Lewis et al., 1987; Lewis et al., 1985). For example, TUBB8 

(tubulin beta isotype 8) is specifically expressed in human oocytes and it is moreover 

the main beta tubulin present in these cells (Feng et al., 2016a). Another beta tubulin 

isotype, TUBB4 (tubulin beta isotype 4) is the main isotype expressed in ciliated tissues 

(Renthal et al., 1993). However, the functional consequences of these specific 

expression patterns are not as yet entirely clear, and no evidences exist at the moment 
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for the requirement of specific tubulin isotypes for the assembly of specific types of 

microtubules such as axonemal microtubules for instance (Lewis et al., 1987).  

 

Tubulin PTMs: types and modifying enzymes  

Several types of tubulin PTMs have been described including phosphorylation, 

polyamination, methylation, ubiquitination, palmitoylation, acetylation, 

(poly)glutamylation, (poly)glycylation and detyrosination. In this review, we will focus 

on the last four types of tubulin PTMs keeping a focus on their role in gamete 

maturation and early embryo development (Figure 1B).  

 

  Tubulin acetylation  
Tubulin acetylation was identified for the first time in 1985 (L'Hernault and 

Rosenbaum, 1985a). It consists of the addition of an acetyl group to a lysine in a 

reversible reaction. Both alpha and beta tubulins can be acetylated on several sites 

including (Choudhary et al., 2009) lysine 40 (Lys40) of alpha-tubulin amongst several 

others (lysines 401, 394, 370, 311, 60, 112, 326…) and Lys58, Lys252, Lys324 of beta 

tubulin. 

Although it was described that acetylation does not influence tubulin polymerization 

kinetics (Maruta et al., 1986), most reports indicate that acetylated microtubules are 

more stable than non-acetylated ones. However, the mechanism by which acetylation 

confers stability to the microtubule is not clear and some authors have even questioned 

this correlation (Brunke et al., 1982; Piperno et al., 1987; Schulze et al., 1987) 

(Matsuyama et al., 2002) (Asthana et al., 2013; Tran et al., 2007) (Zilberman et al., 

2009) (Patel and Chu, 2014). In fact, the acetylation of beta tubulin Lys252 was found 

to negatively regulate the incorporation of tubulin heterodimers to the microtubule. 

However, acetylation of alpha tubulin Lys40 is a marker for stable microtubules. Unlike 

all the other tubulin PTMs, Lys40 acetylation occurs inside the lumen of the 

microtubule (Nogales et al., 1999). Recently it was proposed that acetylation of Lys40 

induces the formation of a salt bridge promoting structural changes in the microtubule 

angle, stabilizing it (Cueva et al., 2012). However no significant changes in the 

microtubule lattice were observed in Lys40 acetylated microtubules versus non-

acetylated ones by cryo-electron microscopy (Howes et al., 2014). 
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Overall, tubulin acetylation seems to modify the mechanical properties, structure and 

organization of the microtubules (Cueva et al., 2012; Topalidou et al., 2012) but it does 

not influence tubulin polymerization kinetics (Maruta et al., 1986).  

 

Tubulin acetylation is catalyzed by several acetyltransferases including ARD1-NAT1 

(Ohkawa et al., 2008), ELP3 (Creppe et al., 2009), San (Chu et al., 2011), GCN5 

(Conacci-Sorrell et al., 2010) and αTAT1 (Shida et al., 2010) (Akella et al., 2010) 

(Topalidou et al., 2012).   

The acetyltransferase San acetylates beta tubulin on Lys252 (Chu et al., 2011). αTAT1 

is the major alpha-tubulin Lys40 acetyltransferase in mice. It is conserved in ciliated 

organisms and it was shown to be required for the acetylation of axonemal microtubules 

and for the normal kinetics of primary cilium assembly (Akella et al., 2010; Shida et al., 

2010). Interestingly, although mice develop normally upon depletion of αTAT1, males 

have fertility problems and sperm motility defects (Kalebic et al., 2013). The 

mechanism by which αTAT1 acetylates alpha tubulin Lys40 inside the microtubule 

lumen was recently described. αTAT1 can enter the lumen from the microtubule ends 

(Coombes et al., 2016) and spread Lys40 acetylation along the microtubule (Ly et al., 

2016). 

Tubulin deacetylation is promoted by HDAC6 (Hubbert et al., 2002) (Zhang et al., 

2003) and by the NAD-dependent class III deacetylase SIRT2 (North et al., 2003) that 

act specifically on alpha-tubulin Lys40. HDAC6 acts mainly on polymerized 

microtubules and is constitutively active whereas SIRT2 is a NAD dependent enzyme 

(Hubbert et al., 2002; North et al., 2003). Although HDAC6 and SIRT2 interact and 

may function together (North et al., 2003) (Nahhas et al., 2007), altering HDAC6 levels 

is sufficient to increase tubulin acetylation in fibroblasts (Zhang et al., 2008).  

 

  Tubulin tyrosination/detyrosination 

Most alpha tubulin isotypes have a tyrosine residue at their C-terminus. The removal of 

this tyrosine generates detyrosinated tubulin also named Glu-tubulin (because the newly 

exposed C-terminal aminoacid is a glutamic acid). Glu-tubulin in turn can be re-

tyrosinated (Arce et al., 1975; Hallak et al., 1977; Raybin and Flavin, 1977), generating 

a dynamic cycle of tubulin tyrosination /detyrosination (Gundersen et al., 1987; 

Valenzuela et al., 1981). Although tyrosinated and detyrosinated microtubules can co-

exist in the same cell, different cell types and specific microtubule-based structures have 
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different ratio of tyrosinated/detyrosinated microtubules  (Geuens et al., 1986; 

Gundersen et al., 1984; Raybin and Flavin, 1977). This ratio may in fact define the 

specific biochemical properties to the microtubule network. Indeed, dynamic 

microtubules have been found to be mostly tyrosinated, whereas stable ones like for 

example those forming centrioles, are mostly detyrosinated (Gundersen et al., 1987; 

Kreis, 1987).  

The further removal of the glutamic acid exposed at the C-terminus of detyrosinated 

alpha tubulin generates the so-called Δ2 – tubulin. This modification is irreversible 

(Paturle-Lafanechere et al., 1991). Δ2 – tubulin is particularly enriched in very stable 

microtubules like those of cilia (primary or motile) and neurons. Strikingly, it 

constitutes 35% of all brain tubulin (Paturle-Lafanechere et al., 1994). 

The enzyme that catalyzes the removal of the last tyrosine residue on alpha tubulin is 

the complex of vasohibin-1 with the small vasohibin binding protein (Aillaud et al., 

2017), and the enzyme that catalyzes the addition of a tyrosine on Glu-tubulin was 

identified and characterized in bovine and porcine brain several years ago (Ersfeld et al., 

1993; Raybin and Flavin, 1977). This enzyme named tubulin tyrosine ligase (TTL) 

enzyme requires ATP, magnesium ions and a terminal glutamic acid residue for its 

activity (Murofushi, 1980; Raybin and Flavin, 1977; Rudiger et al., 1994). TTL is the 

founding member of the large TTLL family (see below). 

 

  Tubulin glutamylation and glycylation 
Chains of different lengths of identical amino acids, either glutamic acids or glycines, 

can be added on glutamic residues present in the C-terminal tail domains of alpha and 

beta tubulins. These modifications generate mono/poly-glutamylated or mono/poly-

glycylated tubulin, respectively. These PTMs can occur on any tubulin independently of 

any other tubulin PTM (Edde et al., 1992). Interestingly, glutamylation and glycylation 

compete for the same sites at the C-terminal tail domains of tubulins (Wloga et al., 

2009). However, they can also co-exist in a single molecule of tubulin (Mary et al., 

1997). These tubulin PTMs are particularly versatile. Depending of the cell type and 

organism the branched aminoacid chains can range from as little as 1 to more than 20 

residues (Edde et al., 1990).  

 

Microtubule based structures, such as axonemes, are highly glycylated (indeed glycine 

lateral chain of up to 34 residues branching from alpha and/or beta tubulin subunits 
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were describen in Paramecium (Redeker et al., 1994) (Bre et al., 1998; Iftode et al., 

2000), whereas dynamic microtubules, if they are modified, have shorter polyglycylated 

chains or no glycylation (in humans, see below) (Bre et al., 1998; Callen et al., 1994). 

This modification was detected in one of the oldest eukaryotes, Giardia lamblia, 

suggesting an important role through evolution (Weber et al., 1996). On the other hand, 

glutamylation is found both in stable and dynamic microtubules. It was characterized 

for the first time in 1990 in brain tubulin where it was found to represent about 40 to 

50% of the total α – tubulin (Edde et al., 1990).  

 

Several enzymes catalyze the addition of (poly)glutamates or (poly)glycines on the C-

terminal tails of alpha and/or beta tubulin subunits. They were initially identified in 

mouse brain, Tetrahymena thermophila and zebrafish (Janke et al., 2005; Pathak et al., 

2007; Regnard et al., 2003). These enzymes are highly related to TTL (see above) and 

constitute the tubulin tyrosine ligase-like family (TTLL) (Janke et al., 2005; van Dijk et 

al., 2007). Mammalian organisms have 13 different TTLL enzymes (Table 2) that 

catalyze tubulin mono and poly-glutamylation/glycylation through specific reactions. 

The initial branching reaction involves the formation of a γ-amide bond between a 

glutamic acid residue in the main chain of tubulin and a free glutamate/glycine. The 

addition of successive glutamic acid  glycines residues on the first branched one occurs 

through the formation of α-amide bonds (peptide-like bond) (Redeker et al., 1991).  

In the human species, microtubules can be mono or polyglutamylated. However 

microtubules can only be monoglycylated because the enzyme responsible for the 

elongation of a polyglycylated chain is not functional (Rogowski et al., 2009).  

The enzymes responsible for the removal of the mono or polyglycylated chains have not 

been identified yet. Instead, the enzymes that remove the mono or polyglutamylated 

chains form a family of enzymes called Cytosolic carboxypeptidases (or CCPs), also 

known as Nna-like proteins or AGTBPs. These enzymes were first identified in studies 

of axonemal regeneration and Purkinje cell degeneration in animal models (Fernandez-

Gonzalez et al., 2002; Harris et al., 2000). The CCP family consists of six members 

(CCP1 to CCP6) (Table 2). They share a conserved Carboxypeptidase domain (300 

residues approximately), which has catalytic activity and a shorter N-terminal domain 

(150 residues approximately) that has been proposed to act as a folding, regulatory or 

binding domain (Kalinina et al., 2007; Otero et al., 2012; Rodriguez de la Vega Otazo et 

al., 2013; Rogowski et al., 2010). The functional redundancy of the different TTLL and 
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CCP enzymes may provide a failsafe mechanism to support essential microtubule 

functions.  

 

Functional implications of the tubulin code 

The tubulin code has important functional implications either by directly changing the 

structural properties of the microtubules and/or by defining the specific binding 

affinities and properties of at least some interacting proteins. Altogether characterizing 

the tubulin code will provide novel insights into the mechanism that regulate 

microtubule dynamics and organization and thereby into cell physiology and function.  

Specific tubulin PTMs have been found to regulate the binding affinity of some MAPs 

and motors with the microtubule surface. Moreover tubulin PTMs can also change some 

functional properties of the associated proteins. For instance, some of them were shown 

to modify the processivity, velocity, and directionality of motors (Table 3). (Peris et al., 

2009) 

 

The first evidence for the role of tubulin PTMs in the regulation of the binding of MAPs 

to microtubules was obtained in 1994 for Tau (Boucher et al., 1994). Tau has a higher 

affinity for microtubules with short polyglutamylated chains (up to 3 residues). Instead, 

MAP1A associates preferentially with microtubules having long polyglutamylated 

chains. It was therefore proposed that the potential binding competition of different 

MAPs for the microtubules is solved through the control of tubulin polyglutamylation 

chain length (Bonnet et al., 2001; Boucher et al., 1994). As a consequence, not only the 

combination of tubulin isotypes and different tubulin PTMs can regulate the binding of 

microtubule-associated proteins, but the extent of some modifications (chain length) has 

also different functional consequences.  

 

In vitro experiments of chimaeric tubulin (composed of different human C-terminal tails 

and yeast core domains) with motor proteins demonstrated that Kinesin-1, Kinesin-2, 

MCAK or Kinesin-13 and dynein have different affinities for polyglutamylated, 

tyrosinated microtubules and for some tubulin isotypes (Sirajuddin et al., 2014) (Table 

3). For example, detyrosinated tubulin decreases the microtubule binding affinity of 

microtubule depolymerizing proteins such as Kinesin-13 family members. This could 

explain at least in part why this modification is enriched in stable microtubules (Peris et 
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al., 2009). Overall the tubulin code may provide a complex and fine mechanism for the 

regulation of microtubule function. 

 
Tubulin isotypes and PTMs in the reproductive system and early embryos of 

model organisms and humans 
The expression of specific tubulin isotypes and the presence of the enzymes that 

catalyze the tubulin PTMs in the human reproductive system (ovary, uterus, prostate, 

and testis) suggest that the tubulin code plays important functions in gamete and 

embryonic development.     

 

Spermatozoa and flagellated organisms 
The spermatozoon is a motile cell consisting of a head containing, among other 

structures, a set of chromosomes and a long tail, the flagellum. The central core of the 

flagellum is constituted by an axoneme, which is a structure also present in eukaryotic 

motile cilia and in some prokaryotes.  The axoneme is a distinctive structure that 

consists of a central pair of microtubules surrounded by a circular sheaf of nine doublets 

of microtubules (called 9+2). Each doublet consists of a complete 13 protofilament 

microtubule (named A-tubule) associated with an incomplete 10 protofilament 

microtubule (named B-tubule). The axoneme is surrounded by the outer dense fibers 

(ODFs) and the fibrous sheaths (Fawcett, 1975) that provide elasticity and support to 

the beating flagellum and are therefore important for spermatozoa motility and stability 

(Lindemann and Lesich, 2016). Motile cilia that are present in the lung, respiratory 

tracks and middle ear also share a similar 9+2 axoneme organization. Primary cilia are 

present in many cells and function as sensory antennas. Although they also have an 

axoneme, it lacks the central microtubule pair. Primary cilia are immotile, underscoring 

the importance of the central pair in motility generation. 

Sperm motility is essential for natural fertilization. Tail movements are powered by 

axonemal dynein, a large microtubule dependent motor complex and involves signaling 

pathways such as cAMP-dependent protein kinases pathway, mitochondria activity as 

the main spermatozoon ATP provider, ROS production and structural proteins such as 

septins (Pereira et al., 2017). Axonemal dynein was first identified in Tetrahymena 

pyriformis cilia (Gibbons and Rowe, 1965) and later found to be a central components 

of motile cilia and flagella in all species (Figure 2). Cytoplasmic dynein, was identified 

later as a highly related microtubule minus-end directed motor complex with multiple 
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essential functions in all cells. Cytoplasmic and axonemal dyneins are multiprotein 

complexes that assemble around force generating subunits called the heavy chains. They 

all move towards the microtubule minus end in a ATP-dependent manner (Lindemann 

and Lesich, 2010). 

Within the motile axoneme, dyneins power the reciprocal sliding of adjacent 

microtubule doublets generating the beating of the flagella. This mechanism involves 

stable and transient interactions of inner and outer arm dynein complexes with 

microtubules (Gibbons and Rowe, 1965; Ishikawa et al., 2007; Nicastro et al., 2006; 

Raff et al., 2008; Sui and Downing, 2006; Takada and Kamiya, 1994). Inner and outer 

arm dyneins have more stable interactions with the A-tubule within a microtubule 

doublet (Figure 2). These dynein complexes then interact transiently in an ATP 

dependent manner with the B tubule of an adjacent microtubule doublet, producing a 

sliding movement of the microtubule doublets and the bending of the flagellum 

(Brokaw, 1972). 

Mutations in any of the dynein arm subunits or their absence have been associated with 

male infertility (Ben Khelifa et al., 2014; Duquesnoy et al., 2009; Fliegauf et al., 2005; 

Kott et al., 2012), specifically asthenozoospermia. Moreover, a significantly lower 

expression of dynein was observed by transcription profiling in teratozoospermic human 

spermatozoa compared to the control normozoospermic samples. Some infertile patients 

with multiple morphological defects and reduced spermatozoa motility were indeed 

found to carry mutations in the gene DNAH1, which encodes an inner arm dynein 

heavy chain. Moreover, mutations in the DNAH1, DNAH5, DNAI1 and CCDC39 genes 

were found to correlate with ultrastructural axonemal abnormalities, such as the absence 

of inner dynein arms, displacement of the dense fiber and microtubule outer doublets or 

even the absence of the microtubule central pair (Ben Khelifa et al., 2014), all causing 

dysfunctional axonemes. Mice lacking a specific dynein heavy chain isoform (MDHC7) 

or impaired inner arm dynein function show multiple defects in spermatozoa movement 

that is associated with male infertility (Neesen et al., 2001), although females are fertile 

and the offsprings viable (Tanaka et al., 2004). The motility defects observed in these 

spermatozoa are often associated with morphological abnormalities at the level of the 

bending and/or curvature of the flagella. The impaired motility results from a reduction 

of straight-line velocity and progressive movement of the spermatozoa impairing the 

movement of the spermatozoa through the female genital tract to the oviduct (Neesen et 

al., 2001). In such cases, intracytoplasmatic sperm injection (ICSI), an advanced 
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assisted reproductive technique which consists in the injection of one isolated 

spermatozoon into the cytoplasm on a mature oocyte, is the only method that can ensure 

successful fertilization and the development of an offspring.  

The assembly and function of the axoneme requires specific mechanisms of 

intraflagellar transport in particular to deliver axonemal components such as tubulin to 

its tip (Pazour et al., 2005) (Ostrowski et al., 2002). This transport mechanism, known 

as IFT (Intraflagellar transport), supports the bidirectional movement of molecules 

along the axoneme through the formation of IFT trains, which are supramolecular 

protein complexes. These IFTs trains can bind and transport different cargoes through 

the BBSome complex (Lechtreck et al., 2013; Lechtreck et al., 2009; Nachury et al., 

2007). Two different motors mediate the movement of the IFT trains, the microtubule 

dependent motor plus end directed kinesin-2 for anterograde transport (Kozminski et al., 

1995) (Scholey, 1996) and the minus end directed motor cytoplasmic dynein (or dynein 

1b in invertebrates) (Pazour et al., 1999) (Porter et al., 1999) for retrograde transport. 

Each motor complex moves the IFT with a different velocity. Although there are still no 

evidences, it is tempting to speculate that the motor driven IFT movements can be 

regulated by tubulin PTMs. 

IFTs are essential for the proper formation of the sperm flagella in the vast majority of 

organisms with a few exceptions like Plasmodium microgametes and Drosophila 

spermatids (Basiri et al., 2014; Han et al., 2003). Moreover, IFT are present in the mice 

testis but not in mature sperm. The absence of specific IFT proteins like IFT88 results in 

male sterility associated with two main phenotypes: first, a severe reduction of the 

number of spermatozoa (more than 350 times) and, second, the formation of 

spermatozoa with short flagella or no axoneme (San Agustin et al., 2015). In a similar 

way, the absence of Kif3A, a subunit of the kinesin-2 motor, in mice, results in sperm 

tail formation defects (Lehti et al., 2013). These data suggest that in mammals, the IFTs 

and their associated motor proteins are essential for sperm tail formation during 

spermatogenesis but not for axoneme maintenance. Therefore, it seems reasonable to 

hypothesize that those patients having spermatozoa with short and/or defective 

axonemes may carry mutations in genes encoding IFT complex proteins and/or their 

associated motor protein complexes, kinesin-2 and dynein. An interesting possibility is 

that defects at the level of tubulin PTMs in the axoneme alter the binding and motility 

of the IFTs. Future experiments should address whether tubulin PTMs can indeed 

regulate the transport of IFTs along the axoneme. Moreover, the genetic analysis of 
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patients with short or absent sperm flagella may reveal the presence of mutations in the 

genes encoding for IFT supramolecular components.              

 

Different tubulin isotypes are expressed in human spermatozoa. Indeed, human 

spermatozoa contain mRNAs for 5 different alpha (TUBA1A, TUBA1C, TUBA3C, 

TUBA4A and TUBA4B) and beta (TUBB, TUBB2A, TUBB3, TUBB4B and TUBB6) 

tubulin genes. Interestingly, differences in the tubulin isotype transcription profiles were 

observed in human teratozoospermic sperm samples compared to control 

normozoospermic ones. For instance, the expression of TUBA3C, TUBA4A and 

TUBB4B is down-regulated in teratozoospermic samples, whereas that of TUBB2B is 

up-regulated. The functional implications of these differences is currently unclear but 

the truncation of the C-terminal tail domains of B2-tubulin in the model system 

Drosophila melanogaster resulted in the absence of sperm axoneme and infertility 

(Popodi et al., 2005; Popodi et al., 2008).  

Axonemal microtubules are highly modified by polyglutamylation, polyglycylation and 

acetylation (Mary et al., 1996; Piperno and Fuller, 1985; Plessmann and Weber, 1997). 

Tubulin acetylation occurs uniformly along the microtubule doublets of the flagella in 

all the species analyzed. This modification is important for sperm motility. Interestingly, 

a reduction of the total level of tubulin acetylation was observed in asthenozoospermic 

human sperm samples compared with normozoospermic ones (Bhagwat et al., 2014). 

Since the destabilization of the axoneme during cilia resorption requires tubulin 

deacetylation (L'Hernault and Rosenbaum, 1983; L'Hernault and Rosenbaum, 1985b; 

Russell and Gull, 1984), it is possible that tubulin acetylation promotes axoneme 

formation and stability. Recently however, the presence of acetylated alpha-tubulin 

isoforms (TUBA3C and TUBA4A) has been correlated with sperm samples with poor 

motility. This suggests that additional work is required to fully understand the role of 

acetylation in flagella formation and motility.  

The axonemal microtubules are also highly glutamylated (Bobinnec et al., 1999). The 

polyglutamylation of the axonemal B-tubule increases its negative charge. Since the 

inner dynein arms complexes are positively charged this may  promote their transient 

interaction with the B-tubule providing a basic mechanism for driving sperm motility 

(Kubo et al., 2012; Kubo et al., 2010; Suryavanshi et al., 2010). On the other hand, the 

activity of the outer dynein arm is regulated by acetylation of α-tubulin Lys40 in the B-

tubule that favors the unbound dissociation state (Alper et al., 2014) (Figure 2).  
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The tubulin PTMs in spermatozoa occur either before or during their differentiation and 

maturation depending on species. In Drosophila melanogaster, most tubulin PTMs are 

already present in young and mature cysts, a germline stage that corresponds to 

spermatogonia and spermatocytes/spermatids, respectively. Tubulin (poly)glycylation 

however, is the only modification that occurs towards the end of spermatozoa 

maturation, specifically during Drosophila melanogaster sperm individualization, 

which is the physical separation of the 64 spermatids of the cyst into individual 

spermatozoa. (Bre et al., 1996; Bressac et al., 1995; Rogowski et al., 2009). Similar 

results were observed in Paramecium (Levilliers et al., 1995), suggesting that 

(poly)glycylation is the last modification occurring during the maturation of the male 

gamete. In mammals, there is also a differential expression of the tubulin family 

members (alpha, beta and gamma) and distribution of tubulin PTMs during the process 

of spermatozoa differentiation and maturation (Fouquet et al., 1998; Fouquet et al., 

1997). In rats, the distribution of tyrosinated, detyrosinated and acetylated tubulins is 

specific for the different structures and cells of the seminiferous epithelium (spermatids, 

spermatocytes and Sertoli cells) (Hermo et al., 1991). 

The distribution of tubulin PTMs along the sperm axoneme and in each of the 

microtubule doublets is not homogeneous (Mansir and Justine, 1998), generating a 

complex biochemical code that may promote transient and specific interactions with 

individual proteins. Polyglutamylation occurs on both the axoneme and the centrioles of 

mammalian spermatozoa at any stage of formation and maturation (Fouquet et al., 

1994). However the length of the polyglutamate chains is not homogeneous along the 

sperm axoneme or in the outer and inner microtubule doublets in several organisms 

(Fouquet et al., 1996; Huitorel et al., 2002; Kann et al., 1995; Prigent et al., 1996). For 

instance, in mice and humans, the presence of branching glutamates decreases along the 

tail length but they are enriched at doublets 1, 5 and 6 as well as in the outer 

microtubule doublets versus the inner ones. The linear decrease of tubulin 

polyglutamylation along the sperm axoneme correlates with a decrease of dynein 

immunostaining (Fouquet et al., 1996; Kann et al., 1995; Prigent et al., 1996), in 

agreement with the proposed role of tubulin polyglutamylation in the regulation of the 

interaction of axonemal dynein with the microtubule doublets. However, data from 

other species suggest that this is not a general rule. Indeed, the distribution of this 

modification in the cilia of Paramecium (Pechart et al., 1999) is the opposite of the one 
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found in human sperm axonemes, reinforcing the observation that each tubulin PTMs 

pattern may be species specific. 

The functional relevance of tubulin polyglutamylation in the flagella has been addressed 

in different model systems. In sea urchin sperm cells, blocking the glutamylation of 

tubulin with specific antibodies was found to induce a complete loss of sperm motility, 

by decreasing the amplitude of the flagellar beating, especially at its tip (Cosson et al., 

1996; Mencarelli et al., 2004). Similar results were obtained after blocking dynein 

function, stressing the interdependency of dynein and tubulin mono/polyglutamylation 

for generating sperm motility. Interfering with the glutamylation-deglutamylation 

enzymes also has deleterious effects on sperm motility. In Chlamydomonas, the TTLL9-

FAP234 protein complex is a tubulin polyglutamylase that determines the flagellar 

length (Kubo et al., 2014) by controlling tubulin turnover and thereby the axonemal 

stability (Kubo et al., 2015). In mice, mutations in one of the de-glutamylating enzymes, 

CCP1, result in male sterility associated with low concentration of spermatozoa that 

have an abnormal shape and motility (Fernandez-Gonzalez et al., 2002). On the other 

hand, mutations in mouse TTLL1 or TTLL5 (polyglutamylation), result in different 

levels of infertility, due to immotile spermatozoa or defects in progressive motility 

characterized by abnormal axonemal structures with shortened or absent flagella (Lee et 

al., 2013; Vogel et al., 2010). Therefore, it seems that the tight regulation of tubulin 

polyglutamylation is essential for spermatozoa functionality.  

 

Mono/Polyglycylated tubulin is also strongly enriched in the axonemes of cilia and 

flagella (Mencarelli et al., 2000; Redeker et al., 1994). This tubulin PTM is 

preferentially found on the outer doublets 3 and 8 of the axonemes of mammalian 

spermatozoa, and like glutamylation it decreases towards the flagella tip (Pechart et al., 

1999). In mammalian spermatozoa, monoglycylation is enriched in doublets 3 and 8 of 

the axoneme, whereas as described above, mono/polyglutamylation is enriched in 

doublets 1, 5 and 6. Since the two types of modifications compete for the same site on 

the tubulin sequence, they are mutually exclusive.  Interestingly, in sea urchin sperm 

flagella, tyrosinated tubulin is mainly found at doublets 1, 5 and 6, that are 

polyglutamylated. Instead detyrosinated tubulin is enriched in doublets 3 and 8 (Kann et 

al., 1998; Multigner et al., 1996), that are those polyglycylated. Therefore, it seems that 

polyglutamylation and tyrosinated tubulin on one hand and detyrosination and 

polyglycylation on the other show some interdependence. 
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In sea urchin spermatozoa, blocking tubulin glycylation induces both motility and 

morphology defects, characterized by spermatozoa showing an erratic swimming 

movement with a reduction of the beating amplitude and frequency as well as an 

incorrect positioning of the sperm head during swimming (Bre et al., 1996).  

The depletion of polyglycylases in different model organisms generates different 

defects. It was proposed that the polyglycyne chains help to reduce the negative charge 

of the C-terminal tails of alpha and beta tubulins, increasing microtubule stability (Bre 

et al., 1996). In Drosophila melanogaster, TTLL3 mutants show a male sterility 

phenotype characterized by only 2.4% of the males being able to generate some 

offsprings.  Although the flagellum can assemble in these mutants, it is rapidly 

destabilized, either disassembling or becoming highly disorganized (Rogowski et al., 

2009). In Zebrafish, the depletion of the same enzyme resulted in axonemes lacking the 

central microtubule doublets (Wloga et al., 2009) and thereby showing elongation and 

stability defects. 

 

Interestingly, the transcription profiles of human teratozoospermic samples show 

alterations in the expression of various tubulin modifying enzymes. Most of these 

enzymes are down-regulated including TTLL5, TTLL6, TTLL7, TTLL9, TTLL13 

pseudogene, CCP2 and CCP5 whereas another one SIRT2 is up-regulated. These data 

indicate that these teratozoospermic samples have lower levels of polyglutamylated and 

polyglycylated tubulin and higher levels of acetylated tubulin than normozoospermic 

ones. These changes most likely result in profound effects on the spermatozoa 

functionality, motility and/or axonemal stability, among others.  

 

In summary, specific tubulin isotypes and PTMs are present in spermatozoa. Although 

there are differences in type and distribution in the axonemal microtubules in different 

species and cell types, all the data support the idea that they play an essential role in the 

differentiation, maturation and functionality of the spermatozoa in humans and other 

organisms. 

 

Oocytes 
In mammals, oocytes grow from a set of primordial germ cells (PGCs) during fetal life. 

Indeed, about seven million oocytes are formed within the first 7 months of fetal 

development, however, during the last two months of fetal development, this number 
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drops to less than 2 millions. Oocytes are arrested in the ovary at the Germinal Vesicle 

(GV) stage, i.e. the prophase of the first meiotic division, and remain in this stage until 

the woman reaches puberty. With the initiation of menstrual cycles, the monthly 

variations in follicle stimulating hormone (FSH) concentration, followed by a surge of 

luteinizing hormone (LH) recruit pools of follicles and the enclosed oocytes. As the 

follicles grow under FSH stimulation, the oocytes inside them prepare to sustain pre-

implantation development. The LH surge triggers the exit from meiotic arrest and 

cytoplasmic maturation of the oocyte, and the ovulation of the follicle. In response to 

LH, the oocyte completes the first meiotic division, and extrudes half of the 

homologous chromosomes through the formation of the first polar body. The oocyte, 

arrested at the metaphase of meiosis II, leaves the follicles and awaits fertilization by a 

spermatozoon in the fallopian tubes. When fertilization occurs, the second meiotic 

division resumes.   

One essential function of the microtubules in the oocyte is the assembly of the meiotic 

spindles. In most mammalian oocytes, including humans, the centrioles degenerate 

during maturation and the meiotic spindle assembly occurs in the absence of 

centrosomes. In this system the mechanism of spindle assembly relies therefore entirely 

on a microtubule assembly pathway triggered by RanGTP around the chromosomes 

(Cavazza and Vernos, 2015; Holubcova et al., 2015). Since spindle assembly and 

chromosome segregation involve numerous microtubule-associated proteins that 

regulate microtubule dynamics and organization, tubulin PTMs may provide a 

regulatory mechanism to determine the binding affinities of all these proteins. However, 

the identification and characterization of tubulin PTMs in the oocytes of model systems 

and in humans is still relatively poor due to the difficulties in sample collection in most 

cases, the limited availability of specific reagents and the transient state of tubulin 

PTMs. More information has been obtained for the tubulin PTMs present in mitotic 

spindles of somatic cells. All spindle microtubules are enriched in acetylated, 

polyglutamylated, tyrosinated and detyrosinated tubulin. Tubulin glycylation has not 

been detected. Interestingly, astral microtubules (which extend outward from the 

centrosome) and spindle microtubules (which form the bipolar spindle) are mostly 

tyrosinated whereas kinetochore microtubules (spindle microtubule attached to the 

chromosome kinetochores) are detyrosinated (Barisic et al., 2015; Bobinnec et al., 

1998b; Geuens et al., 1986; Gundersen et al., 1984; Wilson and Forer, 1997). It is 

possible that similar patterns of tubulin PTMs exist in meiotic spindles but the only data 
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so far concern acetylated and tyrosinated tubulin. The pattern of tubulin acetylation 

varies with the different phases of cell division. It is high at the spindle poles in 

metaphase, distributed on the whole spindle in anaphase and restricted to the midbody 

in telophase (Matsubara et al., 2013; Schatten et al., 1988). During mouse oocyte 

activation, tubulin acetylation increases, due to a reduction of HDAC activity 

(Matsubara et al., 2013). Meiotic spindles are enriched in tyrosinated tubulin (de 

Pennart et al., 1988). Interestingly, CCP1 mutant female mice are subfertile and produce 

a reduced number of oocytes after ovarian stimulation. A reduction in ovary size at 

week 8 was also detected but no defects in oocyte meiotic spindle assembly and 

chromosome congression were found, probably because other CCPs could compensate 

the loss of CCP1 activity (Song et al., 2015). Overall, the data so far suggest that defects 

at the level of tubulin PTMs could account at least in part for the meiotic arrest of some 

oocytes. Further studies on the tubulin PTMs in oocytes will provide more insights into 

the mechanism of meiotic spindle assembly and chromosome segregation and reveal 

whether this may be the case. 

 

The human oocyte contains mRNAs encoding several alpha tubulin isotypes (TUBAL3, 

TUBA1B, TUBA1C, TUBA3C, TUBA3D, TUBA3E and TUBA4B), but only one for 

beta tubulin: TUBB8. Recently, the genetic analysis of members of a family with 

female infertility problems along 4 generations revealed the existence of a mutation in 

their TUBB8 gene that is paternally transmitted. Further studies have identified other 

mutations in the same tubulin isotype gene in infertile women. These mutations are 

associated with oocyte maturation defects characterized by an abnormal or absent first 

meiotic spindle. Consistently, expression of the mutant forms of TUBB8 by 

microinjection of the mRNAs in mouse oocytes decreased significantly the extrusion of 

the polar body and this correlated with the presence of highly abnormal spindles (Feng 

et al., 2016a). Strikingly for two specific TUBB8 mutations, the oocytes extrude the 

first polar body but the 2nd meiotic spindle does not assemble. Once fertilized, the 

resulting embryos arrest at the cleavage stage (Feng et al., 2016b). Mechanistically, it 

was found that these mutations interfere with the folding and the assembly of the alpha-

beta tubulin heterodimers. Moreover, the expression of these mutant forms of TUBB8 

in somatic cells generate abnormal interphase microtubule networks. Future research 

should focus on the identification of mutations in tubulin isotypes with potential 

deleterious consequences on oocyte maturation and function.   
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Early embryos 

Only a handful of articles have reported the tubulin isotypes and PTMs in embryos.  In 

humans, several mRNAs encoding tubulin isotypes were identified in embryos: four 

encoding alpha tubulins (TUBA1A, TUBA1B, TUBA1C and TUBA3C) and six 

encoding beta tubulins (TUBB2A, TUBB2B, TUBB3, TUBB4A, TUBB4B and TUB6). 

Most of the information on tubulin PTMs in embryos has been obtained in model 

systems providing an experimental framework to address their function by interfering 

with specific enzymatic activities.   

In mouse oocytes, microtubule acetylation has not been observed in interphase before 

fertilization but the first mitotic spindle of the zygote has acetylated microtubules 

particularly enriched at the spindle poles during metaphase (Matsubara et al., 2013; 

Schatten et al., 1988). Acetylated microtubules are also present at later stages of mouse 

early development. In humans, from the 8-cells to blastocyst stage, cells reorganize 

within the embryo and establish cell polarity by forming two differentiated cell layers, 

the extra-embryonic trophectoderm, which will give rise to the embryonic contribution 

to the placenta and extraembryonic tissues, and the inner cell mass (ICM), which will 

develop in the embryo proper. In mice (day E2.5 – E4.5), the mechanism driving cell 

internalization is mediated by differences in their surface contractility (Maitre et al., 

2016) generated by the cortical tension (Samarage et al., 2015) and asymmetrical 

distribution of macromolecules such as PAR proteins between cell-contact domains 

(baso-lateral) versus non cell-contact domains (apical) (Vinot et al., 2005) (Korotkevich 

et al., 2017) by recruitment of the bipolar spindle by the apical domain.  If the division 

plane is parallel to the apical domain, the daughter cell that receives the apical domain 

of the polarized mother cell will specialize as a trophectodermal cell, whereas the other 

daughter cell will be part of the inner cell mass (Johnson and Ziomek, 1981). The rapid 

and complex mechanism of cellular polarization also involves remodeling of the 

microtubule network that is very dynamic. At the 8-cell stage, the interphase cells on the 

outer layer are enriched in cytoplasmic and perinuclear microtubules. At the 16 and 32-

cell stages, the cortex of the cells is enriched in acetylated microtubules, a pattern that is 

more pronounced in the inner cells (Houliston and Maro, 1989; Houliston et al., 1987). 

3D cell cultures provide multiple advantages with respect to conventional 2D cell 

culture, as in living tissues exist in a 3D environment. This system is especially 

appropriate to address cell-cell and cell-extracellular matrix interaction and 

communication, cellular migration and polarization, and most of these processes are 
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essential during early embryo development. The pattern of tubulin PTMs has been 

characterized during the transition from 2D to 3D cell culture polarization of epithelial 

cells. It is characterized by a reduction of detyrosinated and polyglutamylated tubulin 

and an increase of acetylated tubulin (Quinones et al., 2011). Tubulin detyrosination has 

also been found to be essential for the differentiation of non-polarized cells into a 

polarized epithelial monolayer (Zink et al., 2012). Similar patterns and mechanisms may 

also exist in cells undergoing polarization during the early development of human 

embryos but it may be difficult to confirm this hypothesis due to experimental 

limitations. 

 

Another essential function of the microtubules during development and in adult 

organisms is the formation of motile and primary cilia. Primary cilia have an axoneme 

without the central pair of microtubules which are present in motile cilia and flagella. 

Cilia play essential roles in development as transmitters of external osmotic and 

mechanical signals, and as key coordinators of signaling pathways, like Hedgehog, 

essential during development (Goetz and Anderson, 2010). Ciliary defects can promote 

alterations in organ laterality, hydrocephaly, cystic kidney disease and retinal 

degeneration, among others (Pazour et al., 2005). In mouse embryos, the primary cilia 

appear first at day 6 of development, in epiblast cells and subsequently in all the cells 

derived from them (Bangs et al., 2015). As mentioned above, the microtubules forming 

the axoneme of cilia are highly modified. In fact, the most common consequence of 

depleting tubulin modifying enzymes in any animal system is the formation of 

dysfunctional cilia with altered motility and/or structure. In Zebrafish, for instance, 

CCP5 depletion induces developmental errors such as body axis curvatures and 

hydrocephalus (Pathak et al., 2014) which are similar to the phenotypes observed upon 

depletion of TTLL3 and 6 (Pathak et al., 2011; Pathak et al., 2007). CCP1 protein 

mutation in mouse caused the Purkinje cell degeneration phenotype, which exhibits 

numerous adult defects such as degeneration of cerebellar Purkinje neurons and ataxia 

(Fernandez-Gonzalez et al., 2002). A tight balance of tubulin mono/polyglutamylation 

as well as mono/polyglycylacion appears therefore to be essential for embryo 

development, as well as for adult organisms. For example, only 50% of the Drosophila 

melanogaster mutants embryos for TTLL3 survive (Rogowski et al., 2009).     

Altering the levels of tubulin acetylation also induces embryonic developmental defects 

associated with cilia dysfunctionalities. In Zebrafish embryos, for example, it produces 
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hydrocephaly, curved body shape, short body axis (Akella et al., 2010) and reduced 

rates of cilia assembly (Shida et al., 2010), among other phenotypes. 

 

There are currently no available data on the other tubulin PTMs during early 

embryogenesis.  

 

Future applications for ART: 
For the past 4 decades, the parameters used to determine gametes and embryo quality 

have been chiefly morphological in nature, monitoring spermatozoa morphology, 

motility and concentration, polar body extrusion and dimorphisms in oocytes, and the 

timing and symmetry of the embryonic cell divisions. Relatively few molecular analyses 

to assess sperm and oocyte quality and early embryo development have been developed 

and validated so far. The pattern of the tubulin isotypes and their PTMs in the gametes 

and early embryos are emerging as putative useful markers for clinical applications. 

However, few experiments have still been performed in humans to establish a 

correlation between the tubulin isotypes and their PTMs with fertility. Here we 

summarize the most relevant data available. 

 

Sperm cells: 

Differences in the expression of tubulin isotypes have been observed in 

normozoospermic and teratozoospermic or asthenozoospermic sperm samples. 

Although there are no definitive evidences connecting these differences with defects in 

sperm morphology and motility, there is a strong correlation between the two 

phenomena. As previously discussed, multiple lines of evidence link tubulin PTMs to 

spermatozoa morphology, motility, and concentration as well as fertility in animal 

model systems. It would therefore be highly relevant to obtain a full description of the 

tubulin isotypes and their PTMs in infertile or subfertile patients by profiling the 

mRNAs encoding tubulins and the different modifying enzymes. These data will help to 

elucidate whether the deregulation of the tubulin PTMs and isotypes are a clinically 

significant cause of abnormal sperm morphology and/or motility.   

Several data point to the importance of dynein and IFTs in gamete fitness. Dynein 

mutations were identified in sperm samples with low motility and dynein was found to 

be downregulated in teratozoospermic samples, causing axonemal ultrastructural defects 
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that cannot be detected by morphological analysis. Analyzing dynein sequence and 

expression levels could therefore be useful for diagnosis and prognosis, to evaluate the 

potential of successful embryo development and/or the transmission of a mutation to the 

offspring that may cause cilia defects that result in serious diseases such as primary 

ciliary dyskinesia (a motile cilia disorder). On the other hand, IFTs are essential for the 

sperm flagella formation but not for its maintenance. It would be extremely interesting 

to detect whether patients with samples that have these characteristics (typically 

categorized as teratozoospermic) carry any mutation in this supramolecular complex.  

 

Oocytes: 

The presence and importance of specific tubulin isotypes during oocyte maturation has 

also been observed in humans (Feng et al., 2016a). However, little research has been 

done in this direction. From the perspective of ART, it could be useful to sequence the 

TUBB8 gene of patients showing failures in oocyte maturation after controlled ovarian 

hyperstimulation and evaluate the potential of these data for diagnosis and prognosis. If 

TUBB8 mutation(s) are indeed indentified in these patients, oocyte donation could be 

considered.  

Many human oocytes are aneuploid, but these defects cannot be detected with the 

conventional tools used in the clinic. Some of these aneuploidies may be due to 

cytoskeletal defects that could derive from mutations in the genes encoding tubulin 

isotypes and in PTMs modifying enzymes. It would therefore be useful to determine 

whether a correlation between these putative mutations and oocyte aneuploidy exists. 

This could easily be addressed by DNA sequencing from blood or saliva samples from 

patients. If a correlation is found this could be used to establish an oocyte likelihood 

score.   

 

Preimplantation embryos: 

Although knockouts for some of the tubulin PTMs enzymes in animal models can 

generate offsprings (albeit with different success rates and in some cases only after 

ART), these offsprings have multiple health problems, most of them due to cilia 

dysfunctions. Moreover, in most cases, these offsprings are infertile or subfertile. These 

data suggest that it would be essential to monitor the tubulin isotypes and PTMs of the 

progenitors, to avoid the transmission of deleterious mutations to the offsprings. 
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In addition, the identification of the causes for patient infertility could have an important 

and positive psychological implication, providing both an explanation for the infertile 

phenotype and closure to the patient. 

 

Future perspectives:  
So far, most research on tubulin isotypes and PTMs has been done in somatic cells and 

model organisms such as sea urchin, Tetrahymena thermophila and mice. The 

importance of tubulin isotypes and PTMs in human reproduction is far from being 

completely understood, but recent data in animal models and in humans, suggest that 

they have an important and direct functional role in reproduction. Therefore, the next 

immediate step is to obtain more data in human gametes and embryos through high-

quality basic research, which could include single oocyte proteomics and single cell 

embryos qPCR, and then to translate the knowledge to the clinics.  

 

A detailed analysis of tubulin PTMs in human spermatozoa is required in order to 

include molecular markers for sperm selection beyond those currently in use. First of all 

a panel for sperm tubulin isotypes and PTMs modifying enzymes expression, as well as 

tubulin PTMs presence along the sperm axoneme, should be performed in sperm cells 

with proven fertility. Once these data will be standardized, patient samples with 

different diagnosis can be analyzed and compared with the established standards. 

Furthermore it will be particularly relevant to compare normozoospermic samples with 

fertility problems, because although they are classified as “normal” in terms of 

morphology, motility and concentration, they could be aberrant at the molecular level. 

Another point of analysis will be to compare motile versus non-motile sperm samples. 

Quantitative proteomics using iTRAQ labeling could be performed to detect different 

expression of the tubulin modifying enzymes. If their tubulin isotypes and PTMs 

expression and distribution patterns are different, the next step will be to compare 

capacitated and motile spermatozoa with different diagnosis to determine if their quality 

can be assessed molecularly. 

In case mutations are found in the enzyme catalyzing tubulin PTMs, this could be 

addressed, in the future, by CRISPR/CAS9 technology (clustered regulatory interspaced 

short palindromic repeats/Cas9 genome editing technology) (Vassena et al., 2016). This 
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technology could be used in the spermatogonial sperm cells (SCC) to correct genetic 

defects in the proteins responsible of tubulin PTMs.  

 

Data from the Drosophila melanogaster model suggest that polgyglycylation is the last 

modification occurring during the maturation of the male gamete. Sperm cells with 

lower levels of tubulin mono/polyglycylation could indicate that the sperm cell 

maturation was not fully completed. The level of maturation obtained by detecting 

mono/polyglycylation could also be correlated with other maturity defects, such as 

chromosome condensation. Monoglycylation could therefore be studied in patients and 

correlate this result with other processes occurring at the last steps of sperm maturation, 

with the final goal of using monoglycylation as a prognostic marker for sperm maturity.  

 

In oocyte, beyond the analysis of the TUBB8 gene, the other alpha tubulin isotypes and 

their expression pattern could also be determined in patients with oocyte maturation 

problems. The tubulin isotype expression and the tubulin PTMs distribution of an in 

vivo matured MII oocyte could be compared to the oocytes matured in vitro to examine 

whether external factors, associated with the maturation media may induce changes. 

Another interesting question is whether the tubulin isotypes and PTMs may change in 

“old” oocytes respect to the younger ones. In aged oocytes, aneuploidy is a common 

alteration that can cause embryonic arrests at the pre- and post-implantation level, and 

spontaneous abortions. Many factors can contribute to the appearance of aneuploid 

oocytes, such as a higher concentration of reactive oxygen species (ROS), altered gene 

expression or a permissive SAC (spindle assembly checkpoint). It will be particularly 

relevant to address whether aging can also affect the expression and/or functionality of 

tubulin PTMs and isotypes. The abnormal expression of tubulin PTMs and isotypes 

would affect the binding and processivity of motor proteins necessary for the 

congression and/or separation of the chromosomes to the metaphase plate, as well as the 

correct assembly of the meiotic spindle. We posit that the analysis of tubulin isotypes 

and PTMs in human oocytes might provide answers to some of these questions.  

 

The possibility to use CRISPR/CAS9 technology (Vassena et al., 2016) in oocytes and 

embryos (Tang et al., 2017) open the way to perform functional experiments in these 

systems and potentially to correct specific genomic defects. On the other hand, it was 

recently published the production of functional human oocytes generated by transferring 
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the genome of an MII oocyte polar body into a donor oocyte retrieved from its nucleus. 

These oocytes could be fertilized and developed up to blastocyst (Ma et al., 2017). This 

experimental approach opens the possibility to address not only the tubulin isotypes and 

PTMs expression and distribution from oocytes to blastocysts, but also the microtubule 

re-organization during cellular polarization. Moreover, a novel in vitro human embryo 

system (Deglincerti et al., 2016) (Shahbazi et al., 2016) was developed recently, which 

supports the development of embryos up to day 14 post-fertilization. This system opens 

multiple advantages as it can be used to study, for instance, how the cytoskeleton 

network (and therefore tubulin isotypes and PTMs) changes and drives implantation.     

 

Concluding remarks: 
The cytoskeleton is a key element for the proper organization of the cell, axoneme 

formation, intraflagellar transport, cell shape determination and cell division, among 

others. All these functions are in part regulated by the expression of various tubulin 

isotypes and by the combination of tubulin PTMs that altogether determine the 

interaction of MAPs and motor proteins with the microtubules. Defects in tubulin 

isotype expression and on their PTMs have profound consequences on many 

cytoskeletal dependent activities, such as sperm motility, flagella assembly and 

stabilization, oocyte maturation, pronuclear fusion and embryo early development 

(Table 4). The characterization of these microtubule functionality regulators in human 

samples could provide novel molecular tools for assisted reproduction technologies.        

Here we have reviewed the available information on tubulin isotypes and PTMs and 

their functional implications in the reproduction of animals and humans. These elements 

play essential roles for both gamete development and fitness and for the development of 

embryos. This emphasizes the importance to extend the tubulin isotypes and PTMs 

analysis to human samples, including sperm cells, oocytes and early embryos.   
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Figures: 

 

 
Figure 1: Microtubules and tubulin PTMs. A) Microtubules are polarized polymers 

with a negative and positive end. They form part of the cytoskeletal network of the cell, 

and are involved in many cellular processes such as vesicles and organelles’ transport. 

In the reproductive system, they are essential in both gametes as well as during early 

embryo development. In the spermatozoa, microtubules are the main components of the 

axoneme. In oocytes and early development embryos, microtubules, for example, build 

up the bipolar spindle, the molecular machine responsible of the genetic material 

segregation to the two daughter cells. B) All the described tubulin PTMs, with the 

exception of acetylation, occur at the C-terminus of alpha and beta-tubulins exposed at 

the microtubule surface. Detyrosination and Δ2 tubulin are specific modifications of 
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tyrosinated isotypes of alpha-tubulin. Glutamylation and glycylation occur on the C-

terminal tail of both alpha and beta-tubulin. The best characterized acetylation occurs on 

Lys40 of alpha-tubulin inside the lumen of the microtubule. 
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Figure 2: Molecular mechanism of flagellar beating. The axoneme of the sperm cell 

is formed by 9 outer doublets of microtubules (A and B) and an inner microtubule 

doublet. The movement of the flagella is powered through the interaction of the inner 

and outer dynein arms extending from the A tube of the outer doublets with the B tube 

of the adjacent doublet. These interactions are regulated by tubulin PTMs: 

polyglutamylation for the inner dynein arm and acetylation for the outer dynein arm. 
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Table 1: Alpha and beta tubulin isotypes in humans. TUBB: Beta-tubulin, TUBA: 

Alpha-tubulin.  

Genes	   C-‐terminus	  	   Tissue	  expression	  

ALPHA-‐TUBULIN	  ISOTYPES	  

TUBAL3	   RDYEEVAQSF	   Intestine,	  colon,	  oocyte,	  mucosa	  

TUBA1A	   GEGEEEGEEY	   Fetal	  brain,	  embryo,	  bone	  narrow	  

TUBA1B	   GEGEEEGEEY	   Brain,	  respiratory	  system,	  embryo	  

TUB1C	   ADGEDEGEEY	   Respiratory	  system,	  oocyte,	  embryo,	  spinal	  cord	  

TUBA3C	   EAEAEEGEEY	   Testis,	  sperm,	  oocyte,	  brain,	  respiratory	  system	  

TUBA3D	   EAEAEEGEEY	   Testis,	  platelet,	  oocyte,	  brain,	  liver,	  uterus	  

TUBA3E	   EAEAEEGEAY	   Testis,	  heart,	  placenta,	  oocyte	  

TUBA4A	   SYEDEDEGEE	   Brain,	  skeletal	  muscle,	  platelets	  

TUBA4B	   MPALSLPTRW	   Oocyte,	  respiratory	  system,	  oviduct	  	  	  

TUBA8	   FEEENEGEEF	   Platelet,	  heart,	  bone	  narrow	  

BETA-‐TUBULIN	  ISOTYPES	  

TUBB	   DFGEEAEEEA	   Respiratory	  system,	  brain,	  embryo,	  placenta	  

TUBB1	   AEMEPEDKGH	   Blood,	  leukocytes,	  muscle,	  liver	  

TUBB2A	   FEEEEGEDEA	   Brain,	  liver,	  hair	  follicle	  

	  

TUBB2B	   FEEEEGEDEA	   Brain,	  embryo,	  testis	  

TUBB3	   EEESEAQGPK	   Respiratory	  system,	  nervous	  system	  

TUBB4a	   FEEEAEEEVA	   Brain,	  testis,	  female	  gonad,	  heart,	  colon	  

	  

TUBB4B	   FEEEAEEEVA	   Respiratory	  system,	  testis,	  brain,	  oocyte	  

TUBB6	   FEDEEEEIDG	   Breast,	  respiratory	  system,	  muscle,	  placenta	  

TUBB8	   DEEYAEEEVA	   Oocyte,	  blood	  system	  
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Table 2: The CCP family in mammals. CCPs classified according to their activity and 

substrate specificity (alpha and/or beta-tubulin, or other proteins).  

Protein	   Activity	   Substrate	  	   Reaction	   Bibliography	  

CCP1	   Deglutamylase	   Alpha-‐	  and	  

Beta-‐tubulin	  

Myosin	  light	  

chain	  kinase	  

1	  

Removal	  of	  glutamates	  from	  

lateral	  chains	  and	  the	  

branching	  one	  	  (TTLL6	  

dependent)	  

(Berezniuk	  et	  al.,	  

2012;	  Rogowski	  

et	  al.,	  2010;	  Wu	  

et	  al.,	  2015)	  

	  

CCP2	   Deglutamylase	   Alpha	  and	  Beta	  

tubulin	  

Removal	  of	  glutamates	  from	  

lateral	  chains	  

(Tort	  et	  al.,	  

2014)	  

CCP3	   Deglutamylase	  

Deaspartylase	  

Alpha	  and	  Beta	  

tubulin	  

Removal	  of	  glutamates	  from	  

lateral	  chains	  Removal	  od	  

aspartic	  acid	  

(Tort	  et	  al.	  2014)	  

CCP4	   Deglutamylase	   Alpha	  and	  Beta	  

tubulin.	  

Myosin	  light	  

chain	  kinase	  1	  

Removal	  of	  glutamates	  from	  

lateral	  chains	  

(Rogowski	  et	  al.,	  

2010;	  Wu	  et	  al.,	  

2015)	  

	  

CCP5	   Deglutamylase	   Alpha	  and	  Beta	  

tubulin.	  	  

Removal	  of	  the	  branching	  

glutamates	  	  

(Berezniuk	  et	  al.,	  

2013;	  Kimura	  et	  

al.,	  2010)	  

	  

CCP6	   Deglutamylase	   Alpha	  and	  Beta	  

tubulin.	  

Myosin	  light	  

chain	  kinase	  1	  

Removal	  of	  glutamates	  from	  

lateral	  chains	  and	  the	  

branching	  one	  

(Rogowski	  et	  al.,	  

2010;	  Wu	  et	  al.,	  

2015)	  
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Table 3: Microtubule associated proteins regulated by the tubulin code Tubulin 

PTMs and isotypes that alter the binding affinities and/or the activity of the indicated 

MAPs and motor proteins.  

Tubulin	  PTM	   Proteins	  and	  the	  type	  of	  regulation	  	   Bibliography	  

Acetylation	   Kinesin-‐1-‐	  increased	  microtubule	  binding	  

affinity	  and	  behavior.	  

Axonemal	  dynein-‐	  increased	  microtubule	  

binding	  affinity.	  

(Alper	  et	  al.,	  2014;	  Cai	  et	  al.,	  

2009;	  Kaul	  et	  al.,	  2014;	  

Reed	  et	  al.,	  2006)	  

	  

Polyglutamylation	   Increased	  Kinesin-‐2	  velocity	  and	  processivity,	  

independently	  of	  the	  polyglutamylation	  chain	  

length.	  Both	  alpha	  and	  beta-‐tubulin.	  	  

Increased	  Kinesin-‐1	  processivity.	  Only	  with	  

long	  polyglutamylation	  chains.	  Both	  alpha	  and	  

beta-‐tubulin.	  

Axonemal	  dynein	  -‐	  increased	  microtubule	  

binding	  affinity	  .	  	  

Tau	  -‐	  increased	  microtubule	  binding	  affinity.	  	  

MAP2	  -‐	  increased	  microtubule	  binding	  affinity.	  	  

MAP1A/B	  -‐	  increased	  microtubule	  binding	  

affinity	  .	  

Spastin	  –	  stimulates	  Spastin	  activity.	  

	  

(Boucher	  et	  al.,	  1994;	  Kubo	  

et	  al.,	  2012;	  Kubo	  et	  al.,	  

2010;	  Lacroix	  et	  al.,	  2010;	  

Sirajuddin	  et	  al.,	  2014;	  

Suryavanshi	  et	  al.,	  2010)	  

	  

Polyglycylation	   Uncharacteried.	   	  

Tyrosination	   kinesin-‐2-‐	  Inhibitory	  effects	  on	  processivity	  

and	  velocity.	  

Kinesin-‐13	  (MCAK)-‐	  	  Increased	  microtubule	  

(Konishi	  and	  Setou,	  2009;	  

McKenney	  et	  al.,	  2016;	  

Sirajuddin	  et	  al.,	  2014)	  	  
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depolymerization	  rate.	  

Dynein-‐dynactin	  complex	  -‐	  Initiation.	  

Kinesin-‐1	  –	  axon	  movement.	  

Detyrosinated	  

tubulin	  

Kinesin-‐2	  (anterograde	  intraflagellar	  

transport)-‐	  increased	  processivity	  and	  velocity.	  	  

MCAK	  and	  KIF2A-‐	  inhibition	  of	  microtubule	  

depolymerization	  activity.	  	  

CENP-‐E/Kinesin-‐7-‐	  enhancement	  of	  

chromosome	  dependent	  microtubule	  transport	  	  

Kinesin-‐1-‐	  Increased	  landing	  rate.	  

	  

(Barisic	  et	  al.,	  2015;	  Cai	  et	  

al.,	  2009;	  Dunn	  et	  al.,	  2008;	  

Kaul	  et	  al.,	  2014)	  

	  

Δ2-‐tubulin	   Not	  characterized.	   	  

Alpha-‐tubulin	  

isotypes	  

Not	  characterized.	   	  

Beta-‐tubulin	  

isotypes	  

Kinesin-‐1-‐	  motor	  processivity	  reduced	  by	  

TUBB1	  and	  TUBB3.	  	  

(Sirajuddin	  et	  al.,	  2014)	  
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Table 4: Take-home messages. Summary of the most important concepts of this 

review. 

Take-‐home	  messages	  

1	   Tubulin	   isotypes	   and	   PTMs	   generate	   the	   tubulin	   code,	   which	   in	   turn	   regulates	  

microtubule	  functionality.	  	  

2	   Both	  tubulin	  isotypes	  and	  PTMs	  induce	  changes	  mainly	  at	  the	  C-‐terminal	  tail	  of	  α	  

and/or	  β	  tubulin	  subunits.	  

3	   Tubulin	  in	  gametes	  is	  highly	  modified	  by	  tubulin	  PTMs,	  and	  some	  of	  them	  have	  a	  

specific	  isotype	  expression.	  

	  

4	   In	   sperm	   cells,	   deregulation	   of	   tubulin	   PTMs	   induces	   reduction	   of	   motility,	  

morphological	  defects,	  low	  sperm	  concentration	  and	  sterility.	  

	  

5	   In	  oocytes,	  tubulin	  β	  isotype	  mutations	  are	  related	  with	  maturation	  failures.	  

	  

6	   In	  embryos,	  tubulin	  PTMs	  defects	  are	  related	  to	  cilia	  dysfunction,	  inducing	  serious	  

diseases	  such	  as	  primary	  ciliary	  dyskinesia.	  

	  

7	   Most	  of	  the	  knock	  down	  animal	  models	  for	  tubulin	  PTMs	  enzymes	  are	  infertile	  or	  

subfertile.	  	  

	  

8	   Tubulin	   isotypes	   and	   PTMs	   are	   emerging	   as	   new	  molecular	  markers	   for	   gamete	  

and	  embryo	  selection	  and	  quality.	  	  	  
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