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Abstract 

 

 Spermatogenic cell chromatin undergoes a drastic reorganization during 

spermiogenesis. This phenomenon occurs for two principles reasons: first, to establish a highly 

compact genome through protamine incorporation, in order to protect the sperm genome before 

and upon fertilization. Second, in order to successfully transfer the paternal information carried 

by the sperm genome, to the next generation. Recently, our laboratory identified various actors 

and molecular mechanisms, which are at the heart of this drastic genome reorganization. A 

genome-wide histone hyperacetylation initiates the process of histone replacement by 

transition proteins and protamines. Our laboratory identified NUT as the main player of histone 

hyperacetylation at the onset of histone-to-protamine transition process. NUT through 

recruitment of histone acetyltransferase CBP/p300, induces histone H4 hyperacetylation 

mainly at lysine 5 and lysine 8 residues. Next, first bromodomain of BRDT recognizes histone 

acetylation and initiates the process of histone removal. Previously identified testis-specific 

H2A variant, H2A.L.2, forms dimer with histone H2B variant TH2B at the time of histone 

eviction in elongating spermatids. The dimer H2A.L.2-TH2B then incorporates into the 

chromatin and opens the nucleosome structure, which allows the invasion of histones by 

transition proteins as well as pre-protamine processing. Protamines finally displace histone-

TPs complexes and re-package the genome. Previously, our laboratory reported that a fraction 

of H2A.L.2 is associated with pericentric heterochromatin regions in mature spermatozoa. 

During my PhD, first we discovered the structural and molecular basis of the activation of 

CBP/p300. We speculate that the same mechanisms could lead to the Nut-p300-dependent 

induced histone acetylation, leading to the initiation of histone removal in post-meiotic phases 

of spermatogenesis. Second, we demonstrated that nucleosome dissociation following 

H2A.L.2 incorporation, provides an opportunity for H2A.L.2-TH2B dimer to associate to DNA 

in a stable manner, while H3-H4 tetramer is being displaced. This leads to the generation of 

H2A.L.2-TH2B dimer-based structures, which persist in mature sperm. In addition, we 

deciphered the molecular basis of the intrinsic ability of H2A.L.2 to target the pericentric 

heterochromatin regions. We also identified a critical role for RNA in regulating and in 

controlling the turnover and localization of H2A.L.2 in pericentric heterochromatin regions. In 

conclusion, our work highlights the presence of dimer-based structures within the sperm 

chromatin, as well as a specific re-programming of the male pericentric heterochromatin, which 

might bear crucial information transmittable to the next generation.   

 

chromatin reprogramming, H2A.L.2, spermatogenesis, CBP/p300, subnucleosomal 

structure 

  



 

  



 

Résumé 

 

La chromatine des cellules spermatogèniques subit une réorganisation radicale pendant 

la spermiogenèse. Ce phénomène se produit pour deux raisons principales : premièrement, pour 

établir un génome très compact par l'incorporation de protamine, afin de protéger le génome 

du sperme avant et pendant la fécondation. Deuxièmement, afin de transférer avec succès 

l'information paternelle portée par le génome du sperme, à la génération suivante. Récemment, 

notre laboratoire a identifié différents acteurs et mécanismes moléculaires, qui sont au cœur de 

cette réorganisation radicale du génome. Une hyperacétylation des histones à l'échelle du 

génome amorce le processus de remplacement des histones par des protéines de transition et 

des protamines. Notre laboratoire a identifié NUT comme le principal régulateur de 

l'hyperacétylation des histones au début du processus de transition histone-protamine. NUT par 

recrutement d'histone acétyltransférase CBP/p300, induit une hyperacétylation de l'histone H4 

principalement au niveau des résidus lysine 5 et lysine 8. Ensuite, le premier bromodomaine 

de BRDT reconnaît l'acétylation des histones et déclenche le processus d'élimination des 

histones. Le variant H2A.L.2 spécifique au testicule, forme un dimère avec le variant d'histone 

H2B, TH2B, au moment de l’éviction des histones dans les spermatides allongées. Le dimère 

H2A.L.2-TH2B s'incorpore alors dans la chromatine et ouvre la structure du nucléosome. Ceci 

permet l'invasion des histones par les protéines de transition ainsi que le traitement pré-

protaminique. Les protamines déplacent finalement les complexes histone-TPs et compacte le 

génome. Auparavant, notre laboratoire a rapporté qu'une fraction de H2A.L.2 reste associée à 

des régions hétérochromatines péricentriques dans les spermatozoïdes matures. Au cours de 

mon doctorat, nous avons d'abord découvert les bases structurelles et moléculaires de 

l'activation du CBP/p300. Nous spéculons que les mêmes mécanismes pourraient mener à 

l'acétylation des histones induite par Nut-p300-dépendante, menant à l'initiation de 

l'élimination des histones dans les phases post-méiotiques de la spermatogenèse. Nous avons 

démontré également que la dissociation des nucléosomes à la suite de l'incorporation du 

H2A.L.2-TH2B permet au dimère H2A.L.2-TH2B de s'associer à l'ADN de façon stable, tandis 

que le tétramère H3-H4 est déplacé. Ceci conduit à la génération de structures à base de dimères 

H2A.L.2-TH2B, qui persistent dans le sperme mature. De plus, nous avons déchiffré la base 

moléculaire de la capacité intrinsèque de H2A.L.2 à cibler les régions hétérochromatines 

péricentriques. Nous avons également identifié un rôle critique vis-à-vis de l'ARN dans la 

régulation et le contrôle du renouvellement et de la localisation d’H2A.L.2 dans les régions 

hétérochromatines péricentriques. En conclusion, nos travaux mettent en évidence la présence 

de structures à base de dimères dans la chromatine du sperme, ainsi qu'une reprogrammation 

spécifique de l'hétérochromatine péricentrique masculine. Ceci pourrait porter des 

informations essentielles transmissibles à la génération suivante.  

 

réorganisation de la chromatine, H2A.L.2, Spermatogénèse, CBP/p300, structures 

subnucléosomales 
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I. Chromatin Structure and Function 

1. General overview of chromatin 

1.1. Chromatin structure  

1.1.1. The discovery of chromatin 

The revolutionary discoveries of many dedicated scientists during several decades 

shaped our current conception of chromatin. The history of the chromatin started in 1871 when 

Friedrich Miescher isolated a phosphate-rich molecule in the nucleus of leukocytes, which he 

named nuclein (Miescher-Rüsch, 1871). About 10 years later in 1882, Walther Flemming 

observed a dense nuclear structure that absorbed the aniline (basophilic) dyes, which he termed 

chromatin in reference to Greek word khroma, meaning stained. He also suggested that 

chromatin and nuclein are the same chemical substances (Flemming, 1882) which was also 

supported by Hertwig, who at the time was working on the egg fertilisation of sea urchins. 

Pursuing his investigations, Miescher later demonstrated that nuclein is composed of two types 

of molecules: one basic component of proteic-nature and one phosphate-rich acidic molecule. 

In 1884, Albrecht Kossel purified an acid-soluble protein fraction from the nuclei of chicken 

erythrocyte cells, which he called histones (a mix of terms histos, “tissue” in Greek 

and from Greek peptos, digested,) (Kossel, 1884). After Miescher’s demonstrations regarding 

the two components of nuclein, in 1889, R. Altmann separated nuclein in two fractions, the 

proteins and one acidic fraction which he baptised nucleic acid (Altmann, 1889). In the 

following years Kossel identified four nucleobases (A, T, G, C), the components of nucleotides, 

which are the basic building blocks of the nucleic acids. In 1919, following the discovery of 

deoxyribose by P. Leven within the acid nucleic molecule, the name “DNA” was proposed for 

the first time.  

In 1896, Wilson proposed that the acidic-nature fraction of the nuclein is responsible 

for the genetic inheritance within generations (Wilson, 1900). In 1928, Frederick Griffith 

discovered if non-pathogenic bacteria are exposed to dead pathogenic bacteria (by heat), in the 

same medium, they become pathogenic. In 1944, O. Avery, C. MacLeod and M. McCarty, 

infected mice with modified bacterial strains, which revealed that DNA is the principle heredity 
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factor in the chromatin (Avery, MacLeod et al., 1944). In 1952, Alfred Hershey and Martha 

Chase conducted a series of radioactive labelling experiments in bacteriophages and then 

infected bacterial cells with these bacteriophages. They observed that when 35S radioactive is 

incorporated into the protein component of bacteriophages, it was not transmitted to the 

infected bacterial cells. In contrast, 32P, which is mostly incorporated into the acid nucleic 

component of bacteriophages, was transmitted to the infected bacterial cells. Finally, in 1952, 

thanks to A. Hershey and M. Chase landmark discoveries, the whole scientific community was 

convinced that DNA is the genetic material (Hershey & Chase, 1952).  

James Watson and Francis Crick proposed the double-helix structure of the DNA in 

1953. This revelation resulted in the comprehension of DNA as a macromolecule, which 

encode the genetic information (Watson & Crick, 1953) (Franklin & Gosling, 1953). In 1961, 

MW. Nirenberg revealed that the genetic information coded by the DNA macromolecule, is 

decrypted into amino acid, which allowed the revelation of the genetic code (Nirenberg & 

Matthaei, 1961) (Figure 1).  
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Figure 1. Timetable collection of landmark discoveries and concepts (gray) on molecular (red) 

and cellular (blue) aspects of chromatin. Taken from (Jost, Bertulat et al., 2012) 
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1.1.2. Nucleosome: the basic unit of chromatin  

In eukaryotic cells, the genetic material is packed into a highly compacted 

nucleoprotein structure called chromatin inside the nucleus. Chromatin is composed of DNA 

and small basic proteins called histones. DNA molecules inside human cells with over two 

meters in length are composed of four nucleotides Thymine (T), Guanine (G), Cytosine (C) 

and Adenine (A). Each of these nucleotides contains a sugar (deoxyribose), a phosphate group 

and a nitrogenous base. Guanin-Cytosine and Thymine-Adenine through their nitrogenous 

bases are capable of base pairing and maintain the double helix structure of DNA (Figure 2A) 

(Alberts, Johnson et al., 2002). On the other hand, histones are the main protein components 

of chromatin, around which DNA is wrapped.  

In 1970, over a decade many studies have been carried out to better understand the 

chromatin organization. In 1973, after an accidental usage of a DNA nuclease on the chromatin, 

Hewish and Bergoyne identified the basic repeating structural and functional sub-unit of the 

chromatin (Hewish & Burgoyne, 1973). Furthermore, in 1974, the electron microscopy images 

of the chromatin revealed that the chromatin structure appears as “beads on a string” (Figure 

2B) (Olins & Olins, 1974), (Woodcock, Safer et al., 1976). 

Finally, in 1975, Thomas and Kornberg following an experiment through which they 

chemically crosslinked histones to chromatin, demonstrated that approximately 1.7 left-handed 

superhelical round or 146 base pairs of DNA molecule is wrapped around a histone octamer 

(Kornberg, 1974, Van Holde, Sahasrabuddhe et al., 1974). These observations conducted to 

the discovery of the fundamental sub-unit of chromatin, named nucleosome by Pierre Chambon 

in 1975 (Germond, Bellard et al., 1976). In 1997, the X-ray crystal structure of the nucleosome 

core particle was established by Karoline Luger (Figure 2C) (Luger, Mäder et al., 1997, 

Richmond & Davey, 2003).  
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Figure 2 Chromatin composition and structure. A) The double helix model for DNA. Two 

polynucleotide chains twisted around each other representing the repeating pattern of a 5-carbon sugar 

and a phosphate group. Each of the four nitrogenous bases are bound to the base on the other strand via 

hydrogen bonds and are attached to one sugar, taken from © 2008 Nature Education. B) The electron 

microscopic image of beads on a string model of chromatin fiber, taken from (Olins & Olins, 2003). C) 

The top (left) and the later view (right) of the crystal structure of the core nucleosome, bearing histone 

octamer and 147bp of DNA strand wrapping around, taken from (Luger et al., 1997). 

  

A 
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 Canonical/ Core histones  

As mentioned before, histones were discovered by Albrecht Kossel in 1884, through 

the purification of an acid-soluble protein fraction from the nuclei of chicken erythrocyte cells. 

The structure of the nucleosome core particle with 7 Å  resolution was first established  by 

Richmond in 1984 (Richmond, Finch et al., 1984). The crystal structure of the nucleosome core 

particle with a resolution of 2.8 Å was obtained by K.Luger in 1997, and later in 2003, the 

crystal structure of the nucleosome with the resolution of 1.9 Å was proposed by Richmond 

and Davey (Luger et al., 1997, Richmond & Davey, 2003).  

The nucleosome core particle is composed of small basic proteins of canonical histones 

H2A, H2B, H3 and H4 ranging from 11 to 15 kDa. Inside the nucleosome core particle, one 

tetramer of H3-H4 interacts with two dimers of H2A-H2B to form an octamer (Figure 3A). 

The four core histones are very rich in lysine and arginine amino acids, which explain the basic 

nature of histones. This characteristic leads to the electrostatic interactions and the 

establishment of hydrogen bonds between positively charged histones and negatively charged 

deoxyribose sugar and phosphate backbone of DNA (Khorasanizadeh, 2004). In 1994, a 

phylogenetic analysis of core histones revealed that histones, which form dimers, have co-

evolved during evolution and they are conserved from yeast to human (Thatcher & Gorovsky, 

1994).  

Canonical histones have a main central globular domain that is structured into 3  

helices (1 - 2 and 3), connected by short loops L1 and L2, which mediate heterodimeric 

interactions between core histones and lead to the formation of histone fold, (Arents, 

Burlingame et al., 1991). During dimerization, the loop L1 of one histone aligns with the loop 

L2 of the other histone and create “handshake” motif. The handshake motif interacts with DNA 

via L1L2 sites and 11 sites of histones (Figure 3B), (McGinty & Tan, 2014, Ramaswamy 

& Ioshikhes, 2013).  
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Figure 3. The crystal structure of the histone- fold heterodimers. A) H2A, H2B and H4 histone 

fold. Schematic representation of 1, 2, 3, N-helix and N/C termini of the four histone core. Two 

H3-H4 dimers fold to form an (H3-H4)2-heterotetramere. The tetramere is located to the center and is 

capped by two H2A-H2B dimers within the nucleosome core. Taken from (Pardal, Fernandes-Duarte 

et al., 2019). B) H2A-H2B and H3-H4 dimer’s secondary structure (top) and schemes (bottom). 

Molecular graphics were using PyMOL software (the PyMOL Molecular Graphics System, version 1.6, 

Schrondinger, LLC- PDB ID 1KX5), taken from (McGinty & Tan, 2014).   

A 
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In addition to the histone fold domain, core histones contain N-terminal and C-terminal 

extremities that are localized outside of the nucleosome core (Luger et al., 1997). N-terminal 

and c-terminal extremities are highly conserved from yeast to human. Flexible tails of the core 

histones interact with DNA via the minor groove. Since N/C-terminal extremities are exposed 

outside of the nucleosome, they are highly accessible to PTMs. PTMs may have a role in the 

structure of the nucleosome but can certainly modify nucleosome-nucleosome interactions and 

consequently can affect chromatin structure and are important sites of recognition by chromatin 

regulatory factors (Khorasanizadeh, 2004, Kouzarides, 2007, Strahl & Allis, 2000).  

 

 Linker histones 

Linker histones H1 is known as the fifth histone, which interacts with the 

internucleosomal (linker) DNA, between two adjacent nucleosomes at the entry and exit site 

of the nucleosomal DNA. The assembly of one nucleosome with linker histones generate a 

structure called chromatosome (Simpson, 1978). Linker histones extend up to 20 bp the length 

of nucleosomal DNA protected from micrococcal nuclease. There are 10 isoforms known today 

for linker histone H1: (H1.1-H1.5, H1°, H1t, H1T2, HILS, and H1oo). These H1 isoforms 

could belong to different groups such as, embryonic, replication and differentiation-dependent 

isoforms. Some of the replication-independent H1 isoforms are as following: the cleavage stage 

(CS1 H1), the differentiation dependent H1 (H1°) and the testis-specific H1 (H1t) (Khochbin, 

2001). 

Linker histone H1/H5 family members, contain all a tripartite structure: one conserved 

globular domain of ~75 residues, an N-terminal tail of ~20-35 residues and a highly basic CTD 

of ~100 residues (Allan, Hartman et al., 1980). The globular domain is the essential domain 

for nucleosome recognition. It contacts the nucleosome dyad, and binds both linker DNAs, 

whereas the lysine-rich N-terminal has little involvement in chromatin binding. The binding of 

CTD of H1 disturbs the 2-fold symmetry of the nucleosome and confers an asymmetrical 

conformation to the nucleosome, which seems essential for the formation of higher-order 

chromatin structures (Figure 4) (Bednar, Garcia-Saez et al., 2017). Furthermore, the highly 

basic CTD of H1 would neutralize both the electrostatic and the negative charge of linker DNA, 

resulting in a stronger association between H1 and DNA. In addition, Turner and colleagues 
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demonstrated that CTD phosphorylation in a cell-cycle dependent manner, is correlated with 

alterations in chromatin condensation level (Turner, Watson et al., 2018).  

It is of note that the acetylation or formylation of three lysines (K52, K73 and K85) 

within globular domain of H1.0 in human cell lines, and in H1.2-H1.5, in mice would result in 

the eviction of H1 from nucleosome (Bednar et al., 2017, Wiśniewski, Zougman et al., 2007).  

The deletion of linker histones genes did not lead to mortality and showed certain levels 

of redundancy between different H1 isoforms, as well as a complex regulatory mechanism 

between linker histones and chromatin structure (Khochbin, 2001, Robinson & Rhodes, 2006).  

 

Figure 4. Schematic representation of H1-containing nucleosome. H1 binding through its CTD, 

disturbs the symmetry of two DNA strands and generates a more compact nucleosome. Taken from 

(Bednar et al., 2017). 

 

 

2. Hierarchical level of chromatin organization 

 Nucleosome as the basic unit and the primary structural basis of chromatin, plays an 

important role in the compaction and packing of  2 meters of DNA inside the 10 to 100 𝜇m3 

of human cells. Positively-charged histone octamers are considered to mediate the first level 

of chromatin compaction by neutralizing the negative charge of acidic nature of DNA 

molecules (Talbert & Henikoff, 2017). Meanwhile, the compaction level that nucleosomes 

confer to the chromatin is not sufficient for packing DNA inside the nucleus. Observations by 

electron microscopy showed that nucleosomes, as the first level of chromatin organization, 
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form an 11nm nucleofilament structure similar to “beads on a string”, in which beads represent 

nucleosomes and the string represents DNA (Figure 5A), (Felsenfeld & Groudine, 2003, Olins 

& Olins, 1974, Oudet, Gross-Bellard et al., 1975, Woodcock et al., 1976). Specific interaction 

between nucleosomes results in the generation of the second level of chromatin compaction, 

which consists in the formation of a 30nm fiber of packed nucleosomes (Figure 5B). At this 

stage of compaction, two well-known structural models exist, based on in vitro experiments. 

The first model, known as interdigitated solenoid or “one-start helix” is characterized by 

interactions between consecutive nucleosomes (Figure 6A, the left image), whereas in “two-

start helix” or zigzag model, interactions occur between alternate nucleosomes (Figure 6A, the 

right image) (Luger, Dechassa et al., 2012, Robinson & Rhodes, 2006). Recently, the crystal 

structure of a H1-bound hexanucleosome reveals a flat untwisted, two-start chromatin fiber 

conformation. Upon a shift in the ionic environment, this flat conformation can switch to a 

twisted conformation, suggesting a possible chromatin assembly pathway for the 30nm fiber 

(Figure 6B) (Garcia-Saez, Menoni et al., 2018).  

Higher levels of chromatin fiber compaction are less known today due to the limits in 

the investigation methods and experimental procedures. Today, we believe that the 30 nm fiber 

is fold up into higher-ordered structured loops or nucleosome arrays that are visible as 

chromosomal domains in interphase (Figure 5C) (Cremer & Cremer, 2001, Taddei, Hediger et 

al., 2004). Moreover, mitotic chromosomes represent the highest level of compaction (Figure 

5D).  
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Figure 5. Different level of chromatin organization. A) Nucleosome is the first level of chromatin 

compaction, corresponding to 10nm fiber. B) The 10nm fiber wraps around itself and generates 30nm 

chromatin fiber. C) The chromatin wraps around itself again and generates the 300 nm fiber. D) 

generation of metaphasic chromosome which corresponds to the highest level of chromatin compaction. 

Taken from Pearson education, 2012.  
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Figure 6. Three models for chromatin secondary structure. A) Two classical models (Selonoid and 

zigzag), which are characterized by the interaction between consecutive (n, n+1) and alternate (n, n+2) 

nucleosomes. Taken from (Luger et al., 2012) B) Recently proposed model suggesting ionic-dependent 

conformation between a flat, untwisted, two-start chromatin fiber and a helical twisted 30nm fiber. 

Taken from (Garcia-Saez et al., 2018).  

 

 

3. Functional compartments of chromatin 

 In human, the genetic information is encoded by 25000 genes, which surprisingly 

represent only 1.5% of total DNA. The integrity of these sequences is essential to assure the 

normal cell functions. In 1928, Emile Heitz by using a novel in situ method in cytological 

experiments, noticed that some regions of the cell nucleus are brighter than other regions at 

interphase.  Therefore, he decided to call the brighter regions “euchromatin” meaning the 

relaxed chromatin and more dense regions “heterochromatin” meaning the more compact 

chromatin (Figure 7). The chromosomal regions that harbor the heterochromatin are telomers, 

pericentric and centromeric heterochromatin, called constitutive heterochromatin. Moreover, 

heterochromatin is subdivided into facultative and constitutive heterochromatin. Facultative 

heterochromatin is formed at gene-rich regions in order to ensure the proper regulation of 

genes, while heterochromatin regions remain silent throughout the cell cycle and in MEF cells 

are associated to subnuclear compartments referred to as chromocenters. Euchromatin is 

mostly composed of transcriptionally-active genes and is often referred to as protein-coding 

A B
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region, whereas heterochromatin is referred to as non-coding protein compartment of 

chromatin. In addition, euchromatin regions replicate during S-phase, while heterochromatin 

regions are only replicated at the end of the S-phase (Rhind & Gilbert, 2013).   

For long time, the scientific community believed that heterochromatin is associated to 

transcriptionally inactive chromatin. Many scientific evidences are now demonstrating that the 

heterochromatin regions are transcribed under certain conditions such as under heat shock in 

human cells (Jolly, Metz et al., 2004). In addition, a strand-specific transcription of pericentric 

satellites has been proved essential for the early stage of mice embryonic development (Probst, 

Okamoto et al., 2010). 

 

 

Figure 7. Schematic depiction of heterochromatin and euchromatin. Right image : electrone 
microscopic representing euchromatin (brighter) and heterochromatin (darker) regions, taken from (site 
http://schoolbag.info/chemistry/mcat_biochemistry/34.html). Left image: heterochromatin regions fuse 
together and create chromocenters or Dapi-dense regions in MEF cells (Imai, Nozaki et al., 2017). 
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II. Epigenome Dynamic and plasticity 

1. Definition of Epigenetics 

 In 1942, the term “Epigenetics” (above the genes) was proposed by Conrad Hal 

Waddington to consider the differences in phenotype despite the identical genotype of the cells 

in different tissues (Campbell & Wood, 2019). Epigenetic stricto sensu defines all the 

information, which are inherited from one generation to another. However, a broader definition 

considers all parameters that are essential for the regulation of chromatin structure and 

function, independently of the DNA sequence. Epigenome refers to the ensemble of 

“bookmarks”, which accompany DNA or histones with possible action on the structure of 

chromatin, resulting in a gene-expression landscape. Factors considered in the field of 

epigenetics include histones, histone variants, non-histone chromatin remodelling complexes, 

chemical PTMs of histones, DNA methylation and non-coding RNAs. Molecular mechanisms 

relying on these factors play crucial roles during cell differentiation and cell division. These 

mechanisms could be involved in transgenerational passage of gene-regulatory information as 

well as in the impact of environmental signals for transcriptional regulation of the cells.  

The latest discoveries demonstrated promising therapeutic potentials of approaches that 

include the epigenome editing concept (Stricker, Koferle et al., 2017). As one example of this 

new concept, it is worthy to mention that in the absence of related transcription factor 

(GATA1), a zinc-finger-LDB1 fusion protein can target the inactive β-globin locus in 

erythroblast cell line. This results in the formation of a chromatin loop between the promoter 

and the locus control region and leads to the activation of β-globin transcription (Deng, Rupon 

et al., 2014). Current advances in epigenetic engineering suggest a more dynamic environment 

rather than a constant landscape as described by Waddington (Figure 8) (Stricker et al., 2017).  
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Figure 8. Two models of epigenetic landscape. A) Epigenetic landscape proposed by Waddingtone, 

a metaphore of epigenome mechanism, taken from (Noble, 2015). B) Novel epigenetic landscape model 

proposed by (Stricker et al., 2017), representing epigenome editing. 

 

 

In this chapter, all the factors involved in the regulation and modulation of the epigenome in 

a direct or indirect fashion, are precisely described.  

 

2. DNA methylation 

 Cytosine methylation under the form of 5-methylcytosine or 5-mC is an inherited, 

reversible covalent DNA modification found in all the vertebrates, flowering plants, certain 

fungus and invertebrates, as well as protists and in some bacterial strains. It consists of adding 

one methyl (CH3) group on the 5th carbon of the cytosine residue. DNA methylation occurs 

mostly in CG dinucleotides of the genome and is often associated with transcriptional 

repression when it occurs on gene expression regulatory elements (Bogdanovic & Lister, 

2017). Cytosine methylation is considered as the modification, which plays a functional role 

in many epigenetic mechanisms such as imprinting, X-chromosome inactivation, and silencing 

of repetitive DNA. 

This modification is added on the cytosine by a family of conserved enzymes called 

DNMTs. DNMT carboxy-terminal catalytic domain transfers the methyl groupe on the 5th 

carbon of cytosines in CpG dinucleotides and then locally deforms the DNA in order to have 

access to the targeted cytosine for the de novo deposition of the methyl group (Goll & Bestor, 

2005, Rountree, Bachman et al., 2000). It has been demonstrated that DNA methylation is 
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essential for the survival of the higher eukaryotes since Dnmt gene depletion in mice results in 

embryonic lethality (Li, Bestor et al., 1992, Okano, Takebayashi et al., 1999). Three families 

of DNMT enzymes (DNMT1, DNMT2 and DNMT3) play an essential role in the establishment 

and maintenance of DNA methylation.  

- DNMT1 is the main enzyme responsible for the propagation of DNA methylation 

during replication through interaction with components of replication machinery.  

Beside the capacity of the C-terminal region of this enzyme to maintain methylation 

pattern during replication, the long non-catalytic N-terminal domain of DNMT1 can 

distinguish between hemi-methylated and unmethylated DNA and can repress 

transcription through direct interaction with HDAC2 and its recruitment to 

transcriptionally active regions (Rountree et al., 2000).  

- DNMT2 is the most conserved enzymes of DNMT family throughout evolution (Goll 

& Bestor, 2005). In many eukaryotic organisms, DNMT2 methylates cytosine at the 

position 38 of tRNAs. Currently, more than 90 different modifications have been 

discovered on tRNA molecules, and more importantly, their roles in response to various 

stimuli such as stress have been highlighted. The methylation at cytosine 38 of tRNA 

anti-codon loop protects this molecule from stress-induced cleavage, which can in turn 

modify the dicer-dependent siRNA pathway (Durdevic, Mobin et al., 2013, Schaefer & 

Lyko, 2010).  

- DNMT3A and 3B are two functional cytosine methyltransferases of DNMT3 family 

enzymes that are implicated in de novo methylation of CpG islands, principally during 

germ cell development and in early embryonic development. These two enzymes 

transfer the methyl group to hemi-methylated or unmethylated cytosines at CpG islands 

and are less expressed than DNMT1 enzymes in adult tissues. The Dnmt3A-depleted 

mice die at young adult ages and are sterile. DNMT3 like (DNMT3L) is the third 

homolog of this family, which is deficient for methyltransferase activity and has been 

shown important for methylation pattern in male and female germ cells  (Goll & Bestor, 

2005).  

- DNMT3C is a recently identified de novo DNA methyltransferase, that is evolved via 

the duplication of Dnm3B gene in rodents. This enzyme methylates the promoters of 

retrotransposons in the male germ cells, and is involved in the epigenetic control of 

these retrotransposons (Barau, Teissandier et al., 2016). 
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2.1. DNA methylation in coding and non-coding compartments of the genome 

In vertebrates, DNA methylation occurs throughout the whole genome but in 

invertebrates and non-flowering plants, cytosine methylation follows a random pattern. For 

instance, it mostly occurs at repetitive DNA elements and within many actively transcribed 

genes. Cytosine methylation at repetitive DNA sequences, as a protective mechanism to inhibit 

the propagation of these elements throughout the whole genome, could be a good explanation 

for a role for methylation in order to maintain the genome integrity. In contrast, DNA 

methylation within highly transcribed genes does not seem to be relevant for gene regulation. 

However, recent studies propose that DNA methylation might have a role in the suppression 

of intragenic promoters, counterbalancing their possible activity at the time of chromatin 

disruption at the time of transcription by RNA pol II. Today, despite all of our advanced 

discoveries, our insight into the molecular and functional mechanisms underlying this 

epigenetic mark needs to be improved (Schubeler, 2015).  

 

2.2. DNA methylation and genomic imprinting  

 In addition to DNA methylation in adult tissues, this modification plays a crucial role 

in a phenomenon called genomic imprinting (Kelsey & Feil, 2013). Genomic imprinting is 

associated with a differential regulation of mono-allelic parental genes. In another words, 

during genomic imprinting independently of paternal or maternal genes, the alleles that are 

methylated are transcriptionally repressed. Genomic imprinting is an epigenetic process, 

associated with DNA methylation that does not affect the DNA sequence. DNA imprinting is 

established in adult germ cells and remains through somatic cell division of an organism.  

ICRs are the essential domain, which control the binding of regulatory factors such as the 

transcription factors. Allele-specific methylation of ICR inhibits the binding of transcription 

factors to the regulatory regions and promotes gene silencing. ICRs are rich in CpG 

dinucleotides and they bear the parent-of-origin DNA methylation pattern, which resists 

throughout the development. Very interestingly, recently the imprinted regulatory non-coding 

RNAs (ncRNAs) have been shown to become crucial in the tissue-specific expression of 

imprinted genes. Additionally, the regulatory role of lncRNAs) in imprinted gene expression 
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has also been shown (Sanli & Feil, 2015). Figure 9 explains the DNA methylation status of 

male and female genome starting from PGCs throughout early development in mice.  

 

Figure 9. Levels of DNA methylation in PGC, primary oocytes, and after implantation. In the male 

and female mice, DNA methylation is at its maximum at embryonic stage 12.5. During the mitotic arrest 

and after birth, DNA methylation increases and reaches its highest level. Therefore, during 

spermatogenesis and oogenesis, DNA methylation is at its highest level. After implantation, DNA 

demethylation occurs on both paternal and maternal genome until blastocyst, and again the de novo 

DNA methylation occurs until the embryo. Taken from (Smallwood & Kelsey, 2012). 

 

 

3. DNA demethylation  

 DNA demethylation refers to removing or modifying the methyl group from 5meC, 

which occurs in either an active or a passive way. The latest data on active DNA demethylation 

involves two TET and TDG groups of enzymes (Wu & Zhang, 2017). In mammals, three 

subfamilies of TET proteins TET1, TET2, and TET3 have been further characterized. It has 

been demonstrated that TET1 catalyzes the reaction of 5meC to 5-hmeC in vitro. This enzyme 

has been found dependent to 2OG and Fe (II) and its depletion resulted in a decreased level of 

5hmC (Tahiliani, Koh et al., 2009). Furthermore, TET2 and TET3 activity has been also 

associated to 5mC conversion to 5hmC.  
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In addition, TET proteins promote the oxidation of 5mC to 5fC and 5caC. In order to 

complete the active DNA demethylation, TDG recognizes 5caC as the substrate and promotes 

the TDG-initiated BER, which lead to the incorporation of a non-methylated cytosine into 

DNA in a replication-independent fashion (He, Li et al., 2011). The unmodified cytosine can 

be also restored in a replication-dependent way through AM-PD mechanism. Upon the 

incorporation of the unmodified cytosine into the newly synthesized DNA strand throughout 

the replication, DNMT1 is recruited to 5mC:C site through UHRF1(Bostick, Kim et al., 2007). 

Moreover, it has been demonstrated that DNMT1 has much less affinity for the 5hmC, 5acC 

and 5fC sites (Ji, Lin et al., 2014). This later results in a less methylated cytosine throughout 

the DNA replication and a dilution of methylated cytosine after each replication. 

 In mammals, DNA demethylation is implicated in a variety of different mechanisms 

such as pre-implantation development, PGC development, pluripotency and differentiation, 

neuronal functions and cancer (Saitou, Kagiwada et al., 2012, Wu & Zhang, 2014, Wu & 

Zhang, 2017). In the case of pre-implantation development, the parental genome undergoes an 

epigenetic reprogramming with a highlight of DNA demethylation. At post-fertilization there 

is 50% decrease in DNA methylation of the paternal genome, which is mainly mediated by 

replication-dependent dilution and TET-3 action. The maternal genome also undergoes a 

decrease in DNA methylation but to a less extent compared to the paternal genome. It has been 

shown that the DPPA-3 or PGC7 is recruited to the maternal genome via H3K9me2, which 

might protect maternal genome from TET-3 effect (Nakamura, Liu et al., 2012).  

 

 

4. Histone Post-Translational modifications 

4.1. General Overview on histone PTMs 

 PTMs refer to the addition of one or multiple chemical group(s) to one or multiple 

amino acid residue(s) through a covalent and enzymatic reaction, which subsequently induce 

new properties to one given protein. Adding PTMs on histones have been widely studied during 

last fifty years. These chemical modifications on histones are recognized by various chromatin-

binding factors, which may in turn alter the chromatin structure but also constitute a sign-

posting system (Ruthenburg, Li et al., 2007). The effect of histone/protein PTM could depend 
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on two major mechanisms. One mechanism depends on varying the electric charge of the 

chromatin or on altering the intra-nucleosomal interactions. The second mechanism could 

depend on engaging extra-nucleosomal chromatin regulators, who specifically bind PTMs and 

are capable of mediating a change, directly or indirectly in chromatin structure (Kouzarides, 

2007, Wysocka, Swigut et al., 2005, Wysocka, Swigut et al., 2006). The outcome of these 

chromatin structural changes is either an activation or a repression of gene expression.   

PTMs mostly occur at C or N-termini amino acid residues of histone tails but they can 

also affect histone core particles. Furthermore, some of these chemical modifications are also 

present within the globular domain of core histones, which are essential for histone-DNA and 

histone-histone interactions (Cosgrove, Boeke et al., 2004, Garcia, Hake et al., 2007, 

Mersfelder & Parthun, 2006).  

There are a number of PTMs including lysine acetylation, lysine and arginine 

methylation, ubiquitylation, sumoylation, serine and threonine phosphorylation, butyrylation, 

formylation, propionylation, citrullination, proline isomerization and ADP ribosylation. These 

modifications are reported on more than 60 different positions of histones (Martin & Zhang, 

2007, Ruthenburg et al., 2007). In 2011, Minjia Tan and colleagues through a specific mass-

spectrometry based proteomic approach discovered more than 67 new histone PTM/positions. 

In addition, two new histone modifications, tyrosine hydroxylation (Yoh) and lysine 

crotonylation has been identified during this study (Tan, Luo et al., 2011). Another PTM (lysine 

malonylation) was reported the same year also based on mass spectrometry approach (Peng, 

Lu et al., 2011). A complete summary of all of the PTMs as positions known until today is 

illustrated in figure 10 (Sabari, Zhang et al., 2017).  

 Enzymes, which are responsible for dynamic regulation (deposition and removal) of 

some of these PTMs such as acetylation, methylation, phosphorylation, crotonylation, 

butyrylation, sumoylation and malonylation, have been further identified, and will be briefly 

discussed in this section.  
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Figure 10. Recent overview of lysine acylations and their distribution on histones. Taken from 

(Sabari et al., 2017). 

 

 

4.2. Acetylation 

Acetylation as a reversible modification, consists of transferring one acetyl (CH3-CHO) 

group from the acetyl-coA cofactor to the amine group of lysine residue within histones. 

Adding this modification neutralizes the positive charge of lysines, alters electrostatic 

interactions between histones and DNA, which then leads to a more relax, and less compact 

chromatin (Kouzarides, 2007, Zentner & Henikoff, 2013) and it is important for both 

transcriptional initiation and elongation. In addition, lysine acetylation on histone N-terminal 
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tail provides more accessible DNA for binding of transcription factors and is generally 

associated to an active transcription status of the chromatin. The acetyl group is deposited on 

histone core and tail lysines by specific enzymes called HATs. This modification is removed 

from these regions by enzymes called HDACs or sirtuins.  

 

4.2.1. HATs 

 In 1995, James E. Brownell and D. Allis successfully extracted the type-A histone 

acetyl transferase from the nuclei of the ciliate, tetrahymena. This led to the identification of 

the type-A or “nuclear” histone acetyltransferase enzyme, P55, as the homolog of Gcn5 gene 

in yeast which was at the time a well-known yeast adaptor protein necessary for the activation 

of a wide variety of transcriptional activators (Brownell & Allis, 1995, Brownell, Zhou et al., 

1996, Georgakopoulos & Thireos, 1992). Furthermore, they also identified a highly conserved 

bromodomain motif at the c-terminal of both P55 and Gcn5. At that time, this motif had been 

observed in a variety of different proteins that had direct functions in transcriptional activation. 

Despite all of these observations, a clear vision of the exact role of these catalytic domains and 

of the conserved bromodomain, and their role in inducing transcriptional activation had not 

been achieved.  

Today, HATs are divided into 6 main families based on the sequence divergence of 

their HAT domains. These families are 1) HAT1 (KAT1), 2) Gcn5 (KAT2) / (hKAT2B)/ 

GNATs, 3) MYST, human MOZ (hKAT6A) - yeast Ybf2/Sas3 (ySAS3, KAT6), yeast Sas2 

(ySAS2, KAT8) and human Tip60 (hTIP60, KAT5)), 4) p300/CBP (two human paralogs 

hp300 (KAT3B) and hCBP (KAT3A)) and 5) Rtt109 (yRtt109, KAT11) (identification as a 

yeast regulator of Ty1 transposition gene product 109). The sixth family of HATs are steroid 

receptor coactivators such as human ACTR/AIB1, human SRC1, human TAF250, human 

ATF2 and human CLOCK. Depending on their nuclear or cytoplasmic localization, HATs are 

divided into two general groups; Type A or the nuclear HATs, which were identified basically 

as the cofactors of transcription, which also play important role in DNA repair mechanisms 

and cell cycle progression. Type B HATs acetylate histones inside the cytoplasm. X-ray 

crystallography structural studies revealed one structurally conserved core region between all 

of these five HAT families despite a diversity in their sequence. This core region essentially 
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harbours one 3-stranded β-sheet and one long α-helix parallel which cover one side of the β-

sheet and it interact with Acetyl-CoA cofactors (Yuan & Marmorstein, 2013).  

 GCN5 family 

GCN5 is one of the most studied HATs conserved from yeast to human. GCN5 and 

PCAF are acetyltransferase subunits of multi complex mammalian proteins called SAGA (also 

known as STAGA, TFTC and ATAC). These subunits are responsible for the acetylation of 

nucleosomal H3 especially on lysines 9/14/18/27 (Guelman, Kozuka et al., 2009, Jin, Yu et al., 

2011, Wang, Faiola et al., 2008).  

 

 MYST family 

MYST is a large family of highly conserved proteins from yeast to human, which 

contain HAT activity. Myst family is composed of five human HATs; MOZ, MORF, Tip60, 

MOF and HBO1 (Avvakumov, Lalonde et al., 2012). MYST family of proteins are crucial for 

some cellular activities such as Dosage compensation in Drosophila, oncogenic alterations 

resulting in different types of cancer development such as leukaemia (Carrozza, Utley et al., 

2003) and gene silencing in yeast.  

Tip60 HAT, in addition to histones, is responsible for acetylation of non-histone protein 

substrates such as oncogene c-Myc and tumor-suppressor proteins p53 and Rb. Tip60 

acetylation of non-histone proteins could have major effects on the stability and function of 

these substrates. For example, the proteasome machinery recognizes c-terminal acetylation of 

Rb and degrades this protein. Tip60 also acetylates histones such as H2A at lysine 5, H3 at 

lysine 14 and H4 at lysines 5/8/12 and 16 (Ikura, Ogryzko et al., 2000).  

The Sas2 and Sas3 members of MYST family in yeast are known to play a role in 

transcriptional silencing. In particular, Sas 2 is recognized to enhance the silencing at telomeric 

regions (Cai, Jin et al., 2010, Carrozza et al., 2003).  
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 CBP/p300 family 

CBP and p300 are transcriptional coactivators that harbor acetyltransferase activity via 

their HAT domain and are mostly expressed in humans and higher eukaryotes.  

Rtt109 is a structural homolog of CBP and p300 in yeast and in Arabidopsis thaliana. P300 

protein is about 300kDa in size and was first identified as a protein, which binds to E1A an 

adenoviral oncogenic transcription factor. Meanwhile CBP was identified as a protein, which 

binds to CREB transcription factor. The two proteins are called CBP/p300 because of the high 

sequence homology between the two proteins (Beverley M. Dancy, 2015).  

CBP/p300 interact with many proteins that in most cases target them to enhancers. In 

vivo, This protein is also implicated in the acetylation of H3K18 that is known as a 

transcriptionally active mark (Jin et al., 2011). A comprehensive proteomic analysis of p300 

acetylation in vivo revealed additional preferred acetylation sites on histones. Interestingly, 

numerous acetylation on H2B N-terminal tail such as H2B K5, K11, K12, K15, K16, K20 and 

K23, were identified. In addition to N-terminal H2B lysine acetylation, H3K18, H3K27 and 

H3K36 sites were among the most pronounced acetylation sites on histone H3. These data 

identified first the unknown p300 acetylation lysine sites and second, new CBP/p300 histone 

acetylation sites, which could be used as markers for the catalytic activity of this enzyme 

(Weinert, Narita et al., 2018). Moreover, a genome-wide transcriptomic analyses in mouse 

early (round) and late (elongating) post-meiotic germ cells, identified a group of genes 

undergoing a global shut down in spermatocytes and round spermatids but become activated 

at early elongating stage, right before the global shut down of transcription. Interestingly, the 

overlap of transcriptome and chip-seq data from CBP/p300 knock down mice, demonstrated 

the similarity between these two groups and they were involved in metabolic remodeling. 

These data suggest a CBP/p300-dependant gene-expression programming that mediate specific 

metabolic state in pre- and post-meiotic spermatids (Boussouar, Goudarzi et al., 2014). 

CBP/p300 harbor many protein domains that are essential for their implication in various 

cellular functions (Figure 11) (Dancy & Cole, 2015).  

HAT activity of CBP/p300 is essential for gene expression regulation specifically at 

transcriptional regulatory regions such as promoters and enhancers. Recently, the crystal 

structure of p300 with propionyl, butyryl and acetyl-CoA has been solved which nicely 
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describes the transfer of acyl chain to the substrate (histone tails in this context) (Kaczmarska, 

Ortega et al., 2017). One important factor that regulates the acetyltransferase activity of 

CBP/p300 protein is its HAT domain auto-acetylation mechanism. It has been shown that the 

hypo-acetylated form of HAT domain reduces the enzymatic catalytic activity of CBP/p300 

(Thompson, Wang et al., 2004). Recently, Ortega and colleagues through a structural analysis 

revealed the mechanism by which a trans-autoacetylation of HAT domains of two adjacent 

p300 molecules is the consequence of two transcription factors dimerization and their 

subsequent binding to CBP/p300. This recent finding is explained in detail in the result section 

of this manuscript (Ortega, Rengachari et al., 2018).  

 

 

Figure 11. Schematic representation of different domains of p300 (top) and CBP (below). Example 

of crystal structures for the main domains of CBP/p300 such as bromodomain, catalytic HAT domain, 

ZZ zinc finger (solution NMR) and TAZ-2 are represented. Taken from (Dancy & Cole, 2015).  
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4.2.2. HDACs 

 Histone deacetylases are enzymes responsible for removing the acetyl group from 

histones, therefore neutralizing the effect of HATs on gene transcriptional regulation. HDACs 

have been found in plants, animals and fungi, as well as in bacteria and they have crucial 

importance for many cellular functions, such as chromatin assembly, DNA repair and 

recombination. Here chromatin-related functions of this group of enzymes are further 

discussed.  A phylogenetic analysis divided HDACs into four groups: Group 1 encompasses 

all the protein homologues of Rpd3 (in yeast), which corresponds to HDAC1, 2, 3 and 8 in 

human. Group 2 contains homologous proteins of Hda1 (in yeast), which corresponds to 

HDAC 4, 5, 6, 9 and 10 in human. Homologous proteins of Sir2 (in yeast) compose the third 

group of HDACs, which correspond to the sirtuine protein family of 1 to 7 in human. The last 

group includes HDAC11 (Yang & Seto, 2007).  

Rpd3 deacetylates four core histones and Hda1 deacetylates H3 and H2B.  These two 

enzymes are respectively recruited to chromatin through DNA-binding transcription regulator 

and DNA-binding repressor factors. Deletion of Rpd3 and Hda1 is associated with 

hyperacetylation of histones. Moreover, HDACs may induce transcriptional repression by 

recruiting repressors either in a direct or indirect manner. For instance, HDAC3 is responsible 

for deacetylation of histone H4 on lysine 5, which in turn promotes the recruitment of a 

mammalian repressor SMRT (Shahbazian & Grunstein, 2007).  

HDAC6 discovered in our laboratory (Verdel & Khochbin, 1999) was found to be 

cytoplasmic (Verdel, Curtet et al., 2000) and associated to microtubules and tubulin 

deacetylation (Hubbert, Guardiola et al., 2002, Matsuyama, Shimazu et al., 2002, Zhang, Li et 

al., 2003). In addition, our laboratory discovered the ubiquitin-binding activity of HDAC6 

(Seigneurin-Berny, Verdel et al., 2001) as well as its biochemical and structural properties 

(Boyault, Gilquin et al., 2006). A role for HDAC6 in cellular stress response has been shown 

by several groups. This activity of HDAC6 relays on two major mechanisms; first by managing 

protein aggregates via aggresome formation and the autophagic degradation of the aggregates 

and second through triggering the dissociation of the repressive HDAC6/HSF1 complex and 

activating HSF1, which subsequently induces the expression of HSPs (Boyault, Zhang et al., 

2007, Kawaguchi, Kovacs et al., 2003). Moreover, in 2009, Wang and colleagues revealed the 
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chromatin targeting of HDAC6 to active genes via its interaction with RNA Pol II (Wang, Zang 

et al., 2009).  

 

4.3. Methylation  

Methylation consists of a reversible reaction of transferring one methyl (CH3) group 

from S-adenosylmethionine to the amine (NH2) group of basic histone residues such as lysine 

and arginine. Since methylation of histone does not affect the electrostatic charge of amino 

acids, the effect of this modification on dynamic of chromatin is less drastic than acetylation. 

Histone methylation generally plays crucial roles in gene expression through chromatin 

compaction or the recruitment of active or repressive regulatory complexes to specific 

chromatin regions. In general, lysines can be mono (me1), di (me2) or trimethylated (me3). It 

has been reported that arginines are mono- or di-methylated on their guanidinyl group. Histone 

H3 and histone H4 methylation are among the most studied histone methylations (Di Lorenzo 

& Bedford, 2011, Greer & Shi, 2012, Martin & Zhang, 2005).  

The biological consequences of lysine methylation are different, depending on which 

lysine residue is methylated and the number of methylations within the lysine residue. For 

instance, H3K4, H3K36 and H3K79 are associated to transcriptionally active sites or 

euchromatin regions, whereas H3K9, H3K27 and H4K20 are related to constitutive or 

facultative heterochromatin or transcriptionally inactive chromatin (Nielsen, Oulad-

Abdelghani et al., 2001). More specifically, H3K9 and H3K27 methylation is associated 

respectively to constitutive and facultative heterochromatin formation, mostly by engagement 

of proteins involved in heterochromatin formation and gene silencing.  

Furthermore, it has been shown that the nuclear hormone receptor co-activator CARM1 

can methylate arginine residues of histone H3. In addition, CARM1-mediated methylation at 

arginine 17 of H3 is associated with activation of estrogen receptor-regulated PS2 gene (Bauer, 

Daujat et al., 2002). 
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4.3.1. Histone methyltransferases 

 Histone methylation is mediated by enzymes called HKMTs. Specific categories of 

HMTs are known, such as KMTs, which are responsible for lysine methylation and PRMTs, 

which methylate arginine residues of histones.  

H3K9 HKMTs are among the most studied methyltransferases. This family contains 

four principal enzymes: Suv39h1/h2, SETDB1/ESET, G9a and GLP.  

Suv39 was first identified in Drosophila as the suppressor of position effect variegation 

SU (VAR) 39 and its mammalian homologs are Suv39h1 and Suv39h2 (Rea, Eisenhaber et al., 

2000). This protein contains two functionally distinct domains, the N-terminal CD and the C-

terminal SET domain. Most of HMTs contain SET catalytic domain at their C-terminal protein 

part, with the exception of DOT-1 like proteins. Suv39h1 prefers mono or di-methylated H3K9 

as the substrate and catalyze the tri methylation of H3K9, which is essentially involved to the 

establishment of pericentric heterochromatin (Peters, Kubicek et al., 2003).  

SETDB1 is important for early development and di-methylates H3K9 in the absence of 

its cofactor hAM. Meanwhile, in the presence of its cofactor it catalyzes the tri-methylation of 

H3K9 (Dodge, Kang et al., 2004).   

On the other hand, Ezh2, which is the catalytic subunit of PRC1 catalyzes the tri-

methylation of H3K27, which is involved in X-chromosome inactivation (Plath, Fang et al., 

2003, Trojer & Reinberg, 2007).  

 

4.3.2. Histone demethylases 

 The first histone demethylase identified LSD1, revealed specific activity towards 

methylated K4 of histone H3 and its function is evolutionary conserved from 

Schizosacharomyces pombe to mammals. LSD1 belongs to Co-REST complex and contributes 

to its transcriptional repression activity (Shi, Lan et al., 2004).  

 The family of JmjC domain-containing proteins contain a lysine demethylase activity. 

JHDM1, JHDM2A, JHDM3A, JMJD2A and JMJD3 are different enzymes of this family. 
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Depending on demethylation of different histone lysine residues, these different members are 

involved either in transcriptional activation or repression.  

For instance, JHDM1 has been shown in vivo to reduce the di-methylation of H3 K36, which 

is conserved from yeast to human while JMJD3 catalyses the removal of tri-methylation on H3 

lysine 27 (Chen, Zang et al., 2006, Tsukada, Fang et al., 2006).  

Among the most studied arginine demethylases we can mention PADI4 enzyme, which 

transforms methylated arginines to citrulines, an event which is associated to transcriptional 

repression (Christophorou, Castelo-Branco et al., 2014).  

 

4.4. Other histone Lysine acylations 

 The majority of recently identified histone PTMs are functional non-acetyl small chain 

lysine acylations (mentioned above), that has been demonstrated to play active roles in gene 

expression and chromatin structure, through different mechanisms. These modifications differ 

in hydrocarbon chain length, charge and hydrophobicity (Sabari et al., 2017). Acylation is 

divided into three groups: hydrophobic group, polar group and acidic group (Figure 12A). 

Hydrophobic group is composed of acetylation, propionylation, butyrylation and crotonylation 

modifications. These modifications increase the hydrophobicity via their longer hydrocarbon 

chain. The polar group encompasses -hydroxybutyryl and 2-hydroxyisobutyryl 

modifications, which promote histone Lysine interactions with other proteins via hydrogen 

bonds. The acidic group contains malonyl, succinyl and glutaryl modifications, which change 

the charge at Lysine residues from +1 to -1.  

 As discussed previously, described HATs, such as CBP/p300, GNAT and Myst 

members are the most well-known acyltransferases identified. There are data suggesting that 

these HATs could also use various Acyl-CoAs (Figure 12B). Therefore, different acyl-CoAs 

could compete with each other for binding to different acyltransferases. This could constitute 

a mechanism for differential protein acylations. Therefore, the more abundant acyl-CoA wins 

the competition and confers its effects. Short chain fatty acids are the major source of short 

chain acyl-CoA production in cells. Acetate via the enzymatic activity of the ACSS2, may 

produce Ac-CoA, which is used by acyltransferases in order to induce histone lysine acylations. 

However, there are no evidences for a direct synthesis of acyl-CoAs by ACSS2. The only 
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available data is based on ACSS2 knock-down which results in a decrease in histone 

crotonylation (Sabari, Tang et al., 2015).  

 Lysine acylations are generally known as the hallmarks of active genes. These PTMs 

neutralize the positive charge of lysines and could induce structural changes to the chromatin, 

which lead to the gene expression and probably the recruitment of other proteins. The 

proportional differences of acyl-CoAs can lead to functional changes and may have 

consequences in terms of chromatin regulations (Goudarzi, Zhang et al., 2016, Tan et al., 2011, 

Xie, Zhang et al., 2016).  

 

Figure 12: Different groups of lysine acylations and various HATs and their potential binding to 

different lysine acylations. A) Representation of 3 groups of short-chain acylations on the amine group 

of lysines, regarding to their chemical property. B) Different types of HATs/HDACs and their different 

combinations with various lysine acylations. Taken from (Sabari et al., 2017). 
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5. Histone variants 

 Canonical histones have non-allelic isoforms with variable sequence homologies 

referred to as “histone variants”. Most of the canonical histone genes are expressed during S 

phase and are assembled into nucleosomes behind the replication fork (Replication- 

dependent). In contrast, most of the histone variants are incorporated into the chromatin 

throughout the cell cycle therefore they are called Replication-independent histones. The 

mRNAs encoding canonical histones lack introns and, they form a stem-loop sequence at their 

3’ end, which is crucial for their processing and results in a regulated stability of the 

corresponding mRNAs. In contrast, some genes encoding histone variants can harbor one or 

several introns and the corresponding mRNAs could be polyadenylated at their 3’ end. 

During evolution, histone variants have gained different functions despite the high 

sequence conservation among these proteins. Histone variants can induce structural changes 

within the octamer core particle and alter DNA wrapping around histones, causing structural 

transformation of the nucleosomes and changing their dynamics. In general, histone variants 

are implicated in numerous cellular functions such as transcriptional regulation, DNA repair, 

chromosome segregation, facilitated process of DNA re-packaging such as histone disassembly 

and replacement by protamines in the context of germ cells (Hoghoughi, Barral et al., 2018, 

Marzluff, Gongidi et al., 2002, Talbert & Henikoff, 2017). In mammals, H2A, H2B, H3 

canonical histones and linker histone H1 possess a number of variants (Figure 13). However, 

no variant for H4 has been identified in higher eukaryotes in contrast to the lower eukaryotes 

such as trypanosome brucei, where it is probably enriched at RNA PolII transcription 

termination sites (Siegel, Hekstra et al., 2009).  

 In contrast to the homogenous distribution of canonical histones, histone variants are 

distributed in a locus-specific and heterogenous fashion throughout the chromatin. They are 

also implicated in the genome reorganization during early developmental stages, ES cells and 

lineage commitment, somatic cell reprogramming, cancer (Buschbeck & Hake, 2017) and the 

epigenetic reprogramming during later stages of spermatogenesis, which is discussed in detail 

in the next section.  

 In recent years the role of histone variants in modulating the epigenetic status of the 

chromatin has attracted attention. Histone variants could confer stable key characteristics to 
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the chromatin and therefore change the epigenome plasticity. This specific particularity of 

histone variants could facilitate the emergence of cancer cells (Wang, Chuffart et al., 2019). 

 Various histone variants of H2A, H2B, H3, H1 linker histone, and their implication in 

cellular mechanisms such as transcription and specifically in chromatin function are further 

highlighted in this section.  

 

Figure 13. The phylogenic tree of different histone variants in mouse and human. Taken from (El 

Kennani, Adrait et al., 2017).  
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5.1. Variants of linker histone H1  

In mouse and human, around 15 isoforms of linker histone H1 has been identified 

(Figure 13). The N- and C- terminal part of H1 histones present more diversity in term of 

sequence and length among subtypes, whereas the central globular domains are more 

conserved among isoforms and during evolution. Histones H1 variants are remarkably 

expressed during specific timing of embryonic development and cell differentiation. One of 

the well-characterized linker histone H1 is CS H1 in (sea urchin), B4 in Xenopus and H100 in 

mouse. For instance, the cleavage stage linker histone B4 is expressed during oogenesis of 

Xenopus Laevis and constitutes the majority of linker histone during early development. Other 

well-characterized linker histone H1s, are differentiated-dependent linker H1(H1(0) and H5). 

H1(0) is largely expressed in vertebrates, whereas H5 is mostly expressed in bird’s 

erythrocytes. Testis-specific linker histone H1s are expressed in vertebrates and invertebrates 

in different spermatogenic cell types. The functional role of each of these variants still remains 

obscure (Khochbin, 2001, Khochbin & Wolffe, 1994).   

 

5.2. Variants of histone H2A  

In higher eukaryotes, eight variants of histone H2A has been identified up today: H2A.X, 

H2A.Z.1, H2A.Z.2.1, H2A.Z.2.2, H2A.Bbd/H2A.B, macroH2A1.1, macroH2A.1.2 and 

macroH2A2 are among the most studied in terms of structure and function (Buschbeck & Hake, 

2017).  

In this section, some of the most prominent characteristics of the variants of H2A, H2B 

and H3 are described.  

 

5.2.1. H2A.Z: Controlling transcriptional regulation 

 The 2.6 Å crystal structure of the nucleosome containing histone variant H2A.Z, 

unraveled the structural alterations of H2A.Z nucleosomes compared to canonical H2A-

containing nucleosomes. These alterations involve modified interactions between H2A.Z/H2B 

dimer and H3-H4 tetramer, as well as the interaction between the two H2A.Z/H2B dimers 
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themselves. Despite these differences, the H2A.Z/H2B–DNA interactions, which are mediated 

through H2A.Z L1 and H2B L2 loops, do not seem to change, compared to H2A nucleosomes 

(Suto, Clarkson et al., 2000). 

The implication of H2A.Z histone variant in gene regulation, transcriptional control and 

the regulation of centromeric heterochromatin have been highlighted in many studies. Recent 

studies in different organisms discuss the differential abundance of H2A.Z throughout the 

enhancers and promoters. For instance, in yeast H2A.Z is present on transcriptional start sites 

of active and inactive genes, while in Drosophila as well as in plants, its presence at promoters 

is correlated with a reduced gene expression. Meanwhile, RNA POL II- coupled remodeler, 

FACT depletes H2A.Z from coding regions, which is correlated with increased local 

transcription (Hu, Shen et al., 2011, Jeronimo, Watanabe et al., 2015, Kusch, Mei et al., 2014).  

About 15 years ago, it has been demonstrated that components of Tip60 and SRCAP 

complexes combine with sub-unit of SWR1 and NuA4 complexes and promote the link 

between acetylation and H2A.Z deposition on the chromatin (Raisner, Hartley et al., 2005). 

Recent studies revealed that the deposition of H2A.Z via p400/Tip60 complex occurs upon the 

induction of androgen receptor expression. Active transcriptional states of genes are also 

correlated with active PTM marks on H2A.Z such as H2A.Zac. Additionally, Ubiquitination 

of H2A.Z is associated with genome transcriptional repression and its de-ubiquitination is 

associated with genome transcriptional activation (Giaimo, Ferrante et al., 2019, Ito, Kayukawa 

et al., 2018).  

 

5.2.2. H2A.X and DNA damage repair  

 Cells are regularly exposed to various types of stresses such as oxidative stress, IR, 

apoptosis-inducing signaling and meiotic homologous recombination, which cause DNA 

double-strand break and jeopardize genome integrity. H2A.X is conserved in all eukaryotes 

and contain 20 amino acids more than conventional H2A at its C-terminal end, which harbors 

the conserved motif of SQE (Li, Eirin-Lopez et al., 2005, Talbert & Henikoff, 2010). H2A.X 

phosphorylation of serine 139 (known as -H2A.X) has been for long time referred to as a 

marker of DNA damage. H2A.X-deficient mouse embryonic cells demonstrate high levels of 

genomic instability. In addition, spermatogenesis is defective in H2A.X-deficient mice. Three 
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types of kinases are responsible for the phosphorylation of H2A.X; ATM, DNA-PK and ATR 

(Xiao, Li et al., 2009).  

 The precise molecular mechanisms demonstrating the role of H2A.X in response to 

DNA damage has not yet completely understood. Recently, histone chaperon FACT has been 

identified as being responsible for the deposition of de novo H2A.X at DNA repair sites, at the 

same time as DNA repair machinery activation. Concomitantly to the action of FACT, histone 

chaperone ANP32E removes H2A.Z from DNA damage sites inside the chromatin (Figure 14) 

(Piquet, Le Parc et al., 2018). 

 

 

Figure 14: Coordinated action of FACT and ANP32E for chromatin reshaping after DNA damage 

induction. Taken from (Piquet et al., 2018).  

 

 

In addition to DNA damage repair, recently H2A.X is considered as a regulator of 

epithelial-mesenchymal transition in human colon adenocarcinoma cells via inducing the 

activation of EMT transcription factors (Slug & ZEB1). Recently, by using super light-

resolution microscopy, the structural basic units read by the DNA repair machinery known as 

phosphor-H2A nano foci, have been identified. These regions measure 200nm of lateral 

diameter and harbor 75Kb of chromatin domains (Natale, Rapp et al., 2017, Weyemi, Redon 

et al., 2016).  
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5.2.3. MacroH2A and transcriptional repression  

 H2A histone variant macroH2A was first identified in rat liver nucleosomes. It harbors 

a large C-terminal (20KD) of unknown function (Chadwick & Willard, 2001, Pehrson & Fried, 

1992). Its N-terminal has 60% identity to the conventional H2A sequence and the rest of the 

protein shares no sequence similarity to conventional H2A. MacroH2A contains two allelic 

isoforms named mH2A1 and mH2A2, which share 80% sequence homology. The RNA of 

mH2A1gene undergoes a differential alternative splicing, which leads to the production of 

mH2A1.1 and mH2A1.2, which are expressed in certain tissues (Chadwick & Willard, 2001).  

 MacroH2A is enriched on the inactive X-chromosome of female mammals and is 

associated with the transcriptional repression of the corresponding X chromosomes in female 

mammals known as dosage compensation. Dosage compensation allows the comparable level 

of X-linked gene expression between male and female. The inactive X chromosome is densely 

stained and localized at the periphery of the nucleus and is referred to as the Bar body. 

Furthermore, macroH2A is highly associated with heterochromatin foci in senescent or 

quiescent human cells driven by HIRA and ASF1a chromatin regulators (Zhang, Poustovoitov 

et al., 2005).  

 Apart from its association with X chromosome inactivation, macroH2A is known as a 

transcriptional repressor. One of the mechanisms through which macroH2A represses 

transcription is through the inactivation of p300 HAT, which blocks post-translational 

modifications of histones which are essential for transcription initiation. These observations 

have been confirmed in vivo since the nucleosomes containing the mH2A are less acetylated 

than the ones with conventional H2A (Chakravarthy, Gundimella et al., 2005). Moreover, 

mH2A blocks the action of chromatin remodeling complexes, which are necessary for 

nucleosomal mobility during transcription. The L1 loop of mH2A, localized between the two 

first  helices of mH2A, is responsible for this blockage (Doyen, An et al., 2006). 
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5.2.4. H2A.Bbd and transcriptional active chromatin domains 

Mammalian-specific H2A variant H2A.Bbd has been first identified following its 

exclusion from the Bar body foci inside human cells nucleus. This variant is highly expressed 

in adult testis, to a lower extent in brain tissues and in embryonic stem cells. H2A.Bbd is 

slightly shorter than H2A and shares only 48% homology with conventional H2A. The most 

sequence variations exist in the docking domain of H2A.Bbd, which is responsible for (H2A-

H2B)2 interactions with (H3-H4)2 within the core nucleosome (Bao, Konesky et al., 2004). 

Acid extraction of histones from H2A.Bbd transfected cells following separation on sucrose 

gradient and ultra-centrifugation, revealed the incorporation of H2A.Bbd into the nucleosome. 

Immunofluorescent analysis demonstrated the co-localization of H2A.Bbd with acetylated H4 

(Eirin-Lopez, Ishibashi et al., 2008). The fact that H2A.Bbd is excluded from Bar body along 

with its colocalization with acetylated H4 revealed its association with transcriptionally active 

chromatin regions (Chadwick & Willard, 2001, Tolstorukov, Goldman et al., 2012).  

Nucleosome reconstitution studies revealed H2A.Bbd ability to induce more unstable 

nucleosomes and these nucleosomes harbor 118bp of DNA wrap around each nucleosome (Bao 

et al., 2004, Gautier, Abbott et al., 2004). In vivo studies revealed the presence of H2A.Bbd at 

DNA replication and repair sites, whereas in vitro nucleosome reconstitution revealed the 

formation of organized hexasomes with shorter wrap of DNA. These studies suggested the 

formation of a transient H2A.Bbd-dependant intermediate organized chromatin structure after 

DNA replication or DNA repair (Arimura, Kimura et al., 2013).  

Later studies involving genome-wide mapping of nucleosome bearing H2A.Bbd, 

revealed their enrichment at transcriptionally active genes. Moreover, depletion of H2A.Bbd 

reveals its role in mRNA splicing and highlights this histone variant’s role in transcription and 

mRNA processing (Tolstorukov et al., 2012). Recent investigations on testis-specific mouse 

orthologue of variant H2A.Bbd referred to as H2A.Lap1 also revealed this variant 

incorporation into the nucleosome, its localization to the gene body of active genes and its 

association with RNA processing factors such as spliceosome.  
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5.3. Variants of histone H3  

Five distinct isoforms of histone H3 variants are present in mammals; H3.1, H3.2, H3.3, 

H3t and CENP-A. H3.2 and H3.3 differ only in four amino acids and H3t is only expressed in 

testis. CENP-A is mostly known as a component of centromeres and it plays essential roles in 

maintaining genome integrity. These more or less minimal differences between each H3 

variants represent significant functional consequences at chromatin level. Histone variant H3t 

will be further discussed in the next chapter and the rest are discussed here in the following 

section. 

 

5.3.1. CENP-A: centromeric nucleosome 

 Centromeres are particular chromatin domains present throughout the cell cycle and 

provide a platform for the transient assembly of kinetochore complex during mitosis. 

Kinetochores themselves ensure the attachment of spindle microtubules and proper 

chromosome segregation (Foltz, Jansen et al., 2009). In human, centromeres harbour up to 

5.106 bp of centric DNA and they are composed of DNA repetitive sequences referred to as -

satellites, minor satellites in mice. These repeats differ in sequence and length among different 

species (Muller & Almouzni, 2017).  

Mammalian centromeres harbor a centromere-specific histone H3 variant known as 

Centromeric-Protein A (CENP-A). Cenp-A knock out induces embryonic lethality in mice, 

which indicates its crucial role in centromere functions. Crystal structure of CENP-A 

containing nucleosomes revealed that DNA wraps only 121 bp around the histone octamer of 

two H2A, two H2B, two CENP-A and two H4 (Tachiwana, Kagawa et al., 2011). During G1 

phase, this centromeric variant is incorporated into the nucleosome through histone chaperone 

HJURP via its affinity for CATD domain in CENP-A sequence (Foltz et al., 2009). Recent 

studies using crystal structure, electron cryo-microscopy and by replacing N-helix of H3 into 

CENP-A, revealed CENP-A DNA ends are more flexible than histone H3. The chimeric 

CENP-A-N-helix H3 protein creates less flexible nucleosome which result in the recruitment 

of H1, whereas CENP-A nucleosome provides less stable nucleosome, which excludes histone 

H1s and is crucial for the fidelity of mitosis. In addition, it has been shown that CENP-A is 
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among the histone variants which remain in the mature spermatozoa which highlights its 

crucial role probably for the establishment of the functional male chromatin in post-fertilization 

stage (Roulland, Ouararhni et al., 2016). The expression of Cenp-A is ubiquitous and its 

presence is essential for the recruitment of centromeric proteins and kinetochores to ensure 

genome integrity and the proper functioning of mitosis. Old Cenp-A variants are necessary to 

direct new Cenp-A deposition (McKinley & Cheeseman, 2016). Initially, electron microscopy 

analyses and an antibody recognizing cenp-A, allowed the detection of cenp-A during 

spermatogenesis (Biggiogera, Muller et al., 1992). Like somatic cells, during spermatogenesis, 

Cenp-A ensures the correct kinetochore assembly and chromosome segregation in mitosis as 

well as in meiosis. Evidences showed that, Cenp-A is quantitatively retained in mature bovine 

spermatozoa nucleus in specific foci (Palmer, O'Day et al., 1990). 

 

5.3.2. H3.1, H3.2 and H3.3  

 As mentioned above, in mammals, in addition to CENP-A, 3 different isoforms of H3 

are incorporated into nucleosome throughout the cell cycle. H3.1 and H3.2 are different only 

in one amino acid at the position of 96 in the protein sequence and are expressed during the S 

phase. In contrast H3.3 is expressed in S, G1 and G2 phases and it has a constant expression 

throughout the differentiation (Ahmad & Henikoff, 2002). In terms of protein sequence, H3.3 

differs in 4 amino acids compared to H3.2 and 5 amino acids with H3.1. Two genes H3.3A and 

H3.3B are responsible for H3.3 expressions. H3.1/2 are deposited into the nucleosome through 

CAF-1 histone chaperone, whereas H3.3 is incorporated into the nucleosome of 

transcriptionally active regions, through histone chaperone HIRA (Tagami, Ray-Gallet et al., 

2004). Recently in mESC, one mutation at serine 31 of H3.3, enhances the p300 activity at 

enhancer regions, suggesting a role for nucleosomes as novel cofactors of p300 (Martire, 

Gogate et al., 2019). Furthermore, DAXX-ATRX complex has been identified responsible for 

the deposition of H3.3 into PHC (Figure 15) (Muller & Almouzni, 2017). Interestingly, recent 

studies reveal the cooperation between H3.3 and H3K9me3 within the same nucleosome, 

which highlights its role in the maintenance of heterochromatin at repeat regions (Elsasser, 

Noh et al., 2015).  
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Figure 15: Different H3 histone variants with their associated chaperones. Taken from (Muller & 

Almouzni, 2017).  

 

 

III. Dynamic of nucleosomal assembly and histone turnover  

Nucleosome assembly is a crucial process for maintaining the epigenetic stability of 

chromatin following cellular processes such as DNA replication, DNA repair and gene 

transcription. During DNA replication and transcription, nucleosomes are removed, displaced 

and modified through proteins complexes called histone chaperones. Since histones are very 

basic proteins, they are accompanied by chaperones in order to prevent interactions with other 

cellular components, as well as protein aggregation, and to facilitate their assembly. Histone 

chaperone complexes assemble nucleosomes in either replication-dependent or independent 

manner (Burgess & Zhang, 2013). In the following section more details on the role of most 

studied histone chaperones, in de novo histone deposition during DNA replication, DNA 

damage repair, active gene transcription and heterochromatin and centromere maintenance as 

well as their role as chromatin remodelers are further discussed.  
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1. Histone chaperones 

1.1.  CAF-1 in DNA replication and DNA repair 

In human, protein complex CAF-1 contains 3 subunits: p48, p60 and p150. The largest 

subunit of CAF-1 protein complex, p150, mediates the replication- dependent H3.1/H3.2-H4 

nucleosome assembly (Hammond, Stromme et al., 2017). P150 subunit brings newly 

synthesized H3 and H4 inside the nucleus. The crystal structure of yeast CAF-1 subunit Cac1C, 

reveals the formation of a WHD at its C terminus. Structural evidences are in favor of the fact 

that this domain consolidates CAF-1 binding to PCNA at DNA replication site (Zhang, Gao et 

al., 2016). The link between CAF-1 and PCNA reveals that these factors cooperate with each 

other in order to connect DNA replication with nucleosome assembly and maintain the 

epigenetic inheritance during chromatin replication (Figure 16a) (Shibahara & Stillman, 1999, 

Zhang, Shibahara et al., 2000). Other investigations aiming to understand the mechanisms by 

which heterochromatin organization reshapes after DNA replication, revealed the association 

of p150 subunit of CAF-1 to HP-1. This study demonstrated that CAF-1 interaction with HP-

1 enhances the targeting of HP-1 to the pericentric heterochromatin regions during replication 

(Quivy, Roche et al., 2004). 

In vivo studies revealed the recruitment of the p150 subunit of CAF-1 in UV damaged 

sites. In human, at sites of DNA damage, CAF-1 is responsible for de novo deposition of H3.1. 

However, CAF-1 nucleosome assembly of H3.1 has been observed after DBS, independently 

of PCNA action (Figure 16b) (Brachet, Beneut et al., 2015, Li & Tyler, 2016).  

 

1.2. Role of HIRA in histone deposition in active genes 

Protein purification of non-nucleosomal H3.1 and H3.3 containing complex, revealed 

the specificity of HIRA for H3.3 (Tagami et al., 2004). Histone chaperone HIRA is responsible 

for replication-independent deposition of H3.3-H4 in gene bodies, telomere and regulatory 

elements. CHIP-seq analysis revealed the highest rate of H3.3 at active gene promoters and 

enhancers (Figure 16c) (Hammond et al., 2017). Histone chaperon complex containing HIRA 

contains also two other components UBN1 and CABIN (Loyola & Almouzni, 2004). 

Moreover, structural and mutational studies found UBN1 specificity for H3.3 through the 
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conserved Hpc-2 related domain of UBN1 (Ricketts, Frederick et al., 2015). Furthermore, 

HIRA accumulates at DNA damaged sites and is responsible for H3.3 deposition prior to DNA 

repair and plays crucial role in transcription recovery and reactivation subsequent to DNA 

repair (Adam, Polo et al., 2013). In addition, HIRA plays essential roles in other cellular events 

such as nucleosome assembly post-fertilization, in male pronucleus. In Drosophila, a point 

mutation in Hira gene influences the deposition of H3.3 into the chromatin of the male 

pronucleus after fertilization (Loppin, Bonnefoy et al., 2005).  

 

1.3. Asf1 H3-H4 chaperone  

In cytoplasm, ASF1, a conserved eukaryotic histone chaperon, binds H3.1/H3.2-H4 and 

H3.3-H4 and transfers them inside the nucleus before passing them over to CAF-1 or HIRA, 

respectively (Green, Antczak et al., 2005, Groth, Ray-Gallet et al., 2005, Mello, Sillje et al., 

2002, Tang, Poustovoitov et al., 2006, Tyler, Adams et al., 1999). ASF1a and ASF1b are the 

two paralogues of ASF1 protein in vertebrates. ASF1a has a preference to interact with HIRA 

and ASF1b interacts with CAF-1. ASF1a is ubiquitously expressed in every tissue and 

throughout the cell cycle but the ASF1b is expressed in S phase and in tissues with high rate 

of proliferation (Abascal, Corpet et al., 2013).  

 

1.4. Role of DAXX in H3.3-H4 deposition at heterochromatin regions  

The in vivo deposition of H3.3-H4 dimer in heterochromatin loci such as 

pericentromeres and telomeres, is mediated by histone chaperone DAXX (Figure 16d). This 

chaperone, in cooperation with chromatin remodeling factor ATRX, ensures the replication- 

independent of H3.3-H4 dimer assembly within the nucleosome. ATRX via its ADD (ATRX-

DNMT3-DNMT3L) recognizes the H3K9me3, which directs DAXX-ATRX chaperone to the 

heterochromatin sites (Dhayalan, Tamas et al., 2011, Eustermann, Yang et al., 2011, Iwase, 

Xiang et al., 2011). The crystal structure of histone-binding domain of DAXX, demonstrated 

that this domain wraps around the H3.3-H4 dimer in order to ensure the H3.3 specific 

recognition. In addition, functional studies revealed the participation of Gly 90 amino acid in 
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H3.3 and Glu 225 in DAXX in the specific recognition between H3.3 and DAXX (Elsasser, 

Huang et al., 2012).  

 

1.5. HJURP Cenp-A-H4 deposition at centromeric regions 

Centromere maintenance throughout the cell cycle requires the Cenp-A deposition via 

histone chaperone HJURP. HJURP has been identified as the histone chaperone responsible 

for the deposition of Cenp-A-H4 dimer to the centromere nucleosomes. Identification of the 

interacting partners with pre-deposited Cenp-A, revealed the specificity of HJURP for Cenp-

A centromeric histone variant (Dunleavy, Roche et al., 2009). In human cells, newly- 

synthesized Cenp-A is incorporated into the chromatin in a replication-uncoupled manner 

during early G1 phase. HJURP homologue protein with the same function in fission yeast is 

known as Scm3 and in Drosophila is called CAL1 (Chen, Dechassa et al., 2014, Williams, 

Hayashi et al., 2009). HJURP/Scm3 recruitment to the centromeres is mediated through the 

interaction with protein complex Mis18. Mis18 complex in vertebrates contains three paralogs: 

Mis18 and Mis18 and Mis18BP1 (Fujita, Hayashi et al., 2007, Maddox, Hyndman et al., 

2007). HJURP via its centromere targeting domain, interacts with C-terminal coiled-coil of 

Mis18- (Nardi, Zasadzinska et al., 2016, Wang, Liu et al., 2014). The proper functioning 

and recruitment of HJURP and Mis18 is mediated through the phosphorylation of Cdk-1and 

Plk-1kinases on the consensus T40 and S110 within the Mis18BP1 residues 20-130 (Figure 

16e) (Pan, Klare et al., 2017, Spiller, Medina-Pritchard et al., 2017, Stankovic, Guo et al., 

2017).  

 

1.6. NAP-1 histone chaperone family  

Nap-1 histone chaperon family, are capable to reconstitute nucleosome from free 

histones and DNA in vitro. In mammals, five genes (NAP1L1-NAP1L5) have been identified. 

Nap-1 is the most studied members of the NAP histone chaperone family and it is highly 

conserved among eukaryotes. The 6.7 Å crystal structure of Nap1 in complex with H2A-H2B, 

revealed the interaction of NAP1 through its C-terminal acidic surface with H2A from the 
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dimer H2A-H2B (Figure 16c) (Aguilar-Gurrieri, Larabi et al., 2016). However, Nap-1 and 

Vps75, a member of the Nap-1 family, can interact with histone H3 and H4 in a tetrameric 

conformation (Bowman, Ward et al., 2011). Throughout the spermatogenesis, histone 

chaperone NAP1L4 interacts with testis-specific histone variant H3t (Tachiwana, Osakabe et 

al., 2008). NAP1L4 is also recognized as the histone chaperone of the H2A testis-specific 

histone variant called H2A.L.2 (Barral, Morozumi et al., 2017).  

     

1.7. FACT: The facilitator of transcription 

 Histone chaperon complex FACT was first identified through a promoting factor, which 

facilitates the action of RNA Polymerase II, in vitro (Belotserkovskaya, Oh et al., 2003). Upon 

transcription, FACT interacts with nucleosomal H2A-H2B dimer and facilitate DNA 

unwinding, thus RNA Pol II can move forward easily and continues the transcription (Figure 

16c) (Hsieh, Kulaeva et al., 2013). FACT is a heterodimeric protein, composed of two subunits 

Spt16 and SSRP and it is expressed mostly in differentiated and stem cells. Loss of FACT in 

Drosophila is associated with higher occurrence of transcription-associated histone marks such 

as H3K4me3 and H3K36me3. In addition, recent evidences suggest that FACT play crucial 

role in keeping RNA Pol II at promoter-proximal pausing, a mechanism which leads to gene 

activation (Tettey, Gao et al., 2019).  
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Figure 16: Histone-specific chaperones and their mechanism of function. Taken from (Hammond 

et al., 2017). 

 

 

2. ATP-dependent chromatin remodeling complexes 

Chromatin remodeling is indispensable for numerous fundamental chromatin processes 

such as DNA replication, transcription and DNA repair. These factors control the dynamic of 

chromatin and mediate nucleosome sliding, defining nucleosome position on the chromatin 

and nucleosome assembly and disassembly. For instance, upon transcription, the remodeling 

factors act on nucleosomes present on regulatory regions of chromatin such as promoters and 

enhancers and promote transcription factor binding to these sites. Chromatin remodeling 

involves ATP-dependent remodeling complexes, which are divided into four family of 
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enzymes: ISWI, CHD, INO80, and SWI/SNF (Clapier, Iwasa et al., 2017). All of these 

complexes contain one ATPase domain, which has the mission to dissociate DNA-nucleosome 

interaction and translocate DNA along the histone surface. The crucial role of each of these 

remodeling factors is briefly discussed in this section.  

 

2.1. ISWI and CHD in nucleosome assembly  

In addition to histone assembly behind the replisome machinery, ISWI and CHD 

remodeling subfamily enzymes promote the histone assembly into an octamer form and then 

accommodate octameric nucleosomes within the chromatin with specific defined distances 

from each other (Figure 17A) (Fei, Torigoe et al., 2015, Varga-Weisz, Wilm et al., 1997). 

These activities are conducted mainly by the ATPase subunit within each remodeler. The 

ATPase subunit of ISWI and CHD are very similar whereas the main differences between these 

two are in their C and N-terminal part. ISWI contains HSS domain at its C-terminal (Grune, 

Brzeski et al., 2003), while CHD contains a NegC domain and a DBD containing only a SANT 

and SLIDE domain (Hauk, McKnight et al., 2010). HSS domain in ISWI binds to H3 C- and 

N-terminal histone tails and linker DNA at both sides of the nucleosome (Boyer, Latek et al., 

2004, Dang & Bartholomew, 2007). ATPase subunit in ISWI is flanked with AutoN and NegC 

domains, which are negative regulators of ATPase domain and DNA translocation. CHD 

contains two chromodomains at its N-terminal, which recognize histone methylation sites 

(Kunert & Brehm, 2009).  

 

2.2. SWI/SNF in chromatin access  

The accessibility of transcription factors and other major chromatin regulators to key 

regulatory chromatin regions such as promoters and enhancers is vital for the proper 

functioning of chromatin-associated mechanisms. SWI/SNF remodeling complexes render 

chromatin more accessible through mechanisms such as nucleosome sliding and complete or 

partial nucleosome eviction from the chromatin  (Figure 17B) (Clapier et al., 2017). The 

ATPase domain of SWI/SNF contains two lobes. At the N-terminal of this protein there is a 

HAS domain and an adjacent post-HAS domain. One AT-hook and a bromodomain exist at 
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the C-terminal part of SWI/SNF. All of these domains flanking the ATPase region, are believed 

to control the activity of the ATPase subunit.  

 

2.3. INO80 in Nucleosome editing 

In mammals, INO80 (Swr1 in yeast) subfamily of remodelers are mostly implicated in 

nucleosome editing processes. They can take out one or more histones from the nucleosome 

and replace it with either a canonical or a histone variant. Similar to other remodeling factors, 

the ATPase domain of this protein is also composed of two lobes but with a larger insertion 

part between two lobes. At the N-terminal of this protein, there is a HAS domain that is 

responsible for nucleation of actin and actin-related proteins. INO80 subfamily proteins contain 

SWR1C, p400 and Snf2-related CBP activator, which replaces H2A-H2B dimers with H2A.Z 

histone variant in nucleosomes containing H2A.Z-H2B dimers (Clapier et al., 2017) (Figure 

17C).   

 

 

Figure 17: Histone chaperones in chromatin assembly, access and editing. Taken from (Clapier et 

al., 2017).  

  

A B C
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IV. Mammalian Spermatogenesis  

1. General overview of spermatogenesis 

 Spermatogenesis is a multi-step process which leads to the generation of male gametes 

referred to as mature spermatozoa. Mature spermatozoa bear the mission to leave the organism 

and deliver the male genome to the oocyte. Upon the fertilization, a new developmental 

programming involving both the male and female genome takes place, which ensure the correct 

development of zygote. In order to fulfil its mission and for a safe journey aiming at delivering 

male genome inside the oocyte, the genome of mature sperm needs to be highly compacted and 

protected from the exterior harsh environment. In human, spermatogenesis is separated into 

two phases: the first phase begins during embryonic period and the second phase, is initiated 

in puberty and lasts throughout the male adulthood life. Between the first and the second phase, 

spermatogonial stem cells go through a period of testicular quiescence during which they 

experience a developmental arrest. In contrast in mice, spermatogonial stem cells continue their 

development without passing through a quiescent phase.  

In rodents, the embryonic stage leads to the development of SSCs and the development 

of gonocytes. Around E6.25 day in the proximal epiblast, embryonic cells under the control of 

BMP4 and BMP8b adopt the germ cell fate by formation of PGC precursors. At E7.5, these 

precursor cells start to migrate toward the genital ridge, and meanwhile undergo the genome-

wide DNA demethylation. At E12.5, sex determination occurs through the expression of Sry 

gene, which is a Y-linked gene encoding a transcription factor responsible for the initiation of 

testis development (Manku & Culty, 2015). At E12.5, these cells form testicular cords and they 

are called gonocytes, which are englobed by Sertoli cells. Within the testicular cords, a mix of 

quiescent and proliferative active PGCs co-exists in neonatal testis in mice (Culty, 2013).   

During the second phase, the proliferative portion of PGCs undergoes several rounds 

of spermatogonial mitotic divisions, which lead to their differentiation into primary 

spermatocytes. These cells go through two successive meiotic divisions. The first meiosis 

generates secondary spermatocytes, which themselves go through the second meiosis and 

produce haploid spermatids. These cells undergo a maturation process involving dramatic 

chromatin reprogramming processes, which lead to the production of mature spermatozoa and 
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the packaging of the male genome (Figure 18). In this section, the step by step spermatogenic 

cells differentiation process in addition to general structure of testis will be discussed.  

 

 

Figure 18. Schematic representation of spermatogenesis and genome compaction of mature 

sperm in testis. Taken from www.britannica.com 

 

 

1.1. General organization of adult testis 

 The mammalian male reproductive system is composed of different organs and glands 

such as testes, extra-testicular ducts and sex glands. Mature mammalian testis, the male 

reproductive gland, is wrapped inside a layer of connective tissue called Tunica albuginea. The 

two male gonads, the testes, possess oval structures, and are localized in and protected by the 

scrotum, which is an extension of abdominal wall. In terms of structure, tunica albuginea is 

divided into numerous compartments/lobes harboring seminiferous tubules, which are the 

primary place of the spermatozoa production. Seminiferous tubules possess a helicoidal 

structure and their both extremities are open to the rete testis, a place which delivers the 

spermatozoa to the efferent duct which is the initial part of the epididymis (Figure 19A).  
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Seminiferous tubules are separated by interstitial (or intertubular) tissues which mainly 

contain Leydig cells, blood and lymphatique vessels, macrophages and mesenchymal tissues 

(Jan, Hamer et al., 2012). These tubules contain both germinal spermatogenic cells and somatic 

cells referred to as Sertoli cells. Sertoli cells are attached together through tight junctions and 

generate the blood-testis barrier. This barrier divides seminiferous epithelium into two 

segments: basal and adluminal compartments, which limit the intercellular transit of liquids 

and substances due to their high metabolic demand and high immunogenicity nature of these 

cells (Neto, Bach et al., 2016). Despite the non-dividing nature of Sertoli cells, these cells are 

essential for the nutrition of developing spermatogenic cells. They are also involved in the 

phagocytosis of the residual body produced during post-meiotic stage of spermatogenesis. 

After pituitary LH stimulation, leydig cells produce steroid hormones mainly androgens 

including testosterone, which are key factors for the regulation and development of 

spermatogenesis. Leydig cells are located between blood vessels and seminiferous tubules in 

testis. Three waves of Leydig cells differentiation occurs in humans. The first wave starts 

between 8 and 18 weeks of gestation as the result of the sex-determining region (SRY) gene - 

silencing. The second wave starts 2-3 months after birth due to an increase of the LH hormone. 

The third wave of maturation is initiated during puberty after the maturation of HPG and adult 

LCs remain active during adulthood.  

Spermatogenic cells which constitute the epithelium of seminiferous tubules contain 

spermatogonia, spermatocytes and spermatids. In addition, collagen fibers, fibroblasts, and 

contractile cells referred to as myoid cells, are the main components of the wall of seminiferous 

tubules (Figure 19B).  

Spermatozoa which are produced in the testes will finish their process of maturation by 

passing through epididymis, which is a long tube connecting each testis to the vas deferens, a 

place where sperms are concentrated and stored (Figure 19A). Epididymis is composed of three 

parts: 1. Caput (head), 2. Corpus (body) and 3. Cauda (tail). Immature spermatozoa exit from 

the rete testis and enter into caput and pass through the corpus and become mature inside the 

cauda before its entrance inside the vas deferens, which conducts the transport of sperms from 

epididymis to the ejaculatory ducts.  



 57 

 

Figure 19: A) Schematic representation of seminiferous tubules, Vas deferens, ductus epididymis and 

Rete testis, taken from https://www.slideshare.net/bubbosahaljasim1/male-reproductive-system-lab.  

B) Haematoxylin and Eosin staining of one cross section slide of tubule, demonstrating different 

patterns of staining in different stages of germ cells, adapted from 

https://embryology.med.unsw.edu.au/embryology/index.php/Sertoli_cell.  

 

 

1.2. Three phases of spermatogenesis  

 Spermatogenesis takes place roughly during three major phases: mitotic (also known 

as proliferative phase), meiotic and post-meiotic. Each of these phases are specifically 

discussed in this section.  

 

1.2.1. Mitotic phase  

During mitotic phase, germinal stem cells called spermatogonia rapidly proliferate and 

become mature. Spermatogonia are localized at the proximity of seminiferous epithelium, are 

in direct contact with basal lamina of seminiferous tubule walls and are located outside of 

blood-testis barrier. One portion of spermatogonial stem cells referred to as type A, maintain 

the pool of adult stem cells within the testis. Another portion of spermatogonial stem cells 

proliferate by mitosis and differentiate from type A to type B and establish the pool of 

progenitor germ cells, which then after undergo several rounds of mitotic divisions. Type B 

spermatogonia contain several nucleoli and are transcriptionally-active in order to provide the 

A B 

https://www.slideshare.net/bubbosahaljasim1/male-reproductive-system-lab
https://embryology.med.unsw.edu.au/embryology/index.php/Sertoli_cell
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proteins which are necessary for the next mitotic division. These divisions generate the first 

cells for the meiotic phase, which migrate through the lumen of seminiferous tubules.  

 

1.2.2. Meiotic phase  

 In human, meiosis is only initiated at the onset of puberty in post-natal life. Meiosis 

refers to a specialize process which has the goal to maintain the same chromosome number 

post-fertilization from one generation to another. In order to fulfil this aim, meiosis involves 

two rounds of cell division during two steps known as meiosis I and meiosis II. Each step is 

divided into five consecutive stages: prophase, metaphase, anaphase, telophase and cytokinesis 

(Figure 20). 

During prophase I, the pairs of homologous chromosomes gather to form tetrads 

containing four chromatids, therefore the recombination can occur between any of the four 

chromatids. In contrast to mitosis, meiosis is a much longer process due to its long prophase 

stage, which is divided into five stages: leptotene, zygotene, pachytene, diplotene and 

diakinesis. DNA duplication is initiated in the beginning of the leptotene stage referred to as 

preleptotene. During leptotene, progressive condensation of chromosomes occurs and the 

synaptonemal complexes are assembled. In zygotene, homologous chromosomes match and 

line up in the middle of the cells through the assembly of the central element of synaptonemal 

complex. Homologous recombination and crossing over between the same chromosomal pairs 

take place in pachytene stage (Figure 20). Moreover, non-sister chromatids of homologous 

chromosomes exchange homology segments with each other. During diplotene stage, the 

synaptonemal complexes degrade and homologous chromosomes separate from each other. 

The nuclear membrane disappears and is degraded into vesicles during the diakinesis and two 

homologous chromosomes line up on the metaphase plate and meiotic spindle is formed. 

During metaphase stage, the homologous chromosomes line up against each other on the 

metaphase plate and the sister chromatids are attached to kinetochores for segregation. During 

metaphase I, sex chromosomes (X, Y) go through a recombination due to the similar parts of 

the chromosome between them. This recombination is essential for ensuring the proper 

segregation of sex chromosomes. In anaphase I, the microtubules become shorter and pull away 

two homologous chromosomes to the opposite poles, which is followed by the end of meiosis 
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I and generation of two daughter cells each containing one pair of homologous chromosomes. 

The second meiosis is similar to the mitotic division. During the course of the second meiosis, 

sister chromatids separate through the action of kinetochore shortening in anaphase II leading 

to the generation of four haploid spermatids.  

 

 

Figure 20. Schematic representation of meiosis. Taken from Pearson education.  
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1.2.3. Post-Meiotic phase (Spermiogenesis):  

After consecutive meiotic divisions, haploid round spermatids undergo the final 

differentiation and maturation processes, which mainly involve three major steps:  

I) Golgi apparatus differentiates and generates granules, which later fuse together and 

generate the acrosome. Acrosome contains the enzymes necessary for the 

penetration of spermatozoa inside the oocytes through the lysis of the zona 

pellucida, which is a glycoprotein layer surrounding mammalian oocyte. Acrosome 

forms at the anterior/head pole of the nucleus and it densifies and continues up to 

the posterior pole of the nucleus allowing the detection of different stages of 

maturation.  

II) The formation of the flagellum or tail is initiated by the development of an axoneme 

from one of the two centrioles. The flagellum development induces the spermatid’s 

plasma membrane to extend. This extension creates a thick midpiece containing 

mitochondria, which provide the energy necessary for the sperm motility (Figure 

21). The excess of cytoplasm is discarded through residual body (RB) formation, 

RBs are then eliminated through phagocytosis by Sertoli cells.  

III) The nucleus of the haploid spermatids elongates and the chromatin condensates at 

the maximal level. This condensation is characterized by the complete 

reorganisation of the chromatin structure. During this reorganisation, spermatid 

chromatin changes from nucleosome-based structure to a nucleoprotamin 

chromatin. This new genome-packaging structure protects the sperm genome from 

the environmental dangers on their ways through the female genital tract.  

 

During post-meiotic differentiation of spermatids, these cells undergo major morphological 

transformations involving genome-wide chromatin compaction transitional states. Early post-

meiotic spermatids are referred to as round spermatids. These cells possess a specific 

transcriptional programme, which directs to the progression of round spermatids toward the 

generation of mature spermatozoa. The nuclei of these cells become elongated which is 

accompanied by a gradual shutdown of transcription. In order to maintain the expression of 

essential proteins such as transition proteins TPs and PRMs in condensing spermatids and 

accomplish the final differentiation of spermatozoa, the mRNAs encoding the essential late-
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expressing proteins are stored throughout the post-meiotic phase and are translated in later 

stages (Rathke, Baarends et al., 2014).  

 

Figure 21. Spermatid maturation involving chromatin condensation, gradual development of the 

flagellum and acrosome formation during post-meiotic phase. Taken from Pearson education, 2013.  

 

 

1.3. Final maturation of spermatozoa in epididymis 

 The epididymal environment is crucial for the maturation and storage of spermatozoa. 

Since sperm cells transcriptional and translational programme is completely turned off, their 

functional maturation is completely dependent on the specialized epididymal environment. 

Epithelial cells, referred to as peritubular interstitium, constitute around 80% of intraluminal 

epididymis, contain secretory apparatus such as ER, Golgi and secretory granules. These cells 

bear high exocytotic activity, more specifically near caput and corpus and endocytotic activity 

near distal segments such as cauda. The maturation of sperm cells and the intercellular 

communication between sperm and epithelial cells is highly buffered through the secretory and 

absorptive activity of the different populations of epithelial cells within epididymis. Other 

elements which regulate the intraluminal environment are the vesicles referred to as 
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epididymosomes, which are responsible for the delivery of the macromolecules necessary for 

the sperm cells maturation (Zhou, De Iuliis et al., 2018).  

In addition, these vesicles contain a variety of sncRNA including miRNA and tRNA 

fragments, which are delivered to maturing sperm cells. Moreover, sperm cells can transfer 

these sncRNAs to the oocytes upon fertilization. It has been also demonstrated that, these 

sncRNAs regulate the epigenetic control of the embryo through targeting of specific subset of 

genes (Sharma, Conine et al., 2016).  

  

1.4. Stages of spermatogenesis 

In mice, male germ cell differentiation is classified into 12 different stages, 

corresponding to one cycle of maturation of spermatogonia to spermatozoa. This classification 

was mainly established on the basis of the acid-Schiff technique (PAS-staining) of testis 

paraffin cross-sections. One stage is defined through the association of one group of 3 to 4 

different cell types, corresponding to four generations of germ cells on one cross section of the 

seminiferous tubule (Figure 22A). Moreover, the kinetics of germ cell differentiation is 

specifically regulated in a way that the cells in the same stages of differentiation are constantly 

related (Meistrich & Hess, 2013). In mice, each 8.6 days, the spermatogonia cells 

differentiation is reinitiated in a coordinated and irreversible manner, in order to ensure the 

constant production of the sperm cells. In addition, spermatogonial sperm cell differentiation 

and migration both occur in a centripetal manner in order to guarantee the depot of sperm cells 

in the lumen of seminiferous tubules.  

In mice, the whole process of spermatogenesis takes 35 days as follows: 13 days for the 

genesis of primary spermatocytes, one day for the production of secondary spermatocytes and 

13 days for spermatids maturation. Upon birth, the seminiferous tubules contain mainly 

spermatogonia. After 11 to 14 days, spermatocytes start to appear and spermatids are generated 

around the 21st day after birth.  

Germ cells in different part of seminiferous tubules are not in the same stage of 

differentiation, which ensure the constant production of spermatozoa. Different stages of germ 

cells are placed next to each other in one cross-section of the seminiferous tubule. Type A 

spermatogonia are not very abundant and are distributed in almost every stage. During stages 
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I-VIII the number of differentiating spermatogonia or preleptotene spermatocytes increase. The 

intermediate spermatogonia are mostly found in stages II to IV and after differentiation and 

becoming type B spermatogonia, they are mostly found in stages V-VI. Pre-leptotene (Pl), 

leptotene (l), zygotene (Z) and pachytene (P) are respectively abundant in stages VII-VIII, IX-

X, X-XII and I-X. Diplotene spermatocytes are only found in stage XI. Secondary 

spermatocytes are present in XII stage. Haploid spermatids differentiation itself is separated 

into 16 stages. During stages 1-7, spermatids develop acrosome granules and these granules 

slowly come to the surface of the nucleus. Stage 8 corresponds to elongating spermatids in 

which the acrosome covers half of the nucleus surface and the nucleus starts to elongate. Stage 

10 to 12 corresponds to condensing spermatids with a high level of chromatin condensation 

and acrosomal coverage is more limited on the nucleus surface (Figure 22B).  

  

Figure 22. Step by step recognition of spermatogenic cell stages, inside of seminiferous tubules in 

mouse. Taken from (Meistrich & Hess, 2013), Methods Mol Biol.  

  

A B 
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V. Chromatin organization during mammalian spermatogenesis  

1. General overview of chromatin organization during spermatogenesis 

 Germinal cells bear the responsibility to transmit their genome to the offspring. In order 

to fulfil this mission, germinal cells undergo a drastic genome reorganization during the post-

meiotic stage of spermatogenesis to reach the maximum level of their genome protection. In 

rhesus monkey, three-dimensional higher-order chromatin structure analyses revealed that the 

TADs are mostly depleted in pachytene spermatocytes. At this stage, only small intermediary 

local genome organizing compartments are observed that switch between transcribing and non-

transcribing regions (Wang, Wang et al., 2019).  

The drastic genome-wide reorganization is mainly characterized by the replacement of 

the majority of histones with highly basic non-histone proteins called TPs and Prms (Figure 

23). In contrast to the Prms, TPs play a crucial but transient role in the process of histone 

replacement and do not persist inside the mature sperms. Recent works from our laboratory 

showed that in contrast to the general belief, TPs and Prms act together and not successively 

(Barral et al., 2017). 

It is also important to note that in certain species of vertebrates, birds and fish, histones 

are directly replaced by Prms or Prm-like proteins (Kurtz, Martinez-Soler et al., 2007, Oliva & 

Dixon, 1991). Moreover, spermatogenic cells also contain many testis-specific histone 

variants, which replace canonical histones during meiosis and post-meiotic spermatids upon 

the onset of genome reorganization and direct the first steps toward histone replacement. 

Therefore, in mammals the drastic genome reorganization in haploid spermatids is 

characterized by three major events; 1) canonical histone replacement by testis-specific histone 

variants creating less stable nucleosome formation (Govin, Caron et al., 2004, Montellier, 

Boussouar et al., 2013) (Barral et al., 2017), 2), a wave of genome-wide histone 

hyperacetylation at the beginning of elongating spermatids (Boussouar, Rousseaux et al., 

2008), and 3) histone removal and replacement by TPs and Prms (Gaucher, Reynoird et al., 

2010, Goudarzi, Shiota et al., 2014). 

 Testis-specific variants of canonical histones H2A, H2B, H3 and H1 are expressed in 

testis. Few years ago in our laboratory, several mouse H2A and H2B testis-specific variants 
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(H2A.L.1, H2A.L.2, H2A.L.3, H2B.L.1 and H2B.L.2) have been identified through a 

proteomic analysis on isolated condensing spermatids (Govin, Escoffier et al., 2007). 

Functional and structural analyses of testis-specific variants in the nucleosomes revealed their 

association with the generation of unstable nucleosomes. Previously, we proposed that the 

drastic reorganization of the genome is a multi-step process in which histone variants 

destabilize the nucleosomes and prepare the nucleosome for invasion by TPs and Prms. 

Recently, our lab identified the essential role of H2A.L.2 in destabilizing nucleosomes, which 

lead to the nucleosome invasion by TPs, which in turn create a platform for Prms maturation 

and correct incorporation (Barral et al., 2017). This work highlighted the concomitant action 

of histone variant, TPs and Prms in the process of histone to Prm exchange (Figure 23). 

Interestingly, despite the global replacement of histones by Prms, in the mouse mature sperms 

about1% of histones remain in the mature sperm and they are not replaced by Prms (Erkek, 

Hisano et al., 2013). However other works propose histone retention in mouse up to 8-10% 

(Jung, Sauria et al., 2017). 

 Four types of Tps (TP1, TP2, TP3 and TP4) are described in the literature in different 

species. In mammals, among these four types, TP1 and TP2 contain 55% and 40% of the total 

nuclear spermatid’s TPs, respectively. TP1 is a revolutionary conserved, small basic protein of 

54 amino acids which is very rich in arginines, lysines and serines. TP2 is two times bigger 

than TP1 and contains two zinc finger domains and its c-terminal is enriched in basic residues 

(Kimmins & Sassone-Corsi, 2005). Surprisingly, histone-Prm exchange occurs in mice lacking 

either TP1 or TP2 or both of these proteins (Shirley, Hayashi et al., 2004, Zhao, Shirley et al., 

2004a, Zhao, Shirley et al., 2004b). The fertility rate of TP1-null mutant mice is decreased up 

to 50% and TP2-null mutant mice pups are smaller in size. 80% of the mature sperm cells in 

TP1 and TP2-null double mutant mice are dead in the epididymis and few spermatids among 

the 20% alive sperms, are mobile (Shirley et al., 2004). Therefore, it is evident that TPs do not 

have a direct role in the histone removal process. the chromatin compaction is defective in mice 

lacking both TPs and these mice are infertile (Shirley et al., 2004, Zhao et al., 2004b). 

Interestingly, H2A.L.2 knock out mice revealed a defect in chromatin compaction as well as 

infertility, similar to both TP1 and TP2- deficient mice (Barral et al., 2017). Hence, these 

evidences reveal the crucial role of histone variants and TPs in the process of histone to 

protamine exchange in haploid spermatids.  
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 Prms are small arginine-rich proteins which are responsible for the high chromatin 

compaction in condensing spermatids. Prms are able to pack the spermatids DNA in a volume 

less than 5% of a somatic cell nucleus (Wyrobek, Meistrich et al., 1976). Prms harbor structural 

properties that confer specific capacities. For instance, the central portion is highly rich in 

arginine which generates hydrogen bonds with DNA through the amine group of the arginine 

residues, facilitating the Prm-DNA interaction. Protamine’s two terminal extremities are highly 

rich in cysteine, which become phosphorylated through their serine and threonine residues. 

After binding to DNA, they lose the phosphate group and cysteine residues are oxidized, 

leading to the generation of disulfide bridges that strengthen the interaction between Prms and 

confer stability to the highly compacted chromatin (Balhorn, 2007).  

In general, vertebrates possess from one to 15 protamine genes per haploid genome, 

which create clusters on the same chromosome. In mammals, Prm1 and Prm2 are the most 

studied. Most mammals contain Prm1, whereas Prm2 is only found in most rodents, primates 

and few other placental mammals. In mice, Prm1 and Prm2 gene transcription initiate in stage 

7 round spermatids, at the same time as TP encoding genes (Mali, Kaipia et al., 1989). 

Meanwhile, Prm1 and Prm2 proteins are only expressed in elongating and condensing 

spermatids, respectively, corresponding to stages 14 to 16. The delay in Prm2 protein 

expression is due to its post-translational regulation. In contrast to Prm1, which is directly 

translated from the mRNA, Prm2 is synthesized as a precursor that undergoes proteolytic 

processing after DNA binding. In an attempt to understand if the two Prms provide redundancy, 

one of the two Prms genes was mutated. This study revealed that Prm haploinsufficiency results 

in mice sterility and both Prms are necessary for the proper sperm function and processing of 

Prm2 (Cho, Willis et al., 2001).  
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Figure 23. Molecular mechanisms underlying histone-to-protamine exchange. The representation 

of the concomitant action of the genome-wide histone hyper acetylation, H2A replacement by H2A.L.2, 

appearance of TPs and Prms initiated in elongating spermatids.  

 

 

It is noteworthy to mention that, in addition to the fact that TPs and Prms compete for 

binding to DNA and that they are the driving force for histone removal, it is also relevant to 

take into account the possibility of TP/Prm-associated chaperones, as well as histone 

chaperones, that are responsible for TPs and Prms deposition and histone removal in haploid 

spermatids.  

The mechanisms underlying degradation of histones are not clearly defined. Some data 

suggest histone degradation through specific enzymes such as proteases or the ubiquitin-

proteasome system (Faulkner & Bhatnagar, 1987, Marushige, Marushige et al., 1976). In one 

of these studies, the invalidation of RNF8, a gene encoding a histone E3 ubiquitin ligase, caused 

a defective histone removal. Furthermore, they observed a decrease in the H4K16 acetylation 

level in RNF8-/- mice, which could be explained by the downregulation of the mof HAT (Lu, 

Wu et al., 2010). Surprisingly, another study evidenced no change in either H4K16ac level or 

in histone-Prm exchange process (Sin, Barski et al., 2012). Therefore, we can speculate that 

histone hyperacetylation is a consequence of the decrease in HDACs level in elongating 

spermatids (Goudarzi et al., 2014). Moreover, It has been shown that proteasomes containing 

the activator PA200/Blm 10 specifically target the core histone and mediate their degradation 

in an ubiquitin-independent manner (Qian, Pang et al., 2013).  

meiotic Post-meiotic
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 In the following section, the role of major actors in histone-to-protamin exchange 

process are further discussed. Precise histone variants implications during histone removal and 

Prm assembly will also be further discussed in the final chapter.  

 

2. Major actors involved in histone-to-protamine exchange during 

spermiogenesis 

2.1. NUT 

Other testis-specific protein involved in the process of histone-to-protamine exchange, 

is NUT. NUT is involved in a highly aggressive type of carcinoma known as NMC. NUT gene 

is located on the chromosome 15q14 and is fused to ubiquitously expressed, double 

bromodomain-containing BRD4 (67% of cases) or BRD3 (25% of cases) proteins (French, 

Miyoshi et al., 2003, Wu & Chiang, 2007). Thus, in the context of NMC, a chromosomal 

translocation t (15;19) (q13; p13), leads to the generation of a fusion protein. Further studies 

also in the context of NMC, revealed the strong interaction between the NUT (through the N-

terminal F1c region containing amino acids 346-593) of this fusion protein and CBP/p300. In 

fact, this interaction strongly enhanced CBP/p300 HAT activity and led to the propagation of 

transcriptionally-inactive hyperacetylated foci (Figure 24, lower panel). Furthermore, by using 

patient-derived cells, our laboratory could show that the trapping p300 into BRD4-NUT foci, 

led to p53 inactivation and was found as the major oncogenic mechanism involved in NMC 

(Reynoird, Schwartz et al., 2010). This study highlighted the off-context role of a testis-specific 

factor and its contribution to malignant cell transformation. Further experiments revealed that 

BRD4-NUT-induced histone hyperacetylated chromatin domains are controlled through 

HDACs (Schwartz, Hofer et al., 2011) and are also limited to the TAD domains (Alekseyenko, 

Walsh et al., 2015).  

The physiological role of NUT in the context of spermatogenesis has been recently 

identified. The expression of NUT is restricted to the late round and the beginning of elongating 

spermatids. NUT-/- mice show a major arrest in histone-to-protamine exchange process which 

led to the arrest of spermatogenesis. In addition, these mice contained smaller testes; they were 

sterile and lacked mature spermatozoa inside the cauda epididymis. Comparative mass 

spectrometry and western blotting analysis of histone PTMs on the late round and early 
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elongating NUT-/- and WT mice, showed a decrease in histone H2A and H4 acetylation, 

specifically on H4K5 and H4K8 positions. Transcriptomic analysis on NUT-/- and WT mice, 

revealed the implication of NUT on the expression of a subset of genes expressed in spermatids. 

In this study, NUT association with p300 had also been observed in the context of spermatids 

similar to the NMC context (Reynoird et al., 2010). Besides, ectopic BRD4-NUT interaction 

with CBP/p300 (as the only HAT that interacts with BRD4-NUT) had been also observed in 

the NMC context (Alekseyenko, Walsh et al., 2017). Interestingly, comparative transcriptomic 

analysis of p300 (Boussouar et al., 2014) and NUT-associated gene expression in spermatids 

(Shiota, Barral et al., 2018), demonstrated the expression of the same gene population is 

controlled by both NUT and p300. These experiments along with many others, revealed that in 

the context of spermatids, NUT interaction with p300 enhances p300 HAT acetylation activity 

especially on H4K5 and H4K8 residues, providing acetylated sites for Brdt first bromodomain, 

which later mediate the genome-wide histone removal (Goudarzi et al., 2016, Shiota et al., 

2018). 

 

2.2. BRDT 

 In many different species such as the fly, trout, rooster, rat, mouse and human, the 

genome-wide wave of histone hyperacetylation is associated with the histone removal process 

in elongating spermatids (Christensen & Dixon, 1982, Grimes & Henderson, 1984, Hazzouri, 

Pivot-Pajot et al., 2000). Therefore, many studies focused on finding the relation between these 

two events. Early In vitro studies revealed that, once incubated with Prms, histone removal is 

facilitated after histone hyperacetylation (Marushige et al., 1976, Oliva, Bazett-Jones et al., 

1987, Oliva & Mezquita, 1986). In somatic cells histone assembly and removal are linked to 

specific factors and machineries (Burgess & Zhang, 2013, Ray-Gallet & Almouzni, 2010). In 

mouse, our laboratory has particularly studied Brdt, which is a member of the BET sub-family 

of double bromodomain-containing proteins. BET proteins are a class of transcriptional 

regulators, which have been found in animals, plants and fungi. In mammals, this family of 

proteins contain Brd2, Brd3 and Brd4, in Drosophila Fsh and in yeast Bdf1p and Bdf2p. In 

plants, BET family of proteins contain one bromodomain (the domain that specifically 

recognize the acetylation mark) and in human, mouse and fungi, BET harbor two 

bromodomains (BD1 and BD2) spaced  150 residues apart at its N-terminal end of the protein. 
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BET family of proteins also harbor an ET domain, which bears a protein-protein interaction 

motif. Brd2 and Brd3-associated chromatin is highly enriched at H4K5, H4K12 and H3K14 

acetylation. H3K9 di-methylation as a marker of facultative heterochromatin, also has been 

associated to regions that Brd2 and Brd3 were located (LeRoy, Rickards et al., 2008). Thus, on 

one hand, BET proteins interact with chromatin through their bromodomains and on the other 

hand they attract different protein complexes to the active chromatin through their ET domain 

(Florence & Faller, 2001).  

Brdt/BRDT is the mammalian homolog of TAF-1 in human and its expression is limited 

to male germ cells, precisely in pachytene-diplotene spermatocytes and during later stages all 

through spermiogenesis. Testis-specific expression of BRDT was also confirmed in mouse 

testis, after cloning the murine cDNA of this protein. It has been shown that, BRDT specifically 

binds the hyperacetylated N-terminal tail of histone H4. Interestingly, in vivo and in vitro 

studies revealed BRDT’s high capacity in chromatin remodeling only after hyperacetylation 

induction via TSA. In addition, in this study, the authors demonstrated that both BRDT 

bromodomains as well as the domains flanking bromodomains are necessary for the proper 

action of BRDT (Pivot-Pajot, Caron et al., 2003). In 2009, the crystal structure of BD1 bound 

to diacetylated H4 tail, revealed the cooperation between acetylated lysines (H4 K5 and K8) 

for binding to one common pocket. Surprisingly, BD1 was not able to bind mono-acetylated 

H3 and H4 peptides. Interestingly, a later study showed that in vitro BD1 can also bind 

nucleosomes bearing H4K5acK8ac, while BD2 could not bind nucleosomes at all (Miller et 

al., 2016). Functional studied using different mouse models showed that the binding H4 di-

acetylated K5 and K8 by Brdt’s BD1 mediates the histone eviction in elongating spermatids 

(Gaucher, Boussouar et al., 2012).  

These studies highlighted for the first time, the multi-acetylated ligand recognition of 

one pocket (here BD1) and its functional implications. These discoveries can have possible 

implications for the understanding of the functions and properties of other bromodomain-

containing factors such as BET family members, TAF-1 and CBP/p300 (Moriniere, Rousseaux 

et al., 2009). Furthermore, In vivo analysis in BrdtBD1/BD1 mice, revealed a defective 

spermatogenesis and abnormalities at the onset of elongating spermatids and histone-protamine 

exchange (Shang, Nickerson et al., 2007). In 2012, Gaucher et al, through a series of functional 

studies of Brdt-/-, BrdtBD1/BD1 and a dominant negative Brdt expressing mouse model, 

presented the first complete molecular analyses of this protein in its physiological context 
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during mouse spermatogenesis. RNA extracted from prepubertal and adult mice testes, 

revealed the first Brdt mRNA accumulation at 10-12 d.p.p. and the protein production at 12 

d.p.p. Brdt-/- mice showed a complete absence of post-meiotic cells but no defect in earlier cell 

stages in adult mice testes. In addition, transcriptomic analyses on Brdt-/- mice in 

pachytene/diplotene stage, revealed the downregulation of two-third and up-regulation of one-

third of the genes. Interestingly, ChIP-seq analysis revealed BRDT localization at the promoter 

of subset of genes with hyper acetylated TSSs. Moreover, despite the synthesis of TPs and 

Prms in BrdtBD1/BD1 mice, they remained inside the cytoplasm, following a complete arrest of 

spermatogenesis (Gaucher et al., 2012). All these data, point to BRDT as a master regulator of 

meiotic and post-meiotic male germ cell gene expression as well as an as well as an important 

mediator of histone-to-protamine exchange process.  
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2.3. Histone variants in mammalian spermatogenesis 

 As previously mentioned, during histone-to-protamine transition process in spermatids, 

canonical histone replacement by histone variants is one of the major steps towards genome-

wide histone removal. It is therefore, crucial to understand the precise functional and molecular 

mechanisms of various histone variants expressed in this process. In this chapter, in the context 

of spermatogenesis, different characteristics and the role of various mammalian histone 

variants, with a precise focus on murine variants, are discussed (Figure 24).  

 

 

Figure 24. Recapitulative of different stages of spermatogenesis with color-coded representation 

of testis-specific histone variants in each stage. Taken from (Bao & Bedford, 2016) 
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2.3.1. Histone H1 variants 

 Among linker histone H1 variants, H1t, H1T2 and HILS1 are specifically expressed in 

testis (Hergeth & Schneider, 2015).  

 

  H1t 

 H1t is specifically synthesized during prophase of the first meiosis, from mid to late 

pachytene spermatocytes, and remains in the nucleus until chromatin reorganization occurs 

during elongating stages and is lost after the initiation of chromatin compaction in spermatids 

(Wolfe & Grimes, 2003). H1t expression had been observed in rat, mouse, hamster, rabbit, 

monkey, bull and human (Grimes, Wolfe et al., 1990). In contrast to canonical H1, H1t binding 

capacity to chromatin is weaker, due to the absence of several repetitive DNA-binding motifs 

(S/TPKK- AAKK/AKKA-PKAAKAP- K/RPK/R) at its C-terminus (Khadake & Rao, 1995). 

These observations are indicative of the fact that H1t might induce less stability to the 

chromatin fiber compared to canonical linker histone H1 (De Lucia, Faraone-Mennella et al., 

1994, Khadake & Rao, 1995). In an attempt to investigate the role of H1t in spermatocytes, 

round and elongating spermatids, H1t gene was inactivated. These mice did not show any 

specific phenotype and the mice were fertile without any phenotypic defect in spermatogenesis. 

Further studies, demonstrated that the absence of H1t is to certain degree compensated by other 

linker H1s, leading to proper spermatogenesis and therefore fertilization (Drabent, Kardalinou 

et al., 1991, Govin et al., 2004, Lin, Sirotkin et al., 2000).  

 

 H1T2 

 H1T2 is expressed in round and stages 9-14 elongating/condensing spermatids and is 

specifically localized at apical pole within a cap-like structure at the inner periphery of the 

nuclear membrane under the acrosome. This observation was further detailed after H1T2 was 

observed in total nuclear extracts in which the majority of the protein was in the chromatin 

fraction. In addition, immunodetection analyses showed that the localization of this protein is 

asymmetrical within the chromatin domains in both round and elongating spermatids. In 



 74 

contrast to round spermatids where both H1t and H1T2 are expressed, they only share partial 

expression in elongating spermatids, since H1t disappears upon the initiation of elongation. 

Meanwhile, H1T2 expression is concomitant with TPs and Prms expression at the time of 

histone protamine transition. H1T2-/- mice revealed abnormal elongation and chromatin 

condensation as well as a strong impairment of fertility. Despite a decrease in litter volume, 

the pups did not show any defect and were normal and viable. Furthermore, the fertility 

capacity of H1T2+/- heterozygous mice was comparable to WT. Thus, the asymmetrical 

organisation of H1T2 in spermatids is essential for proper chromatin condensation during 

spermiogenesis (Martianov, Brancorsini et al., 2005, Tanaka, Iguchi et al., 2005).  

 

 HILS1 

 Spermatid-specific HILS1 is expressed in both mouse and human and HILS1 genes do 

not harbour introns and are located in the intron 8 of the alpha-sarcoglycan protein-coding 

gene. HILS1 counts for 10% of total chromatin protein in mouse spermatids. Protein alignment 

revealed that human and mouse HILS1 share 50% amino acid identity, in which 51% cover 

their globular domain. C-terminal and globular domain of human and mouse HILS1 are similar 

in size, while, human, HILS1 has a longer N-terminal region. Moreover, 20% of amino acids 

of this linker histone variant are strongly basic, such as lysine or arginine and its globular 

domain contain a winged-helix structure similar to H1 (Yan, Ma et al., 2003). Similar to H1T, 

HILS1 is only detected in spermatids between steps 9-15, in elongating and condensing 

spermatids nucleus, at the same time as the histone-to-protamine transition (Bao & Bedford, 

2016, Iguchi, Tanaka et al., 2004, Yan et al., 2003). The fact that the three types of H1 variants 

are expressed in different spermatids with little overlap in their expression timing, suggest the 

sequential action of linker histones in chromatin organization during spermiogenesis (Govin et 

al., 2004). Mass spectrometry analyses led to the identification of 15 novel PTMs on N-, C-

termini and globular domain of HILS1, including, lysine acetylation, serine/threonine and 

tyrosine phosphorylation sites (Mishra, Gupta et al., 2015). Meanwhile, the molecular 

significance underlying these PTMs is yet to be studied. Recent study on oligo-nucleosomes 

prepared on a sucrose gradient followed by ultracentrifugation, revealed that adding HILS1 on 

oligo-nucleosomes does not lead to chromatin compaction. In addition, this study demonstrated 
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the association of HILS1 with intergenic repetitive LINE-1 elements in spermatids (Mishra, 

Shalini et al., 2018).  

 

2.3.2. Histone H2B variants 

 Up today, most of the known H2B histone variants are exclusively expressed in male 

germ cells. 

 

 TH2B  

 TH2B or (TSH2B according to the new nomenclature) (El Kennani et al., 2017), was 

first identified in mature testis extract of several mammals, based on the biochemical 

fractionation and electrophoresis analyses (Branson, Grimes et al., 1975, Shires, Carpenter et 

al., 1975). In contrast to other histones, TH2B is conserved among species (Zalensky, Siino et 

al., 2002). Mass spectrometry analyses revealed that TH2B contains three additional 

phosphorylation sites and two (S11 and T22) at its N-terminal tail compared to somatic H2B 

(Lu, Xie et al., 2009). Gene invalidation analyses of Th2b without disturbing Th2a gene, was 

a challenge for decades for functional studies (Choi & Chae, 1993, Huh, Hwang et al., 1991). 

My host laboratory could design a strategy to specifically silence Th2b gene without affecting 

Th2a gene Montellier et al. (2013). 

The first functional studies on TH2B in its physiological context, during spermatogenic 

cell differentiation were carried out mainly through the generation of different mouse models 

(Montellier et al., 2013). In this study, in one construct, three consecutive affinity tags were 

introduced to the C-terminus of TH2B. In another mouse strain, the expression of TH2B was 

completely aborted. Results obtained from these mice revealed that from the beginning of 

meiosis, TH2B massively replaces H2B. Moreover, TH2B is expressed during the whole 

spermatogenesis process and its accumulation specifically starts in early spermatocytes, 

suggesting its wide-range of action during spermatogenesis. However, the complete absence 

of TH2B showed no defect during spermatogenesis and the mutant mice were fertile. However, 

in this model, a compensatory replacement of H2B was observed. Quantitative and 
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comparative proteomic approaches demonstrated that in the absence of TH2B, histones gain 

some novel PTMs located at strategic positions, capable of inducing the nucleosome instability 

and therefore mimicking the role of TH2B in its absence. For instance, among these PTMs, the 

methylation of H4R34, H4R55, H4R67 and H2BR72, residues that are implicated in histone-

DNA interaction, could potentially induce nucleosome stability.  

 Interestingly, in TH2B mutant mice containing three affinity tags at the C-terminus, no 

spermatozoa production was observed. In these mice spermatogenesis was blocked at the 

beginning of elongating stage. Our hypothesis, based on the data obtained is that  the presence 

of Tag at the C-terminus of TH2B, somehow affects the exchange of TH2B-TH2A by TH2B-

H2A.L.2, recently shown to be necessary for the invasion of nucleosomes by TPs and Prms 

and the final Prm assembly and genome compaction (Barral et al., 2017).   

Double Th2b-/- and Th2a-/- mice were infertile. In these mice, the absence of TH2B is 

compensated by the increase and accumulation of H2B, but no H2A accumulation has been 

observed. Therefore, probably an under-dosage of H2A in the nucleosome, disturb the proper 

chromatin organisation and hence prevents one to conclude on the specific role of TH2B and 

TH2A (Shinagawa, Huynh et al., 2015).  

 

 H2BFWT/H2B.W 

 Nucleosome reconstitution analyses showed that H2BFWT can replace the 

conventional H2B in the nucleosome despite its low homology (45%) with this conventional 

histone. However, the presence of H2BFWT in the nucleosome does not influence the structure 

of the nucleosome in terms of stability (Boulard, Gautier et al., 2006). H2BFWT has been 

associated to the telomeric chromatin in human mature spermatozoa (Churikov, Siino et al., 

2004). Additionally, SWI/SNF appeared to be capable of remodeling H2BFWT nucleosome. 

The same study revealed that the N-terminus of H2BFWT shares few homologies with the N-

terminus of conventional H2B. Additionally, H2BFWT-containing nucleosomes were 

defective for the recruitment of chromosome compaction factors and participate to the 

assembly of mitotic chromosomes (Boulard et al., 2006).  
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 SubH2Bv/H2B.L.1 

 SubH2Bv (H2B.L.1 according to the recent nomenclature) is a H2B variant first 

identified in bull, which is specifically expressed in male germ cells. This variant is located in 

the sub-acrosome of primates, rodents and marsupials as well as in bovids (Talbert, Ahmad et 

al., 2012). Moreover, it is located at the sub-acrosomal region in spermatozoa which is mostly 

implicated in the assembly of acrosome (Aul & Oko, 2002). In mice, SubH2Bv orthologs 

(H2B.L.1) were identified through proteomic approach in my host laboratory (Govin et al., 

2007).  

 

2.3.3. Histone H3 variants 

 In mammals, H3.1, H3.2, H3.3 and CENP-A are variants of canonical histone H3, 

that are ubiquitously expressed in every tissue. H3t is the testis-specific H3 variant.  

 

 Testis-specific H3  

 Testis-specific H3 was first reported about 40 years ago on the basis of peptide analysis 

(Franklin & Zweidler, 1977). H3T also known as H3.4 (Witt, Albig et al., 1996), is exclusively 

expressed in human, rat and mouse testis and at a lower extent in some somatic cells, 

specifically under pathological situations (Govin, Caron et al., 2005, Tachiwana et al., 2008, 

Trostle-Weige, Meistrich et al., 1984). H3t synthesis is initiated in spermatogonia and 

continues in spermatocytes and early spermatids (Trostle-Weige et al., 1984). FISH 

experiments revealed H3t gene localization on the chromosome 1 (1q42), which differed from 

the previously reported histone cluster localization on chromosome 6 (Albig, Ebentheuer et al., 

1996). Only 30 years after its discovery, the possible functions of this variant were proposed 

in human and mouse. In human, in vitro and in vivo analyses of H3T compared to conventional 

H3.1 revealed that H3T confers instability to the nucleosome. Crystal structures of H3T-

containing nucleosome demonstrated Met71 and Val111 residues at the both ends of H3T 2 

helix are responsible for inducing unstable nucleosome (Tachiwana, Kagawa et al., 2010). 

Other set of in silico approaches in mouse, revealed the replication-dependent H3t 
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incorporation in chromatin (Maehara, Harada et al., 2015). Finally, in 2017, functional studies 

were performed on H3t-deficient mice in order to reveal the role of this histone variant. H3t-

deficiency in these mice led to infertility and azoospermia with smaller testes size, suggesting 

that this variant is necessary for the development of early stages of spermatogenesis and its 

significant role in chromatin organization during these stages. However in this case there is no 

compensation of other H3 genes and hence it is not possible to distinguish between histone H3 

under-dosage and the specific function of H3t (Hoghoughi et al., 2018) In contrast to H3T in 

human, the crystal structure of H3t in mice demonstrated that Met71 and Val111 residues are 

not conserved in H3T mouse homologue. Furthermore, they revealed that H42 side chain of 

the H3t is less basic compared to equivalent R42 side chain of H3T in human, leading to a 

weaker electrostatic interaction with DNA entry-exit regions compared to H3.1. In addition, 

H3t in its histone fold shares a chaperone recognition motif (SAVM) with H3.1, H3.2 and H3T 

(Ueda, Harada et al., 2017).  

 

 H3.3 

 H3.3 is a replication-independent variant of the histone H3 gene family. In mice, H3.3 

gene is encoded by two different genes, H3f3a and H3f3b, which generate the same H3.3 

protein. The invalidation of each of these genes in mice models, revealed different 

consequences in these mice. H3f3a-/- mice lived until adulthood and male mice showed a 

decrease in the fertility rate and dysmorphic spermatozoa. Meanwhile, H3f3b mutants had 

growth-deficiency and died at birth (Tang, Jacobs et al., 2015). Other studies revealed, H3f3b 

disruption leads to abnormal chromatin organization, which inhibits proper protamine 

incorporation into the chromatin (Yuen, Bush et al., 2014). In somatic cells, H3.3 incorporation 

into chromatin is associated with a role of this specific histone variant at promoters and 

enhancers of active genes (Chen, Zhao et al., 2013). Interestingly, immunofluorescence 

analyses showed the disappearance of H3.1 and H3.2 in sex chromosomes during 

spermatogenesis. Meanwhile, measuring signal intensity by using an antibody which recognize 

the C-ter of H3.1, H3.2 and  Not H3.3 variant, revealed the de novo H3.3 nucleosome 

incorporation on sex-chromosomes during MSCI (van der Heijden, Derijck et al., 2007). The 

functional significance of this phenomenon remains obscure. In mice, H3.3 massive 

incorporation into paternal genome is essential for the pericentric heterochromatin de novo 
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assembly during post-fertilization, which also involves the polycomb complex. The disruption 

of H3.3K27 accumulation at this step, leads to aberrant heterochromatin transcripts 

accumulation, perturbation of the proper chromosome segregation and a developmental arrest 

(Santenard, Ziegler-Birling et al., 2010). A combination of H3.3 and H2A.Z in nucleosomes of 

promoters and enhancers in stem cells, has been demonstrated to be an efficient combination 

for inducing chromatin instability and promoting transcriptional activity (Chen et al., 2013, Jin 

& Felsenfeld, 2007).  

 

2.3.4. Histone H2A variants  

 Various histone H2A variants are expressed in testis. Among these H2A.X, H2A.Z, 

macroH2A and H2A.Bbd are ubiquitously expressed in tissues and TH2A, H2A.L.1, H2A.L.2, 

H2A.L.3 and H2A.B.3 are uniquely expressed in testis. Testis-specific H2A variants are further 

discussed in this section.  

 

 TH2A  

 TH2A is incorporated into the chromatin during meiosis. It exists at its highest level in 

pachytene spermatocytes and it gradually disappears around the end of elongating spermatids 

(Hoghoughi et al., 2018). MNase digestion of pachytene chromatin revealed, TH2A 

incorporation induce nucleosome instability (Rao & Rao, 1987). TP incorporation into the 

chromatin was deficient in TH2A-/- and TH2B-/- mice mutants and defective spermatids were 

generated in testes (Shinagawa et al., 2015). Structural analysis of TH2A-containing 

nucleosomes revealed a dramatic defect in histone-dimer DNA contacts due to the modified 

residues at N- and C- terminal ends of histone variants (Padavattan, Thiruselvam et al., 2017). 

Recently, mass spectrometry analyses in mice, identified TH2A-Thr 127 phosphorylation at 

the time of chromatin condensation in spermiogenesis and during early embryonic mitosis. 

Upon chromatin condensation, TH2A-Thr 127 phosphorylation is co-localized with H3.3 

variant at TSSs of the genome and is removed immediately after fertilization. Interestingly, 

phosphorylated TH2A gets accumulated on maternal and paternal pericentromeric 

heterochromatin regions upon the early embryo divisions (Hada, Masuda et al., 2017).  
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 H2A.L.1, H2A.L.2 and H2A.L.3 

 In my host laboratory, more than 10 years ago, a proteomic approach on condensing 

spermatids, allowed the discovery of mouse testis-specific H2A.Like 1, H2A.Like 2 and 

H2A.Like 3 histone variants. Among these 3 variants H2A.L.2 shares 70% homology with the 

conventional H2A. The antibody made against the newly-identified variants H2A.L.2 was not 

able to detect H2A.L.1 (Barral et al., 2017) . On the other hand, western blot analyses revealed 

the absence of H2A.L.3 either in germ cells or in whole testis. Thus, further investigations were 

carried out on H2A.L.1/2 variants. About 10 years later, the spatio-temporal H2A.L.2 and TPs 

co-expression in elongating spermatids were demonstrated (Barral et al., 2017). IF, WB and 

IH analyses showed that these variants first appear during step 9 in elongating spermatids and 

their expression increases in condensing spermatids. DNA FISH analyses using pericentric 

heterochromatin-specific probes, revealed the preferential H2A.L.2 localization to dapi-dense 

regions of chromatin, which here represent pericentric heterochromatin. IF analyses on de-

condensed spermatozoa confirmed that H2A.L.2 persists in mature spermatozoa and is not 

replaced with protamines. However, it rapidly disappears from paternal heterochromatin after 

fertilization (Wu, Caron et al., 2008). Interestingly, H2A.L.2 showed preferential dimerization 

with TH2B in nucleosomes, which leads to nucleosome-instability (Govin et al., 2007).  

 Nucleosome H2A.L.2 incorporation is associated with the generation of unstable 

nucleosomes. Conventional H2A at its C-terminal harbor a “docking domain” which is 

responsible for H2A-H3 interaction within the nucleosome. In addition, H2A, harbors six 

acidic residues at the surface of the nucleosome referred to as “acidic patch”, which interact 

with basic residues at N-terminal of the H4 of the adjacent nucleosome and hence can mediate 

a chromatin compaction (Chodaparambil, Barbera et al., 2007, Zhou, Fan et al., 2007). On the 

other hand, the docking domain of H2A.L.2 is shorter and has different protein sequence 

compared to H2A (Syed, Boulard et al., 2009).  

Molecular investigations on the role of H2A.L.2 involving H2A.L.2-/- mice, unraveled 

the importance of this histone variant in the process of histone-to-protamine transition. 

H2A.L.2 incorporation into nucleosome induces instability leading to a more “open” 

nucleosome structure. This allows nucleosome invasion by TPs, which themselves create a 

platform for in-coming pre-Prm2 and allowing the proper processing of this Prm. Mature Prms 

then win the competition with TPs/histones for DNA-binding. In the absence of H2A.L.2, TPs 
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accumulate on the nucleosomes and their incorporation is disrupted due to the “close” state of 

nucleosomes. This TPs accumulation on the nucleosomes, leads to a defective pre-Prm2 

processing, pre-Prm2 accumulation on the nucleosomes and defective Prm incorporation inside 

the nucleosome. Electron microscopy analyses revealed that H2A.L.2 mutant mice have a 

defect in chromatin compaction and they are infertile (Barral et al., 2017).  

 

 H2A.Lap 1-4 

 An in silico study led to the identification of four H2A variant referred to as H2A.Lap1-

4 (Lack of Acidic Patch). As mentioned previously, the acidic patch refers to a series of six 

acidic residues present on the surface of the nucleosome and allow the inter-nucleosomal 

interaction in order to facilitate chromatin compaction (Soboleva, Nekrasov et al., 2011).  

Further analysis revealed that some of these variants had been already identified in my host 

laboratory (Govin et al., 2007). Therefore, H2A.L.2 is H2A.Lap3; H2A.L.1 is H2A.Lap2; 

H2A.L.3 is H2A.Lap4 and H2A.Lap1 is now known as H2A.B.3 (El Kennani et al., 2017).  

  

 H2A.B.3  

 H2A.B.3 or (H2A.Lap1) mRNA expression in initiated at day 19 ppt at pachytene 

spermatocyte stage and is highly enriched in round spermatids. The incorporation of H2A.B.3 

as well as its human homolog H2A.Bbd, into the nucleosome is associated with the creation of 

unstable nucleosomes, harboring only 120bp of DNA (Montel, Menoni et al., 2009, Soboleva 

et al., 2011). Lack of acidic patch at the surface of the nucleosomes bearing H2A.B.3, weaken 

its capacity of mediating chromatin compaction. In elongating spermatids, this variant is 

located in cytoplasm probably because if its replacement by H2A.L.2, before genome-wide 

histone-protamine exchange. Interestingly, in round spermatids, H2A.B.3 is mainly located in 

euchromatin, but it is also located at inactive heterochromatic X and Y chromosomes. CHIP-

seq analyses revealed the enrichment of H2A.B.3 at the TSS of highly active genes in late 

pachytene and round spermatids, suggesting its role in gene activation. Furthermore, H2A.B.3 

is linked to the genes which escape X chromosome inactivation in late round spermatids 

(Soboleva et al., 2011).  
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 In addition to TSS regions of active genes, ChIP-seq analyses revealed the association 

of H2A.B.3 with intron-exon boundary within the gene body of active genes in testis as well 

as in brain. In contrast to previous data, these ChIP-seq analyses revealed the negative 

correlation between H2A.Z and transcription, and demonstrated the intron-exon boundary sites 

are depleted from H2A.Z. Interestingly, RNA-binding gel-shift assays and RNA pull down 

analyses, revealed that H2A.B.3 was associated with RNA, through its 6 arginine-containing 

RNA binding motif located at the N-terminal of the protein. The link between H2A.B.3 and 

RNA is highly correlated with gene transcription. RNA IP analyses further revealed the 

association between H2A.B.3 and the intron-exon boundaries and the splicing speckles 

(Soboleva, Parker et al., 2017).  

 Various combinations of H2A, H2A.Z and H2A.B.3 have been proposed near or within 

the TSS regions of active genes. Recent work did not allow to link H2A.Z-containing 

nucleosomes to the gene transcription (Soboleva et al., 2017). In addition, H2A.Z genome 

mapping with H2A.B.3 revealed a link between these two H2A variants. This H2A variants 

combination could be defined as a mark of specific pattern of gene expression among a subset 

of genes. Additionally, these histone variants could directly regulate RNA, RNA processing 

and splicing.  

 

3. Paternal transgenerational epigenetic inheritance  

 Transmission of Genomic DNA from one generation to another defines the basis of 

transgenerational inheritance, which is essential for the maintenance and transfer of our genetic 

heritage to other generations. Meanwhile, epigenetic inheritance through sperm, such as 

transmission of covalent DNA modifications, persistence of nucleosomes, specific histone 

variants and histone marks, chromatin architecture and small RNAs, is essential and greatly 

contributes to the completion of this transmission. Here, the transmission of some specific 

histones (nucleosome retention) and small RNAs through sperm, and their potential role in 

early embryo development, are further discussed.  
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3.1. Nucleosome retention in mature sperm 

 During spermiogenesis, male genome is packed with Prms, but to some extent, certain 

fractions of histones remain in the mature sperm and therefore they are transmitted to the next 

generation and could provide a possibility for epigenetic inheritance. About 10 years ago, we 

thought histones compose 10-15% of the male genome in mature human sperm (van der 

Heijden, Ramos et al., 2008), in mice only 1% (or 8-10%) of the mature sperm genome is 

composed of histones (Erkek et al., 2013, Jung et al., 2017, Yoshida, Muratani et al., 2018). 

The early works showed that in human nucleosomes remaining in sperm genome are highly 

enriched at promoters of genes that are involved in embryonic development such as HOX gene 

clusters as well as imprinted genes and microRNA clusters (Hammoud, Nix et al., 2009). 

CHIP-seq experiments in human and mouse spermatozoa, revealed the enrichment of 

H3K27me3, a modification related to transcriptional repression is enriched near TSS of 

regulatory genes with developmental function in early embryo. These observations suggested 

the propagation of this repressive mark through polycomb complex 2, in order to maintain the 

state of totipotency in early embryo stages of development. Additionally, these experiments 

also detected H3K4me2 enrichment in testis-specific and housekeeping genes, but their 

functional significance remains to be investigated (Brykczynska, Hisano et al., 2010). Further 

investigations in mouse sperm, highlighted the specific localization of residual histones in 

unmethylated CpG-rich sequences. In addition, Chip-Seq and RNA-seq analyses demonstrated 

also a high enrichment of H3.3 at TSS regions in mouse sperm suggesting a role for histone-

variants in these cells (Erkek et al., 2013).  

 Other investigations involving high throughput sequencing of the MNase digested 

mono-nucleosomes in human and bovine sperm, surprisingly showed nucleosome retention at 

intergenic and gene-poor regions, specifically in centromere repeats and retrotransposons such 

as LINEs and SINEs (Samans, Yang et al., 2014). In this study they focused on octamer 

nucleosomes and 146bp length of DNA. Later in the same year, another study by using an 

advanced nucleosome mapping technique (paired-end deep sequencing of an entire MNase 

digestion ladder) (Henikoff, Belsky et al., 2011), confirmed the nucleosome enrichment in gene 

poor regions. In contrast to the first reported works, this study shows that nucleosomes are 

generally depleted from the developmental promoters (Carone, Hung et al., 2014). A recent 

study, by examining the quality of sperms obtained from swim-up technique (the experiment 
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in which cauda epididymis is maintained in a 5cm tube in appropriate medium at 37°C, in order 

for spermatozoa to swim up), demonstrated that the swim up fraction contains the “histone 

replacement-uncompleted sperms” (Yoshida et al., 2018). This observation suggested that most 

of the nucleosomes found in all of the reported analyses are not yet completely replaced by 

protamines. Therefore, these authors developed a method in which they isolated only the 

fraction of sperms with complete histone replacement. Chip-Seq analyses on the histone 

replacement completed sperm cells, seem to confirm the early reports and point to histone 

retention on the promoters of specific genes, important for early embryo development.  

 

3.2. Non-coding RNA populations 

 In addition to DNA provided by both male and female gametes, other information and 

factors are also transferred to the embryo during fertilization and could contribute to 

embryogenesis. Among these factors, different types of RNAs are transmitted from sperm cell 

to the offspring. Small RNAs including miRNAs, endo-siRNAs and piRNAs are crucial for 

mammalian development. Expression timing of each of these RNAs are different throughout 

the development. For instance, piRNAs are expressed during spermatogenesis. Endo siRNAs 

are crucial for oocyte meiosis and miRNAs are ubiquitously expressed in somatic tissues. 

Additionally, in mammals, sperm carries long as well as small non-coding RNAs such as 

piRNAs and microRNAs and they have been recently identified as the post-transcriptional 

regulators during development (Figure 24) (Suh & Blelloch, 2011). miRNAs have been shown 

to be crucial for the spermatogenesis (Bouhallier, Allioli et al., 2010, Yan, Dong Xda et al., 

2009). For instance, Dicer mice mutants revealed a defect in spermatozoa production (Hayashi, 

Chuva de Sousa Lopes et al., 2008). On the other hand, piRNAs are also essential for 

spermatogenesis. Based on their timing of expression and the piwi proteins that they are 

associated, piRNAs have been separated into two groups: repetitive and non-repetitive (Aravin, 

Gaidatzis et al., 2006). Repetitive class of piRNAs are expressed before meiotic pachytene and 

the second non-repetitive class of piRNAs are expressed during the pachytene stage (Aravin & 

Bourc'his, 2008). Repetitive piRNAs have been shown to be associated with the repression of 

transposable elements in spermatogenesis and they enhance de novo DNA demethylation of 

the transposons (Aravin & Bourc'his, 2008, Malone & Hannon, 2009).  
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Interestingly, a recent study by characterizing the developmental dynamics of small 

RNAs in multiple purified sperm populations from testis and post-testicular maturation, 

demonstrated that first, the majority of RNA contents of mature sperm cells are tRNAs. 

Second, in vitro and in vivo tRNAs tracking from epididymis to sperm cells, unraveled that 

these tRNAs, which are generated in somatic cells of epididymis are transferred to the germ 

cells through the epididymosomes from epididymis to mature sperm. During the maturation of 

sperm cells, a drastic change of small RNAs content from piRNAs to tRNAs takes place 

between testicular sperms and the epididymis sperm cells (Sharma, Sun et al., 2018).  These 

studies highlight the importance of sperm small RNA content for early development and also 

shed light on how environmental information is transferred from somatic to germ cells.  

 

Figure 24: Schematic representation of differential small RNAs in sperm and during early 

embryonic development. Taken from (Suh & Blelloch, 2011).  

 

 

Upon fertilization the maternal and paternal chromatin undergo a series of 

rearrangements for the zygote to totipotent. Paternal chromatin undergoes a genome-wide 

protamine-to-histone exchange as well as an active DNA demethylation, which is visible by 

immunofluorescence and in every loci (Beaujean, Taylor et al., 2004, Mayer, Niveleau et al., 

2000). However, keeping a memory of the parental origin of the genome, is essential for 

imprinting and dosage compensation (Surani, 2001). Additionally, the parental memory is a 

key to defining functional regions of chromatin, for instance constitutive heterochromatin in 

embryo. These functional regions are located near the centromeres and are essential for 

chromosome segregation (Probst, Dunleavy et al., 2009). During early embryonic 
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development, paternal pericentric domains lack pericentric marks such as H3K9me3 and 

HP1. In fission yeast and in plants the transcription of pericentric heterochromatin has been 

shown essential for the chromatin formation and transcriptionally silent state (Verdel, Jia et al., 

2004, Zaratiegui, Irvine et al., 2007). Various non-coding RNAs have been shown to be 

implicated in silencing of chromatin domains during dosage compensation and genomic 

imprinting. 3D FISH analyses demonstrated that maternal pericentric regions bear silencing 

marks such as H3K9me3, H4K20me3 and HP1beta, whereas paternal pericentric regions only 

bear HP1beta mark (Probst, Santos et al., 2007). RNA FISH analyses, on zygote, 2-cell, 4-cell 

and 8-cell stage embryo, revealed an expression burst of forward and reverse pericentric 

transcripts from 2-cell until 4-cell stage followed by a subsequent decrease after the formation 

of chromocenters. Interestingly, an attempt to inhibit the pericentric major satellite by DNA-

LNA gapmers injection caused developmental arrest in early embryo stages. Therefore, the 

combined expression of forward and reverse major transcripts during early embryonic 

development, suggest an important role for the regulation and establishment of pericentric 

heterochromatin domains of paternal chromatin for ensuring the subsequent proper cell 

divisions (Probst et al., 2010).  

 Although many studies in mammals, have unraveled the importance of small and long 

non-coding RNAs in early embryonic development, the questions still remain regarding the 

transmission of pericentric satellites and their concrete functional and mechanistic importance 

for offspring, is yet to be defined.  

  



 87 

 

 

 

 
 

Thesis Objectives 
  



 88 

  



 89 

Mammalian Spermatogenesis represents an exceptional model for studying chromatin 

organisation and genome reprogramming. Understanding the specific step-by-step molecular 

mechanisms underlying this extreme reprogramming, could greatly advance our knowledge, 

first, on the spermatogenic cells’ chromatin reprogramming and second, on the general 

comprehension of chromatin remodeling in other physiopathological contexts. During the last 

decade, my host laboratory developed tools and suitable animal models, which led to the 

identification of testis-specific factors that are at the heart of this genome-wide chromatin 

reprogramming. 

Data from our laboratory show that a wave of genome-wide histone hyperacetylation 

initiates this reprogramming in post-meiotic (elongating) spermatids. Following this genome-

wide histone hyperacetylation, during the final stages of spermatogenesis, an almost complete 

histone eviction and their replacement by Prms occur. My host laboratory recently identified 

the essential role of two testis-specific factors NUT and histone variant H2A.L.2 in the 

genome-wide histone hyperacetylation and in histone eviction in elongating and condensing 

spermatids, respectively.  Additionally, the functional interaction between NUT and p300 

enhances the HAT activity of this enzyme leading to H4 histone hyperacetylation and 

preparation for histone replacement (Shiota et al., 2018). The incorporation of H2A.L.2 

subsequently to the function of NUT and p300, prepares nucleosomes for TP invasion and 

proper Prm processing and assembly (Barral et al., 2017). As observed previously (Govin et 

al., 2007), a fraction of H2A.L.2 remains associated to the pericentric heterochromatin regions 

in the mature spermatozoa and is not replaced by Prms. Interestingly, these two last studies 

found the presence of sub-nucleosomal structures after extensive MNase digestion during 

nucleosome-to-nucleoprotamine transformation.  

My work aimed first:  

- To investigate the detailed mechanistic insight into the activation of p300 with the 

aim to better understand its specific activity in histone hyperacetylation in 

elongating spermatids.  

 

and Second:  

- To characterize the impact of H2A.L.2-containing sub-nucleosomal structures on 

the final spermatozoa chromatin organisation, and decipher the mechanisms 
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underlying the specific H2A.L.2’s association with the pericentric heterochromatin 

regions in the mature spermatozoa 
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I. The molecular basis of the p300 acetyltransferase activation 

As previously reported by my host laboratory (Shiota et al., 2018), NUT enhances the 

HAT activity of p300 especially on histone H4 lysines 5 and 8 residues in post-meiotic 

spermatids. Moreover, histone hyperacetylation is associated with the genome-wide histone 

removal in elongating spermatids. Therefore, deciphering the molecular mechanisms of p300 

activation is the first step towards the understanding the regulatory mechanisms underlying the 

genome-wide histone hyperacetylation. 

This work reports for the first time, the link between transcription factors, p300 

activation and chromatin modification. Here we show that transcription factor dimerization 

leads to the trans-autoacetylation of a lysine-rich auto-inhibitory loop (AIL), within the HAT 

catalytic domain of p300. This AIL serves as a pseudosubstrate inhibiting the access of 

substrates to the p300 catalytic site. Once p300 is activated (AIL acetylated) and histones 

acetylated, it recognizes acetylation on adjacent histones and propagate histone acetylation. 

This work also illustrates how transcription factors, the proteins that recognize a 

specific DNA sequence and determine where and when genes are regulated, control histone 

acetylation. Histone acetylation is specifically initiated at the level of a DNA sequence 

recognized by transcription factors, which explains why the DNA of active genes is also 

specifically associated with acetylated histones. However, in the case of spermatogenesis p300 

activation is ensured by Nut, which is not a transcription factor. Taken together, these 

investigations bring important indications on how Nut may activate histone acetylation in 

spermatids and how this enzyme can ensure histone acetylation propagation, a phenomenon, 

which leads to H2A.L.2 incorporation and nucleosome transformation. 

 During my PhD, I participated to the functional experiments of this project mostly 

reported in Figure 4 of the article and some supplementary figures.   
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Summary  

A genome-wide uncharacterized nucleosome disassembly accompanies histone-to-protamine 

replacement in maturing spermatozoa. Here we show that the nucleosome dissociation process 

in haploid male germ cells creates an opportunity for the testis-specific H2A.L.2-TH2B dimer 

to strongly interact with DNA, while H3-H4 tetramer is being displaced, generating a new 

dimer-based transitional structural unit, which persists in mature spermatozoa. Additionally, 

H2A.L.2 possesses the intrinsic ability to specifically target the pericentric regions of the 

genome leading to a stable maintenance of H2A.L.2-TH2B on these regions in spermatozoa. 

Our functional investigations indicate a critical role for RNA in the dynamic turnover of 

H2A.L.2 and in controlling its pericentric localization. These data not only highlight the 

unexpected ability of H2A-H2B species to organize the genome in the absence of histone H3-

H4 tetramer but also reveal the heterogeneous nature of the histone-based genome organization 

of the male genome. This work has general conceptual implications in the understanding of the 

molecular basis of genome bookmarking as well as in the debated transmission of positional 

information to the zygote. 
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Introduction 

The transformation of the universal basis of the genome organization in eukaryotes into a new 

protamine-based DNA packaging system during spermatogenesis remains one of the most 

fascinating open questions in biology. In mammals a near genome-wide histone removal occurs 

during the post-meiotic stages of spermatogenesis in specific cell types known as elongating 

and condensing spermatids. Histone removal is also proceeded by a genome-wide histone 

acetylation, especially on H4 lysine 5 and lysine 8 (Shiota et al., 2018), creating a specific 

binding site for the first bromodomain of the testis-specific BET factor, Brdt (Miller, Simon et 

al., 2016, Moriniere et al., 2009, Sasaki, Ito et al., 2009)We previously showed that Brdt is 

required in turn for the removal of histones and loading of nucleosomes by Transition Proteins 

(TPs) and protamines (PRMs) (Barral et al., 2017). Our work on the involvement of histone 

variants in this process also led us to the discovery of a series of testis-specific H2A and H2B 

histone variants as potentially interesting candidates in the control of post-meiotic male 

genome organization (Govin et al., 2007). One of these variants, which we named H2A.L.2, 

displays the remarkable property to be expressed during late spermatogenesis at the time of 

histone removal (Govin et al., 2007) and therefore appeared as a particularly interesting 

candidate for further studies. We demonstrated that this histone H2A variant dimerizes with 

the testis-specific H2B variants, TH2B (Govin et al., 2007; Montellier et al., 2013) and is co-

expressed with TPs (Barral et al., 2017). We also observed that the transformation of 

nucleosomes into nucleoprotamins involves the appearance of transitional states, characterized 

by a shorter DNA fragment protected against MNase digestion (Govin et al., 2007; Barral et 

al., 2017). These studies questioned the dogma of the successive replacement of histones, first 

by TPs, themselves later replaced by PRMs. Indeed our in vitro and in vivo data strongly 

suggested that H2A.L.2-TH2B incorporation opens the nucleosomes, allowing TPs to be 

loaded. TPs do not displace the full histone complements from DNA but buffer and control the 

action of PRMs, which are the true histone displacers (Barral et al., 2017). 

Although these investigations brought important clarifications on the molecular basis of the 

transformation of the nucleosomes into nucleoprotamines, the actual impact of these 

transitional states on the final organization of the male genome in spermatozoa has remained 

an open question. 
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Here we precisely address the issue of the fate of transitional states observed in condensing 

spermatids, during the establishment of the final structure of the mature male genome in 

maturing spermatozoa. 

The most remarkable finding reported here is that H2A.L.2-TH2B presents the unique property 

to strongly interact with DNA, hence offering a resistance to the pressure of TP-PRM in histone 

displacement. We also show that, within a spermatozoa population, in a high proportion of the 

genomic positions associated with nucleosomes, sub-nucleosome particles are also present, 

suggesting a cell-to-cell variability in terms of full nucleosome retention. Our interpretation is 

that, in genomic positions escaping nucleosomes removal, the pressure from protamines would 

lead to a phenomenon of variegation in term of nucleosome integrity in any given position. 

Under these conditions, the capability of H2A.L.2-TH2B to strongly interact with DNA 

ensures a histone-based genome organization in the absence of full nucleosomes. We also 

demonstrate that H2A.L.2 has the intrinsic ability to target pericentric heterochromatin, 

differentiating these regions from the rest of the genome in mature spermatozoa. Finally, our 

findings shed new light on the real nature of the male genome organization in spermatozoa and 

bring new arguments feeding the debates on nucleosome retention in mature spermatozoa. 
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Results 

H2A.L.2-TH2B dimer based spermatogenic cell genome organization  

Previously we showed that extensive MNAse digestion of chromatin from condensing 

spermatids, in addition to the surviving nucleosomes, releases sub-nucleosomal fragments. 

These fragments correspond to dissociating nucleosomes, which we named “small structures” 

(Barral et al., 2017, Govin et al., 2007, Montellier et al., 2013).  

In order to have unbiased information on the nature of the histones composing these structures, 

we set up two independent purification procedures based on the capture of DNA through 

hydroxy-apatite or the capture of basic proteins using heparin-coated beads. After extensive 

digestion of condensing spermatids chromatin by MNase, the released nucleosomes and the 

small structures were independently captured by hydroxy-apatite and heparin and the 

associated histone complement was identified (Fig. 1A). The same procedure was applied to 

nucleosomes from a mixture of total spermatogenic cells, and used as a reference for relative 

quantification of the identified histones in the surviving nucleosomes or in the small structures 

in the condensing spermatids.  

The results obtained demonstrated a depletion of H3 and H4, as well as an enrichment of 

H2A.L.2/L1 species in the small structure (Fig. 1B).  

These experiments demonstrate that during the invasion of nucleosomes by TP/PRMs and the 

subsequent histone displacement, histone octamer dissociates into TH2B-H2A.L.2 dimers and 

H3-H4 tetramers. Unexpectedly, under these conditions, TH2B-H2A.L.2 dimers remain bound 

to DNA and therefore captured by hydroxyapatite, while H3 and H4 are displaced (Fig. 1C). 

The depletion of H3 and H4 was also observed following the heparin capture of the small 

structures suggesting that these histones are not present in these fractions even under free 

forms.  

These observations prompted us to propose the hypothesis that H2A.L.2-TH2B dimers may 

provide a basis for a yet uncharacterized male genome specific organizational unit, independent 

of H3 and H4. To this end, we decided to consider the biochemical properties of H2A.L.2-

TH2B histone dimers compared to canonical H2A-H2B dimers. 
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H2A.L.2-TH2B dimers present enhanced DNA-binding compared to 

canonical H2A-H2B. 

H2A.L.2 and TH2B were produced in bacteria, purified and used in different combinations to 

generate nucleosomes along with purified H3 and H4. 

Thermal stability assays showed that H2A.L.2-TH2B dimer-containing nucleosomes are 

remarkably more stable than nucleosomes bearing H2A-H2B. H2A.L.2 and TH2B shared the 

ability to independently increase the stability of the corresponding nucleosomes but to a lesser 

extent compared to the H2A.L.2-TH2B (Fig. 2A).  

In order to better understand the basis of the activity of the H2A.L.2-TH2B dimer, we decided 

to study the DNA-binding activity of different combinations of H2A-H2B dimers 

independently.  

The binding of histone dimers with DNA was monitored by the formation of slow migrating 

bands in a gel-shift assay on a native gel. This experiment revealed a clearly enhanced DNA-

binding property of the H2A.L.2-TH2B dimer compared to the other combinations of the 

considered H2A-H2B species (Fig. 2B). In all cases, compared to H2A-H2B, H2A.L.2-TH2B 

generated more intense shifted bands. In these sets of experiments, H2A-TH2B and H2A.L.2-

H2B dimer combinations also resulted in a shifted band intensity which was intermediary 

between those observed when H2A-H2B (lowest) and H2A.L.2-TH2B (highest) were assayed 

(Fig. 2B).  

These experiments revealed new properties of H2A.L.2-TH2B containing nucleosomes, which 

were found more stable than canonical nucleosomes. This result was unexpected since we 

previously showed that H2A.L.2-TH2B containing nucleosomes are in an open configuration 

ready to load TPs and that H2A.L.2-TH2B containing octamers are very unstable and break 

into dimers and tetramers (Barral et al., 2017). A stronger interaction of H2A.L.2-TH2B with 

DNA, as shown here, nicely explains this apparent discrepancy regarding the property of 

H2A.L.2-TH2B containing nucleosomes. These observations are indeed fully supported by a 

recent investigation considering the structures of partially unwrapped transient nucleosome 

intermediates which revealed that rearrangements in the H2A–H2B dimer strengthen 

interactions with the unwrapping DNA and promote nucleosome stability (Bilokapic, Strauss 

et al., 2018). Under these conditions, the replacement of H2A–H2B dimers by H2A.L.2-TH2B 
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dimers should confer a greater stability to the corresponding nucleosome because of the 

enhanced DNA-binding activity of this dimer. 

Finally, we also incubated H2A.L.2-TH2B or H2A-H2B dimer-DNA complexes with purified 

TP1 and TP2 to mimic small structures in the context of condensing spermatids. 

Figure 2C and 2D show that under these conditions, TPs do not strongly interact with naked 

DNA (lanes 1 - 4), but efficiently interact with dimers-DNA complexes (lanes 5 – 12). These 

experiments suggest that, compared to naked DNA, TP binding is favored in the presence of 

histone dimer-DNA complexes.  

This stronger interaction of H2A.L.2-TH2B with DNA allows for the establishment of more 

stable histone-TP-DNA complexes as can be judged by a clear shift of H2A.L.2-TH2B-DNA 

complexes compared to that of H2A-H2B-DNA complexes (compare lanes 5 – 7 to lanes 10 – 

12), which tend to dissociate in the presence of TPs (lanes 5 – 7, the smear above the naked 

DNA). 

This mechanism could be important to enable TPs to dissociate nucleosomes, i. e., dissociating 

histone dimers from the H3-H4 tetramer (Fig. 1D), rather than displacing the whole histone 

octamer from DNA. 

  

H2A.L.2 has the intrinsic property to target pericentric heterochromatin 

Previously, we showed that H2A.L.2 is expressed at the same time as transition proteins and is 

required for the loading of TPs onto nucleosomes (Barral et al., 2017) However, considering 

spermatogenic cell stages that follow histone removal, a fraction of H2A.L.2 survives in 

restricted regions of the nucleus in condensing spermatids as well as in epididymal 

spermatozoa (Fig. 3A). Careful consideration of the sub-nuclear domains associated with the 

surviving H2A.L.2 reveals that they largely correspond to the DAPI-bright regions that are 

known to be mostly enriched in the pericentric major satellite DNA (Fig. 3A, condensing 

spermatids). 

These observations indicate that, although upon its synthesis H2A.L.2 is incorporated in a 

genome-wide manner (Fig. 3A. elongating spermatids) and plays a role in the genome wide 

opening of nucleosomes and in the loading of TPs onto nucleosomes and the subsequent 
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nucleosome dismantlement by PRMs (Barral et al., 2017), the pericentric regions present a 

particular status. Indeed, in condensing spermatids, H2A.L.2 could be observed in the DAPI-

bright pericentric regions, in contrast with its disappearance from the rest of the genome, a 

situation which persists in mature spermatozoa (Fig. 3A, condensing spermatids and 

spermatozoa).  

However, a co-detection of H2A.L.2 and PRM indicates that the pericentric regions do not 

exclusively contain these histone-based structures and that they are also largely protaminized 

(Fig. 3A, spermatozoa). 

In order to better understand the nature and origin of these structures in late spermatids and in 

maturing spermatozoa, we decided to deeply characterize their molecular properties and 

investigate the mechanisms directing their formation.  

For this purpose, we used somatic cells, a totally irrelevant system, to know whether the 

pericentric localization of H2A.L.2 is specific to the context of spermatogenic cells or if it 

could also be observed in an unrelated context upon its ectopic expression in somatic cells. 

To this end, we chose NIH3T3 cells, which display clear DAPI-bright pericentric 

heterochromatin foci (chromocenters), to ectopically express H2A.L.2. In parallel, we 

expressed H2A.B.3, a short H2A histone variant, which is structurally close to H2A.L.2, but 

in contrast to H2A.L.2, is expressed in meiotic and early post-meiotic cells and disappears later 

when H2A.L.2 is expressed (Soboleva et al., 2011). We also used the replication-dependent 

H2A as another control. 

Figure 3B shows that H2A.L.2 is mostly observed in the pericentric regions in the completely 

out-of-context situation of somatic cells. Under the same conditions, despite important 

sequence and structural similarities between H2A.L.2 and H2A.B.3, the latter was unable to 

concentrate in the pericentric regions and showed a similar pattern of nuclear distribution as 

H2A.  

Based on this experiment, we conclude that H2A.L.2 has the intrinsic property to target the 

pericentric heterochromatin and that no other testis-specific factor is required for this particular 

genomic targeting of H2A.L.2. 

An additional control consisted in the expression of a chimeric protein bearing a major satellite-

specific zinc finger fused to the VP16 activation domain (Ptvlp64) (gift from Maria-Elena 
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Toress Padillas). The expression of this protein leads to a complete disorganization of the 

chromocenters, as can be judged by the dispersion of the DAPI-bright regions in the nucleus. 

Interestingly, under these conditions the co-localization of H2A.L.2 and the DAPI-dense 

regions of the genome was completely lost (Fig. 3B). Since under these conditions the 

structural and the “epigenetic” nature of the heterochromatin is largely destroyed by the 

targeted activity of VP16, these observations exclude the specific recognition of the major 

satellite sequence by H2A.L.2, as the basis for the localized accumulation of this variant in the 

pericentric regions.   

 

Pericentric localization of H2A.L.2 is controlled by its N-terminal RNA-

binding motif.     

H2A.L.2 belongs to a group of short H2A variants that all lack the typical H2A acidic patch, 

and present a shorter C-terminal docking domain than the canonical H2As (Molaro, Young et 

al., 2018, Soboleva et al., 2011). Additionally, H2A.L.2 shares with H2A.B.3 a remarkable 

enrichment in arginine residues (Fig. 4A), which, in H2A.B.3, was shown to be involved in 

binding RNA and controlling its intracellular localization (Anuar, Kurscheid et al., 2019). 

In order to test the role of this putative RNA-binding domain at the N-terminal of H2A.L.2, we 

replaced this region by the corresponding region of H2A. 

The ectopic expression of this mutant of H2A.L.2 (H2A.L.2-H2Anter) in NIH3T3 cells showed 

an enhanced localization of the protein in the pericentric regions, which was unexpected. 

Indeed, compared to wild-type H2A.L.2, the localization of the protein in the nucleoli as well 

the nuclear genomic background levels significantly decreased, leading to enhanced 

chromocenter localization of this H2A.L.2 mutant (Fig.4A). 

These data indicate that the N-ter putative RNA binding domain of H2A.L.2 could be an 

important element in controlling the nuclear localization of the protein and that, in our test 

model of NIH3T3 cells, it could act by preventing the localization of H2A.L.2 in the 

heterochromatin regions. 
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The dynamic turnover of H2A.L.2 is controlled by its N-terminal RNA 

binding domain 

To better characterize the role of this N-terminal domain in the nuclear localization of H2A.L.2, 

we also set up a FRAP approach to measure and compare the stability of the association 

between the wild-type or mutant form of H2A.L.2 with the pericentric regions. After photo-

beaching, the recovery of wild-type H2A.L.2 at the pericentric regions was much faster than 

that of the mutant protein (Fig. 4B). An interpretation of this observation is that the RNA 

binding domain of H2A.L.2 would keep a fraction of the protein in the extra-chromocenter 

regions of the genome and hence would guarantee dynamic exchanges of the protein between 

the pericentric heterochromatin and the rest of the genome. This dynamics of H2A.L.2 

localization would be lost upon the replacement of H2A.L.2 N-terminal by that of H2A.  

A prediction of this model is that the ectopic expression of RNA in our test NIH3T3 cells stably 

expressing wild-type or mutant H2A.L.2, should result in a diffuse nuclear accumulation of 

wild-type H2A.L.2 but should not affect the localization of the mutant H2A.L.2. In order to 

test this hypothesis, we cloned a fragment of satellite DNA in an expression vector and 

transfected NIH3T3 cells stably expressing either wild-type or the N-terminal mutant of 

H2A.L.2. Figure 4C shows that, as predicted, the ectopic RNA expression in these cells 

enhance the diffuse nuclear distribution only of wild-type H2A.L.2. 

 

Enhanced major satellite RNA expression and localization is associated 

with H2A.L.2 pericentric localization during late spermatogenesis 

Our investigation of H2A.L.2 nuclear localization in somatic NIH3T3 cells, a context irrelevant 

to spermatogenesis, showed that the dynamics and efficiency of H2A.L.2 localization at the 

chromocenter regions depends on opposing properties of this H2A variant: its RNA-binding 

activity and its intrinsic ability to target pericentric heterochromatin. However, in the context 

of spermatogenesis, these two properties of H2A.L.2 could cooperate to stabilize the 

association of H2A.L.2 with pericentric regions. Indeed, an enhanced expression of major 

satellite RNA and its association with these regions could stabilize H2A.L.2 at the pericentric 

regions during the final phases of spermatogenesis. 
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We used an RNA-seq approach to compare the transcriptome of spermatogenic cells at 

spermatocyte, round spermatids and condensing spermatids. To test the role of H2A.L.2 itself 

in inducing the expression of the major satellite RNA, we also considered the transcriptome of 

the corresponding H2A.L.2 KO cells. Figure 5A shows that in both wild-type and H2A.L.2 

KO cells the expression of sense (forward) and anti-sense (reverse) satellite RNA significantly 

increased in condensing spermatids. These results showed that H2A.L.2 incorporation at the 

pericentric region is not needed for the activation of satellite RNA expression, since the 

increase in major satellite RNAs was also observed in the absence of H2A.L.2.  

Accordingly, in NIH3T3 cells, we also observed that the pericentric localization of H2A.L.2 

did not induce the expression of these regions, while the expression of Ptvlp64, capable of 

targeting pericentric regions, is capable of efficiently inducing pericentric RNA expression as 

can be judged by the accumulation of both forward and reverse major satellite transcripts (Fig. 

5B). 

An increased targeted accumulation of satellite RNA at the pericentric regions could re-enforce 

the intrinsic ability of H2A.L.2 to associate with these regions. 

Accordingly, we set up a FISH-based detection of major satellite RNA on the epididymal 

maturing spermatozoa from wild-type and H2A.L.2 KO mice. Figure 5C shows that in both 

cases a localized accumulation of sense and anti-sense major satellite RNAs could be observed.  

Considering all the data on the major satellite RNA expression and pericentric H2A.L.2 

localization, it appears that when in contrast to NIH3T3 cells, RNA accumulates at the 

pericentric regions, the combined intrinsic ability of H2A.L.2 to target the pericentric regions 

as well as its RNA-binding activity cooperate to target H2A.L.2 to and stabilize its localization 

in these regions (Fig. 5D). 

 

Alternative nucleosomal and sub-nucleosomal structures in the 

organization of spermatozoa genome 

Our data highlighted the occurrence of H3-H4 less H2A.L.2-TH2B dimer-based genome 

organization in condensing spermatids. Although our subsequent investigations pointed to 

pericentric regions as a major genomic location of H2A.L.2-containing genomic regions, we 
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cannot exclude the presence of non-nucleosomal genome-organizing structures in other 

genomic regions. 

In fact, considering in situ visualization experiments, the particular nature of the pericentric 

heterochromatin organization, including the repetitive nature of the associated DNA 

sequences, could generate the visual impression of H2A.L.2 accumulation on these regions 

while minimizing the presence of H2A.L.2 and sub-nucleosomal structures on other genomic 

regions in mature spermatozoa. 

In order to tackle this issue, we decided to identify all genomic regions respectively enriched 

in the nucleosomal and small structures in condensing spermatids as well as in maturing 

spermatozoa. The question was whether the nucleosomal regions and small structures mapped 

in condensing spermatids would respectively remain nucleosomal or non-nucleosomal in the 

spermatozoa. 

The nuclei of maturing spermatozoa obtained by the swim-up protocol were decondensed and 

digested to different extents by MNase. Figure 6A shows that MNase digestion of the 

spermatozoa chromatin releases non-nucleosomal DNA, which is sensitive to the extent of 

MNase digestion, as well as nucleosomal fragments, which present greater stability towards 

MNase digestion. After 4 min of MNase digestion we obtain heterogeneous sub-nucleosomal 

DNA fragments, whereas longer MNase digestion (12 min) resulted in more defined sub-

populations of DNA fragments. We sequenced the nucleosomal as well as the sub-nucleosomal 

fragments obtained after both MNase digestion times (as indicated in Fig. 6A).  

The DNA fragment populations released after the short MNase digestion very likely also 

contained protaminized DNA of heterogeneous sizes (Fig. 6A, 4 min), whereas a longer MNase 

digestion released more structured and MNase-resistant genomic regions (Fig. 6A, 12 min). In 

order to better characterize the genome positioning of these structures within the maturing 

sperm genome, we compared their genomic positions with those of the strongly localized 4000 

nucleosomes, defined previously round spermatids (Barral et al., 2017).  

The genomic regions corresponding to nucleosomes with strong positioning in round 

spermatids were identified (Fig. 6B, panel 2) and the presence of nucleosomes was then 

investigated in the preceding stage, spermatocytes (Fig. 6B, panel 1) as well as in the following 

stages, condensing spermatids (Fig. 6B, panel 3 and 7). 
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Considering each specific nucleosome-rich region of the genome in round spermatids, 

condensing spermatids are heterogeneous in terms of nucleosomes or small structures, since 

some cells retain the positioned nucleosomes, while others lose these nucleosomes but gain 

defined sub-nucleosomal structures (small structures) on the same precise regions (Fig. 6B, 

compare panels 3 and 7). Interestingly, small structures could appear anywhere within each 

nucleosome-rich region as can be attested by the diagonal shape of their alignment when they 

are placed from the 5’ to the 3’ ends of the corresponding nucleosome position. Remarkably, 

in most of the considered genomic regions, the same exact positions can be occupied by 

nucleosomes and small structures (Fig. 6B, panel 3 and 7). Considering condensing spermatids, 

the presence of both nucleosomes and small structure on each given genomic position could be 

due to two alternative possibilities. First, it could be due to the heterogeneity of condensing 

spermatids in terms of stages (step 12 to 16), and nucleosomes could be present in early 

condensing spermatids, while they would be replaced by small structures in late condensing 

spermatids. Second this heterogeneity could be a characteristic of all genomic regions in post-

meiotic cells and remain so in sperm cells. Our observation of a similar heterogeneity in 

maturing spermatozoa (Fig. 6B, panels 4, 5, 6, 8 and 9) strongly suggest that the latter 

hypothesis is correct: for a given position, we may have either full nucleosomes or sub-

nucleosomal structures. Indeed, considering each genomic position, condensing spermatids 

and maturing spermatozoa are heterogeneous populations, with each cell containing either a 

nucleosome or a small structure. 

Based on these data, we propose that, as soon as in the early condensing spermatids, a 

proportion of nucleosomes resists removal and remain intact in some cells, whereas in other 

cells they become transformed into small structures and remain under this state in mature 

spermatozoa.  

This heterogeneity between cells was observed here for about 2/3 of the 4000 regions 

corresponding to strongly positioned nucleosomes in round spermatids. However, 

approximately 1/3rd of these well-positioned nucleosome-rich regions fully retain nucleosomes 

in condensing spermatids and later in mature spermatozoa. These are nucleosomes that fully 

escape the transformation into small structures. 

Overall these studies reveal the unexpected nature of spermatozoa genome organization and 

give compelling evidence that the notion of nucleosome removal and retention in spermatozoa 
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needs to be revised. Indeed, although some nucleosomes remain intact in some cells, in other 

cells only H2A-H2B dimer-based structures are observed at these positions. 
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Discussion 

During post-meiotic re-organization of the male genome, the invasion of H2A.L.2-containing 

nucleosomes by protamines, modulated by a simultaneous incorporation of TPs leads to the 

generation of transitional genome organizational states, which are characterized by an altered 

genomic DNA protection against MNase (Barral et al., 2017). Here we could capture and purify 

these transitional states thanks to hydroxyapatite, which binds DNA, or heparin, which binds 

histones. A comprehensive and unbiased identification of the histone complement associated 

with these sub-nucleosomal DNA fragments, clearly shows the presence of a H2A.L.2-TH2B 

dimer bound to DNA and the displacement of the H3-H4 tetramer.  

Subsequent biochemical investigations demonstrated a particular and unexpected role for 

H2A.L.2-TH2B in a nucleosome. Previously, we had shown that, in agreement with other 

published data on the short H2A variants (Arimura et al., 2013, Bao et al., 2004, Doyen et al., 

2006, Soboleva et al., 2011, Syed et al., 2009), H2A.L.2 generates open nucleosomes 

protecting only about 130 bp of DNA against MNase digestion (Barral et al., 2017). We also 

observed that, compared to canonical nucleosomes, this H2A.L.2-TH2B dimer-containing 

open nucleosome is a better “receptor” for TPs. However, further investigations reported here 

suggest that these H2A.L.2-TH2B dimer-containing nucleosomes are also more stable than 

canonical nucleosomes. The fact that, compared to H2A-H2B dimers, H2A.L.2-TH2B dimers 

show the remarkable property to strongly interact with DNA, gives a key to the observed 

increased stability of the corresponding nucleosomes under thermal stability assays. Indeed, a 

recent report demonstrates that partial nucleosome unwrapping induces a rearrangement of the 

H2A-H2B dimer, strengthening its interaction with DNA, stabilizing the nucleosome 

(Bilokapic et al., 2018) Hence the basic capacity of the H2A.L.2-TH2B dimer to strongly 

interact with DNA perfectly explains the greater thermal stability of the H2A.L.2-TH2B-

containing nucleosomes in the light of the data reported by Bilokapic and colleagues. 

Based on these data sets, we can now portray the nucleosomes that undergo histone-to-

protamine replacement. The incorporation of H2A.L.2-TH2B dimers into the nucleosomes 

creates open nucleosomes and relaxed chromatin. TPs, together with PRMs, can be loaded onto 

these nucleosomes, which start unwrapping the nucleosomal DNA and dissociating the 

octamers. Indeed, we previously showed that H2A.L.2-containing octamers are extremely 

unstable (Barral et al., 2017). However, under this condition, the enhanced interaction of 
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H2A.L.2-TH2B with DNA, similarly to what was reported by Bilokapic and colleagues 

(Bilokapic et al., 2018), also maintains H2A.L.2-TH2B strongly associated with DNA, while 

H3-H4 are being displaced by the TP-PRM complex. This stable H2A.L.2-TH2B dimer DNA 

binding therefore forms the basis of a new DNA-packaging structure, which persists in mature 

spermatozoa. Accordingly, the MNase digestion of chromatin from both condensing 

spermatids and spermatozoa and the mapping of sub-nucleosomal DNA fragments in these 

cells revealed that a large proportion of genomic regions associated with small structures 

remains sub-nucleosomal in spermatozoa, strongly suggesting that these H3-H4 tetramer-less 

H2A.L.2-TH2B dimer based structures create yet uncharacterized spermatozoa genome 

organizational units. 

An important message of this work is also that these small structures and nucleosomes could 

actually be positioned on the same exact region in different cells. This observation reveals the 

occurrence of a cell-to-cell heterogeneity of genome organization on given positions. Indeed, 

our data clearly show that both nucleosomal and sub-nucleosomal structures could be present 

at the same position, indicating that in some cells a given position is nucleosomal whereas in 

other cells it is occupied by small structures.  

This situation appears very similar to the so-called “position effect variegation” in somatic 

cells, where the heterochromatin boundary shows a cell-to-cell variability affecting the 

expression of the nearby genes. In the present situation, surviving nucleosomes adjacent to 

protaminized regions are submitted to the pressure of the neighbouring protamines, which 

promote nucleosomal dismantlement, but, even in cases of successful nucleosome dissociation, 

full displacement is simultaneously opposed by the intrinsic ability of H2A.L.2-TH2B dimers 

to strongly interact with DNA. This situation leads to a variegation effect and a cell-to-cell 

variability in nucleosome retention affecting well-positioned nucleosomal genomic regions, 

with nucleosomes fully retained in some cells, and occupied by smaller sub-nucleosomal 

structures in other cells.  

This finding has important implications on the controversial data published by different groups 

regarding the specific positions of retained nucleosomes in mature spermatozoa (Brykczynska 

et al., 2010, Carone et al., 2014, Erkek et al., 2013, Samans et al., 2014, Yamaguchi, Hada et 

al., 2018, Yoshida et al., 2018). Indeed, the preferential genomic positions of retained 

nucleosomes in sperm cells is still a subject of debates. Our observations suggest that the same 

positions could be occupied by nucleosomal as well as sub-nucleosomal structures and that the 
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state of this heterogeneity within a spermatozoa population could impact the outcome of 

MNase digestion of their nuclei. Our data also show that sub-nucleosomal structures are more 

sensitive to MNase digestion than nucleosomes which explains why the extent of MNase 

digestion could affect the outcome of the studies, as proposed by Saitou and Kurimoto (Saitou 

& Kurimoto, 2014) and Yoshida and colleagues (Yoshida et al., 2018). To avoid this problem 

these authors proposed an MNase-free method for mapping mature spermatozoa histone H3-

containing genomic regions. 

Our microscopy investigations also revealed that pericentric regions display a specific 

organization characterized by the preferential retention of H2A.L.2, which persists from 

condensing spermatids to the final stage of mature spermatozoa. Due to the repetitive nature of 

the pericentric genomic regions, it is difficult to quantitatively estimate the amounts of 

H2A.L.2 present on these regions compared to the rest of the genome, and therefore our 

conclusions should mostly be based in situ data. However, the specific structure of these 

regions and various parameters such antibody accessibility could also enhance this preferential 

localization of the signal. Indeed, it has been shown that the reported almost exclusive 

enrichment of macroH2A histone variants on the inactive X chromosome observed by 

microscopy, was exaggeratedly enhanced compared to macroH2A enrichment on the X 

chromosome measured by ChIP-seq (Mietton, Sengupta et al., 2009, Perche, Vourc'h et al., 

2000). Therefore, despite the in situ preferential detection of H2A.L.2 over the pericentric 

regions, we also expect its presence on other genomic regions, in agreement with the detection 

of small structures on unique genomic sequences in mature spermatozoa reported here. 

However, the preferential accumulation of H2A.L.2 in the pericentric regions, is strongly 

supported by the remarkable property of H2A.L.2, which is capable of targeting pericentric 

regions upon its ectopic expression in the completely unrelated context of somatic cells. 

Inspired by published work on another member of testis-specific short H2A variant expressed 

in spermatocytes and in round spermatids, H2A.B.3 (Soboleva et al., 2017) with a characterized 

RNA-binding motif, we observe here that H2A.L.2 targeting of the pericentric heterochromatin 

can be controlled by RNA. Indeed, in somatic cells, the replacement of H2A.L.2 putative RNA-

binding domain enhances its pericentric localization and stabilizes its association with these 

regions. However, in late spermatids and in spermatozoa, as opposed to somatic cells, the 

pericentric regions not only become expressed but also the corresponding RNAs remain 

associated with these regions.  Based on our detailed analysis of H2A.L.2 nuclear localization 
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in somatic cells, we can propose that, in sperm cells, both the intrinsic ability of H2A.L.2 to 

target pericentric regions and its RNA binding activity cooperate to stabilize this variant in the 

pericentric regions.  

Additionally, the co-immunodetection of PRM and H2A.L.2 shows that, despite pericentric 

regions being preferentially associated with H2A.L.2, these regions are also protaminized, 

suggesting that, even within these regions, a mixture of different types of DNA-packaging 

structures should be present. This particular organization of the pericentric regions involving 

H2A.L.2 could have important implications for the structuration of the male heterochromatin 

post-fertilization (Borsos & Torres-Padilla, 2016, Probst et al., 2010), but this question, 

similarly to the issue of position-specific nucleosome retention discussed by many groups (see 

the references above), remains open.    

The investigations reported here shed new light on the organization of the male genome and in 

particular on a decade of debates over the existence and nature of genomic regions 

preferentially associated with nucleosome retention in mature spermatozoa.  

The appearance of such properties associated with late expressing H2A variant, H2A.L.2 

supports the importance of histone retention in the organization of the final male genome and 

epigenome and the transmission of a positional information to the zygote. 
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Figure. 2
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Figure. 3
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Figure. 5
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Legend to the Figures 

 

Figure 1: Characterization of histone complement associated with surviving nucleosomes 

and small structures in condensing spermatids 

A) Nuclei from condensing spermatids were digested by MNase to release the surviving 

nucleosomes and small structures. The released nucleoproteic structures were then separated 

on a sucrose gradient and different fractions analysed on an agarose gel to visualize the 

corresponding DNA fragment sizes.  

B) Nucleosomal (nuc) and subnucleosomal (smst) fractions were obtained by MNase digestion 

of condensing spermatids (CS) as described in A. Nucleosomal fractions of total male germ 

cells (TGC) were also prepared. The indicated fractions were pooled and applied to either a 

hydroxyapatite colon (hpt) or to an agarose-heparin (hep) colon. The retained materials were 

then eluted and subjected to mass spectrometry identification of the proteins and quantification 

estimation by using specific peptide counts. The histones were specifically considered. The 

variations in the relative amounts of each histone species in the different samples were 

calculated after normalizing all peptide counts values with the mean peptide counts value in all 

three samples. The obtained relative amounts of individual histones were colour-coded as 

indicated and represented on the heatmap.  

C) Schematic representation of the situation of histones octamer in the small structures as can 

be judged from the proteomics experiments.    

 

Figure 2: Enhanced DNA-binding by H2A.L.2-TH2B histone dimer 

A) Graphical representation of thermal stability assay of the nucleosomes containing the 

indicated combination of histone dimers in the presence of 50, 100 and 150 mM NaCl. The 

intensity of SYPRO orange fluorescence at each temperature was normalized relative to that at 

95˚C, and averages of three independent experiments are plotted against temperature ranging 

from 60˚C to 95˚C, with standard deviation values. 

B) The 145-bp Widom 601 DNA (20 ng/µl) was incubated with the indicated combinations of 

histone dimers and the samples were then analysed by 6% native polyacrylamide gel 
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electrophoresis (PAGE). The concentrations of histone dimers were 0 µM (lane 1), 0.3 µM 

(lanes 2, 5, 8 and 11), 0.6 µM (lanse 3, 6, 9 and 12) and 0.9 µM (lanes 4, 7, 10 and 13).  

C and D) The 145-bp Widom 601 DNA (20 ng/µl) and the indicated combinations of histone 

dimers (0.9 µM) were incubated with either TP1 (C) or TP2 (D) and the samples were analysed 

by 6% PAGE. The concentrations of TP1 or TP2 were 0 µM (lanes 1, 5 and 9), 0.6 µM (lanes 

2, 6 and 10), 0.9 µM (lane 3, 7 and 11) and 1.2 µM (lanes 4, 8 and 12).  

 

Figure 3: Pericentric localization of H2A.L.2 in condensing spermatids 

A) The intranuclear localization of H2A.L.2 was monitored by immunofluorescence during 

three successive stages of post-meiotic spermatogenesis. From left to right, round, elongating 

and condensing spermatids are shown after DAPI-staining (upper panels) and H2A.L.2 

immunostaining (lower panels). The indicated squares are magnified and shown on the right. 

The DAPI-bright pericentric regions are delimited by a red line. The right panels also show the 

co-immunodetection of H2A.L.2 and PRM in the epididymal spermatozoa.  

B) The indicated RFP-tagged H2As were expressed in NIH3T3 cells and the intranuclear 

localization of the proteins visualized. In one experiment Ptvlp64 synthetic protein 

corresponding to the major satellite-specific zinc finger fused to the VP16 activation domain 

was co-expressed with RFP-H2A.L.2. The histograms on the right represent the proportions of 

cells with the indicated intranuclear localization of the considered histones. 

 

Figure 4: RNA-controlled dynamic pericentric localization of H2A.L.2 

A) NIH3T3 cell lines expressing RFP-H2A.L.2 (upper scheme) or a mutated version of RFP-

H2A.L.2 with the replacement of its N-terminal sequence with that of H2A, named H2A.L.2-

H2Anter (lower scheme), were established and the intracellular localization of the expressed 

proteins monitored. The histograms represent the proportions of cells showing the indicated 

intranuclear localizations of the considered proteins. 

B) The two cell lines described above were used to monitor protein dynamics by Fluorescence 

Recovery After Photo-bleaching (FRAP). Ten RFP-H2A.L.2 chromocenter foci (wild-type or 

mutated) were photo-bleached and the recovery of fluorescence monitored. The ten datasets of 
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each experiment were individually fitted and used to calculate the half-life (t1/2) of fluorescence 

recovery and the mobile fractions (indicated in the inset). The mean and standard deviation 

measured at successive time points from the ten datasets are plotted. The scheme on the right 

depicts the working hypothesis on the role of the H2A.L.2 putative RNA-binding domain in 

the dynamics of H2A.L.2 as measured by FRAP. Nuclear RNAs ensure the existence of a pool 

of H2A.L.2 out of chromocenters, capable of supplying the chromocenters after photo-

bleaching due to the intrinsic capacity of H2A.L.2 to target the pericentric heterochromatin. 

H2A.L.2-H2Anter, unable to interact with RNA, is directly targeted to the pericentric regions 

leaving the cell devoid of any pool of immediately accessible H2A.L.2 to re-populate the 

chromocenters after photo-bleaching. 

C) A fragment of major satellite DNA was cloned in an expression vector under the CMV 

promoter and expressed in the above-mentioned stably transfected cells lines. The respective 

proportions of nuclei corresponding to each of the two categories of intranuclear distributions 

of signal for H2A.L.2 (upper panel) and H2A.L.2-H2Anter (lower panel) are represented as 

box plots. 

 

Figure 5: H2A.L.2 pericentric chromatin targeting does not induce RNA expression, but 

the localized expression of pericentric RNA is associated with the pericentric targeting of 

H2A.L.2 in spermatozoa. 

A) Total RNAs from the indicated fractionated spermatogenic cells, spermatocytes, round and 

condensing spermatids, as well as spermatozoa, were sequenced and the normalized total 

numbers of reads corresponding to the major satellite sequences (sense and anti-sense) were 

measured and are represented as histograms. 

B) NIH3T3 cells were transfected with RFP-H2A.L.2 or RFP-H2A expressing vectors, or by 

Ptvlp64, and the expression of major satellite RNA was visualized by FISH with fluorescent 

probes detecting major satellite RNAs with both sense (upper panel) and anti-sense (lower 

panel) orientations. 

C) The same FISH probes as in “B” were used to detect the expression of major satellite RNA 

in epididymal spermatozoa. The right panels show magnifications of the indicated fields. 
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D) Schematic representation of our working hypothesis regarding the respective roles of RNAs 

in the control of H2A.L.2 intranuclear localization in somatic cells and in spermatozoa. In 

NIH3T3 cells, the presence of RNA that do not accumulate at chromocenters results in the 

control of the pericentric accumulation of H2A.L.2, which therefore remains moderate. In 

condensing spermatids and in spermatozoa the localized accumulation of major satellite RNA 

cooperates with the intrinsic property of H2A.L.2 to target pericentric heterochromatin to 

stably target H2A.L.2 at the pericentric regions. 

 

Figure 6: Nucleosomal position variegation in mature spermatozoa 

A) Epididymal spermatozoa were purified using the swim-up protocol and the nuclei were 

decompacted and digested by MNase for 4 and 12 min. The arrows indicate the released 

nucleosomal fragments used for sequencing. The vertical lateral bars indicate the sub-

nucleosomal fragments chosen for sequencing. Nucleosomal and small structure DNA from 

condensing spermatids were obtained as shown in Figure 1A and sequenced. The MNase 

sequencing experiments of round spermatids, spermatocytes and condensing spermatids were 

from Barral and colleagues (Barral et al., 2017). 

B) 4000 genomic regions centred around nucleosomes positioned with the lowest fuzziness in 

round spermatids +/- 200 base pairs were selected and the aligned reads corresponding to 

nucleosomes and small structures at the same positions are represented in the other samples as 

indicated. 12(2) corresponds to nucleosomes released after 12 min of MNase digestion 

sequenced from an independent experiment and compared to the results of the first experiment. 

The panels show heatmaps of RPKM-normalized coverage on these selected genomic regions 

for the indicated stages of spermatogenic cell samples. The rows are ordered according to the 

condensing spermatids small structure track, using the 5′ to 3′ position of the maximum signal 

within the −200/+200 bp region around the reference nucleosome centre. 
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Material and Methods 

Spermatogenic Cell Fraction Purification 

Cell fraction purification was performed as previously described in (Barral et al., 2017). 

 

Mass Spectrometry-Based Proteomic  

AnalysesPreparation and In-Gel Digestion of Proteins 

Sample preparation and gel digestion of proteins were performed as previously described 

(Barral et al., 2017).  

 

Spermatogenic Cell Chromatin Preparation and Separation of Nucleosomal and Sub-

nucleosomal Particles on a Sucrose Gradient 

Steps 12–16 Condensing Spermatids Preparation 

Nucleosomal and subnucleosomal fractions were obtained as previously reported (Barral et al., 

2017) 

 

MNase Digestion of Chromatin from Step 12–16 Condensing Spermatids 

Chromatin purified from condensing spermatids was digested using MNase for 4 and 12 

minutes, as previously reported (Barral et al., 2017). 

 

RNA Extraction from spermatids and spermatozoa 

Spermatids were purified on BSA gradient as previously described (Barral et al., 2017). 

Spermatozoa were collected in 250 l of PBS and obtained via swim-up as previously 

described in (Erkek et al., 2013). RNA was extracted using Trizol reagent. Cells were 

centrifuged for 5 min at 1500 rpm at 4°C. 750l of Trizol was added to the pellet and 

resuspended. The suspension was passed through G26 needle for 10 times and incubated for 

5minutes in RT. After 5seconds centrifugation (to settle foam), 200l of chloroform was added 

to the samples, shaked gently by hand for 15seconds and incubated for 15 minutes in RT. 

Samples were centrifuged at 12000 rcf for 15min at 4°C and the aqueous (upper) phase was 

collected. 500l of chloroform was added to the samples, they were incubated for 3 minutes at 

RT and centrifuged at 12000rcf at 4°C for 15minutes. 10l of Glycogen was added to the 

aqueous phase and tubes were inverted 4 times. 500l of Isopropanol (500l/1ml Trizol) was 

added to the samples and they were gently inverted 4 times following by an incubation for 
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10minutes at RT and centrifugation of 12000rcf for 15min at 4°C. The supernatant was 

discarded, 1ml of 75% ethanol was added to the samples following a vortex step in order to 

detach the pellet, and they were centrifuged at 7500 rcf at 4°C for 5min. Pellets were dried out 

and resuspended in 20l of (RNase free) H2O and the RNA concentration were measured by 

Thermo Scientific™ Spectrophotomètres NanoDrop™ 2000 / 2000c.  

 

Purification of the nucleosomes using hydroxyapatite  

Chromatin from condensing spermatids was purified as previously described (Barral et al., 

2017). 12.5g of chromatin was incubated with 80mg hydroxyapatite resin and completed to 

1.4mL with wash buffer (5mM NaPO4, 100mM NaCl, 1mM EDTA). The mix was then 

incubated for 10min at 4°C. The mix of chromatin/hydroxyapatite slurry was then transferred 

to a micro-spin column and spinned for 1min at 600g at 4°C. The flow-through was discarded 

and the column was washed 3 times with 200L of wash buffer. 50L of elution buffer 

(500mM NaPO4, 100mM NaCl, 1mM EDTA) was added to the pellet and they were spinned 

for 1 min at 600g at 4°C.   

 

Purification of the nucleosomes using heparin 

300L of heparin beads were washed with 1mL of wash buffer (100mM NaPO4 and 100mM 

NaCl) and centrifuged for 1min at 600g in 4°C. 12.5 g of chromatin was added to heparin 

beads and the volume was completed upto 1.4mL with wash buffer. The mix was incubated 

15min at 4°C. After two consecutive wash steps, beads were eluted in 50L loading buffer and 

were boiled at 95°C for 5min and spinned for 1min at 600g in 4°C and the supernatant was 

collected.  

 

Cell culture and transfection 

1.5x105 NIH 3T3 (Mouse embryonic fibroblasts) cells were cultured in 2-well glass cover lab-

tek containers in DMEM 1g/L D-glucose supplemented with 10% newborn Calf serum NBCS 

+ 2% L-glutamine and 1% penicillin/Streptomycin. Cells were maintained at 37°C in a 
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humidified incubator at 5% CO2. Cells were transfected with 1g/L of each constructs (Table 

1, material and method) for 24h, using lipofectamine 2000 and optimum.  

RNA Fluorescence In Situ Hybridization  

Preparation of Probes  

0.05mM of FITC-labelled forward strand and Cy3-labelled reverse strand probes (EXIQON) 

were used for RNA FISH (Table 2). The probes were precipitated in 1 μg of salmon sperm 

DNA (Invitrogen), 5μl of sodium-acetate (NaAc) and 100 μL of Ethanol (100%) per 150μL 

reaction. The precipitation mix was kept at -80°C for 30 min. Samples were centrifuged by 

20min at 12000 rpm at 4°C. The precipitated DNA was washed twice in 70% ethanol and then 

air-dried. For each probe, pellet was resuspended thoroughly in 10μL of hybridization buffer 

(20% formamide, 10% dextran sulfate, SSC2X). The probe was denatured for 5min at 75°C 

and were kept on ice during cell preparation.  

Hybridization  

24 hours post- transfection, cells were rinsed once with RNase-free PBS 1X. Next, cells were 

permeabilized in freshly made 0.5% Saponine / 0.5% Triton (SIGMA) buffer for 5min on ice 

and were fixed in freshly made 4% formaline solution (SIGMA) for 10 min at room 

temperature. Three washes in RNase-free PBS1X were carried out at room temperature. Prior 

to FISH, cells were rinsed twice in ethanol 70%, dehydrated in 90% and 100% ETOH 5min 

for each at room temperature. Cells were then air-dried, denatured probes were deposited on 

the plastic slides and 22×22mm RNase-free glass coverslips were placed on the plastic slides. 

Slides were incubated in a humidified chamber at 37°C. 24 hours post-incubation, coverslips 

were gently removed. Three washes were carried out using formamide 15%/2X SSC and 

1XSSC, respectively, for 5 min each at room temperature. Cells were washed once in PBS1X 

for 5min at room temperature. DNA was stained using Hoechst (1/500) and slides were 

mounted using Dako, as previously described.  

 

Immunofluorescence on germ cells 

Mature epididymal sperm cells were obtained by swip-up method and were dried out on glass 

cover slides. Immunofluorescence was performed as described previously (Barral et al., 2017).   
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Microscope Analysis and Image Processing 

We acquired brightfield and fluorescent images of spermatogenic and NIH 3T3 cells under a 

Zeiss inverted microscope, objective 63X. We used Adobe Photo-shop CS3 and ImageJ for 

further processing.  

 

DNA sequencing analyses 

Paired fastq files were trimmed using fastx_trimmer (with options -l 30 -Q33, meaning 5’ 

trimming keeping 30bp-length fragments). The trimmed fastq files were aligned on the USCS 

mm10 genome using bowtie2 (with the following options: –end-to-end, –no-mixed, –no-

discordant). The bam file corresponding to the MNase sample in round spermatids was filtered 

according to MAPQ (mapping quality) score greater that 30 and peak calling was done on the 

resulting filtered bam file using danpos2 tool (with options -m 1, for paired end). All bam files 

were converted into bigWig files (with the options: –extendReads, –binSize 4, –

minMappingQuality 30, –normalizeUsing RPKM). The heatmap was obtained using 

deepTools computeMatrix on 400 bp genomic regions centred on the 4000 less fuzzy peaks 

(options: reference-point, –referencePoint TSS, –binSize 10, –beforeRegionStartLength 200, 

–afterRegionStartLength 200, –sortRegions keep). The resulting matrix was sorted using a 

custom R script that sorts features according to the small structure peak positions in condensing 

spermatids, before applying deepTools plotHeatmap (with options –colorMap YlOrRd –

sortRegions no). 
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Purification of histones and TPs. 

All mouse histones (H2A, H2A.L.2, H2B, TH2B, H3.1 and H4) and TPs (TP1 and TP2) were 

produced in Escherichia coli cells, and purified by methods described previously (Barral et al., 

2017, Kujirai, Arimura et al., 2018). 

 

Preparation of histone complexes  

Histone complexes (H2A-H2B, H2A-TH2B, H2A.L.2-H2B, H2A.L.2-TH2B and H3.1-H4) 

were prepared as reported previously (Arimura et al., 2013). The purified histones were mixed 

at a 1:1 molar ratio in denaturing buffer [20 mM Tris-HCl (pH7.5), 7 M guanidine-HCl and 20 

mM 2-mercaptoethanol]. For the nucleosome reconstitution, the mixtures were dialyzed 

against buffer A [10 mM Tris–HCl buffer (pH 7.5), 2M NaCl, 1 mM EDTA and 5 mM 2-

mercaptoethanol]. The resulting histone complexes were then purified by Superdex200 (GE 

Healthcare Biosciences) gel filtration chromatography in buffer A. For the preparation of 

histone dimers for in vitro assays, the mixtures were dialyzed against buffer B [20 mM Tris–

HCl buffer (pH 7.5), 1 mM PMSF, 1 mM EDTA, 5% glycerol and 5 mM 2-mercaptoethanol], 

containing 2 M NaCl. The samples were further dialyzed against buffer B, containing 1 M, 0.5 

M and 0.1 M NaCl, in a stepwise manner, to decrease the NaCl concentration. The resulting 

histone complexes were then purified by Superdex200 gel filtration chromatography in buffer 

B, containing 0.1 M NaCl. 

 

Reconstitution of nucleosomes 

All nucleosomes containing the 145-bp 601L DNA fragment, a palindromic derivative of the 

left half of the Widom 601 sequence (Chua, Vasudevan et al., 2012) were reconstituted and 

purified as described previously (Barral et al., 2017).  

 

Thermal stability assay 

The thermal stability assay was conducted as described previously (Arimura, Shirayama et al., 

2014, Taguchi, Horikoshi et al., 2014). Briefly, purified nucleosomes were mixed with SYPRO 

Orange dye (Sigma-Aldrich) in 19 µl of reaction buffer [20 mM Tris-HCl (pH 7.5) and 1 mM 
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DTT], containing the indicated amounts of NaCl. The intensity of SYPRO Orange fluorescence 

was monitored with a StepOnePlus RealTime PCR system (Applied Biosystems), using a 

temperature gradient from 26˚C to 95˚C, in steps of 1˚C/min. 

 

DNA binding assay of histone dimers 

The 145-bp Widom 601 DNA (20 ng/µl) was mixed with the indicated amounts of histone 

dimers in 10 µl of reaction buffer, containing 27 mM Tris-HCl (pH 7.5), 50 mM NaCl, 0.31 

mM EDTA, 0.3 mM PMSF, 1.5% glycerol, 1.5 mM 2-mercaptoethanol and 1 mM DTT, and 

incubated at 37˚C for 10 min. The reaction mixtures were then separated by 6% non-denaturing 

PAGE in 0.5 × TBE buffer (45 mM Tris base, 45 mM boric acid and 1 mM EDTA) and the 

bands were visualized by ethidium bromide staining. 

For TPs binding experiments, the indicated amounts of either TP1 or TP2 were mixed with the 

145-bp Widom 601 DNA (20 ng/µl) and histone dimers (0.9 µM) in 10 µl of reaction buffer 

[29 mM Tris-HCl (pH 7.5), 40 mM NaCl, 11 µM ZnCl2, 0.41 mM EDTA, 0.3 mM PMSF, 

1.5% glycerol, 1.5 mM 2-mercaptoethanol and 1.1 mM DTT]. After an incubation at 37˚C for 

10 min, the reaction mixtures were analysed as described above. 
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REAGENT or RESOURCE SOURCE IDENTIFIER 

Antibodies 

Rabbit polyclonal anti-H2A.L.2 (Barral et al., 2017) N/A 

Mouse monoclonal anti-Protamine P2 Briar Patch Biosciences Cat#HUP2B 

Bacterial Strains 

Escherichia Coli-One shot Top10 competent cells Invitrogen Cat#404003 

SURE, competent cells Agilent Technologies Cat#200238 

Chemicals, Peptides, and Recombinant Proteins 

TRIzol Life Technologies cat15596026 

Lipofectamine 2000 Invitrogen cat11668-019 

OPTI-MEM Gibco cat31985-062 

Heparine-sepharose Abcam catab193268 

Hydroxyapatite Sigma cat289396-25G 

Calf serum NBCS TheroFischer Scientific cat16010159 

Deposited Data 

Raw mass spectrometry proteomics This paper N/A 

MNase-seq accession ID This paper N/A 

RNA-seq accession This paper N/A 

Experimental Models: Cell Lines 

NIH 3t3 Mouse Embryonic Fibroblast ATCC ATCC® CRL-1658 

Experimental Models: Organisms/Strains 

Mouse: B6.126/SvPas-h2a.l.2 neo/neo (Barral et al., 2017) N/A 

Oligonucleotides 

Probes: Forward1: FITC-TCTTGCCATATTCCACGTCC (Probst et al., 2010) N/A 

Forward 2: Cy3-GATTTCGTCATTTTTCAAGT (Probst et al., 2010) N/A 

Reverse 1: CY3-GCGAGGAAAACTGAAAAAGG (Probst et al., 2010) N/A 

Reverse 2: FITC-GCGAGAAAACTGAAAATCAC (Probst et al., 2010) N/A 

Recombinant DNA 

ptag-RFP H2A.L.2 This paper N/A 

ptag-RFP H2A This paper N/A 

pTVLP-64-ms-Ca B15 
Maria-Elena Torres 

Padillas 
N/A 

ptag-RFP H2A.B3 Genscript N/A 

Ptag-RFP H2A.L.2-H2Anter This paper N/A 

Mm Histone H2A Hitoshi Kurumizaka N/A 

Mm Histone H2B Hitoshi Kurumizaka N/A 

Mm histone H3 Hitoshi Kurumizaka N/A 

Mm Histone H4 Hitoshi Kurumizaka N/A 

Mm TP1 (Barral et al., 2017) N/A 

Mm TP2 (Barral et al., 2017) N/A 

Mm Histone H2A.L.2 (Barral et al., 2017) N/A 

Mm Histone TH2B (Barral et al., 2017) N/A 

Other 

Mass spectrometer Thermo Scientific 
LTQ-Orbitrap 

Velos Pro 

Table I. Material and method  
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I. p300 activation via transcription factor dimerization 

CBP/p300 has been associated with transcriptional activation for many years. This concept 

has always considered transcription factor phosphorylation such as IRF3 and STAT, via 

tyrosine kinases such as TBK1 and JAK (Stark & Darnell, 2012). Following phosphorylation, 

these transcription factors are activated. They dimerize and translocate to the nucleus and bind 

to CBP/p300 (Zhang, Vinkemeier et al., 1996). Interestingly, it has been shown that 

transcription factor dimerization is a crucial step for CBP/p300 activation. How the association 

of these dimerized-transcription factors can induce the activation of CBP/p300, was still an 

issue that needed to be addressed.   

In 2018, in collaboration with researchers at EMBL Grenoble Outstation, we could define 

the crystal structure of its activated state and identified the molecular mechanisms underlying 

the activation of CBP/p300. We demonstrated that the dimerization of transcription factors 

induces p300 auto-acetylation of a lysine-rich auto-inhibitory loop in the HAT domain. This 

auto-inhibitory loop (AIL) serves as a “pseudo-substrate” which projects into the active site of 

the neighboring p300 and regulates the HAT activity of this protein. Once the HAT domain is 

activated, it induces lysine acetylation on histones. These acetylated histones will be then 

recognized by the bromodomain of p300.  These findings explain for the first time the cellular 

signaling from transcription factors to the chromatin modifying factors (Figure 25). Moreover, 

p300 hyperactivity, for instance by HAT-activating mutations, leads to the generation of p300 

condensates within the nucleus, which are highly decreased upon HAT or bromodomain 

inhibitor treatments. This observation suggests the critical role of bromodomain in the 

propagation of chromatin modification via p300 activity.  

Phase-separated multi molecular assemblies are believed to provide separate cellular 

compartments for biochemical reactions within the cell. Recently, a model has been proposed 

that presents a hypothetical role of the phase-separated compartments within the cell. It 

describes these compartments as membrane-less organelles, which contribute to the formation 

of super-enhancers and enable the super enhancers to activate multiple genes simultaneously. 

Additionally, according to this model, phase-separated compartments provide higher density 

of actors critical for transcriptional regulation such as transcription factors and enhancers, 

which mediate gene transcription through changing the valency of important transcriptional 

regulators (Hnisz, Shrinivas et al., 2017). Therefore, In the context of this work, the generation 
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of these condensates in p300 HAT-activating mutants, might strengthen signal integration on 

enhancers and promote gene transcription.  

In the context of spermatogenesis, the collaboration between NUT and p300 in round 

spermatids, has been associated to histone hyperacetylation and initiation of histone removal 

(Shiota et al., 2018). Based on our discoveries on the mechanisms of p300 activation, we 

believe that NUT is also activating p300 through the same scheme (Figure 25). However, in 

the future, it is critical to test this hypothesis in the context of spermatid histone 

hyperacetylation. 

 

Figure 25. Detailed step by step molecular activation process of p300. Taken from (Ortega et al., 

2018).  
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II. Nucleosome retention in mammalian sperm 

In 2009, Hammoud and colleagues by analyzing spermatozoa from a single donor and from 

a pool of sperm donors through mainly H3K4me2/3 and H3K27me3 ChIP experiments, 

revealed the first evidences of the specifically - positioned nucleosome retention in the human 

sperm. Their findings highlighted nucleosome retention at promoters of genes, which are 

essential for early embryo development as well as genes with particular biological relevance at 

these early stages of embryonic development. Additionally, they also found an enrichment of 

H3K4me3 at regions encoding many non-coding RNAs and miRNAs, which are expressed 

during development (Hammoud et al., 2009).  

Since this study, other research programs have been carried out first, in order to investigate 

nucleosome retention in other species and second, to identify the functional significance of 

these remaining nucleosomes in the mature sperm. In 2013, Erkek and colleagues performed a 

series of comparative genome-wide H3K4me3, H3K27me3, H3.1/H3.2 and H3.3 ChIP 

following high-throughput sequencing analysis using human and mouse spermatids and mature 

sperm. These authors reported the enrichment of nucleosomes at hypomethylated CpG-islands. 

In addition, they reported the enrichment of H3.3 on most of the CpG-islands of mouse sperm 

compared to H3.1/H3.2, which their enrichment was limited only to some CGIs. Since CpG 

islands are often associated with promoter regions and the fact that nucleosomes are retained 

on hypomethylated CGIs, they suggested that the nucleosome retention might be associated 

with a paternal epigenetic information (Erkek et al., 2013). In 2007, Govin and colleagues 

(Govin et al., 2007) and in 2013, Meyer Ficca and colleagues through FISH analysis reported 

the association of histones with repetitive sperm sequences in mice (Meyer-Ficca, Lonchar et 

al., 2013).  

Following these observations and since there was no solid evidence of paternal activation 

of genes bearing nucleosomes during early development, in 2014, Samans and colleagues 

decided to revisit the mapping of nucleosome preserved sites and their biological importance 

for post-fertilization stages in human and bovine samples. For this aim, regardless of histone 

modifications, they prepared 146bp DNA fraction corresponding to mononucleosomes and 

these sequences were subjected to high-throughput sequencing followed by the analysis of 

nucleosome binding sites on the human and bovine sperm genome. In contrast to the findings 

from Hammoud and colleagues, these authors reported nucleosome retention on repetitive 
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DNA in spermatozoa. Additionally, they reported a differential nucleosome retention 

depending on the nature of repetitive DNA elements. For instance, they found a significant 

enrichment of nucleosome-binding sites on LINE1 and SINE, a massive depletion of 

nucleosome enrichment on DNA transposons, LTRs and low-complexity repeats (LCRs) in 

both human and bovine sperm. Moreover, they reported an important nucleosome depletion 

within both human and bovine exons, introns, promoters, TSSs, 3’-UTR and 5’-UTRs. Further 

analysis of nucleosome-associated promoters revealed the enrichment of the corresponding 

genes in factors important for RNA and protein processing. The remaining genes, both in 

human and in bovine sperms were nucleosome-free and were occupied by protamines. Among 

the nucleosome-free genes, HOX gene clusters were identified in both human and bovine 

sperm, in contrast to previously reported data from Hammoud and colleagues.  

Furthermore, after the confrontation of nucleosomal site position in human sperm with 

sperm DNA methylation data, these authors reported the hypomethylation of the majority of 

promoters and exons in nucleosome-preserved regions compared to nucleosome-depleted 

genes. Moreover, when they analyzed the DNA methylation of the CpG islands at a single 

gene-locus level, as previously described in the literature, it appeared that the maternally 

expressed genes harboured hypermethylated CpG islands at their promoters, whereas 

paternally expressed genes harboured hypomethylated CpG promoter regions in sperm 

(Samans et al., 2014). It is important to note that in Samans and colleague’s study, the data on 

the repetitive elements were later criticized (Royo, Stadler et al., 2016).  

The same year, Carone and colleagues by characterizing the MNase digested chromatin of 

mouse embryonic stem and sperm cells, revealed the profile of the chromatin architecture and 

nucleosome positions in these cells. In this study, they cross-linked cells with formaldehyde. 

These cells were lysed, subjected to MNase digestion and the released DNA was sequenced 

(paired-end sequencing). Interestingly, in this study they also sequenced various DNA size 

released after MNase digestion, which included not only nucleosome footprints of 120-150bp 

corresponding to mononucleosome (147bp), but also shorter fragments of (<80bp). In sperm, 

their analysis revealed the preferential histone retention over gene-poor regions. Additionally, 

fluorescence microscopy also confirmed the localization of the majority of nucleosomes at 

distinct chromocenter regions occupied by repetitive elements. However, these authors also 

observed the presence of the nucleosome fragments on CpG-rich promoters, but these fractions 

represented only a small percentage of all nucleosomes retained in sperm and in fact most 
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promoters were found to be free of nucleosomes. Furthermore, they reported the enrichment of 

CTCF factor at MNase footprints in mature sperms (Carone et al., 2014). These observations 

were in agreement with the Samans study but in complete disagreement with earlier reported 

data.  

To explain all these opposing data, it has been speculated that these differences might be 

due to the differential conditions of MNase digestion, since the enrichment of 

mononucleosomes was observed after applying high MNase concentration (Saitou & 

Kurimoto, 2014). Additionally, these conditions could have destroyed all of the sub-

nucleosomal histone-preserved regions, which we are reporting here.  

In 2018, Yoshida and colleagues developed a protocol in order to analyze histone retention 

and distribution in mouse sperm. They first purified histone replacement-completed sperm 

(HRCS) fraction (corresponding to cells with completed process of histone-to-protamine 

exchange) from epididymis, caput and cauda. Then, after using DTT and heparin, the 

solubilization of histones were performed by sonication from cross-linked DNA without 

MNase digestion. This protocol consists of a mild sonication in order to remove sperm tail 

followed by two rounds of percol isolation in order to remove the low-density sperm 

(corresponding to histone replacement-uncompleted sperm (HRunCS)). H3 ChIP-seq analysis 

on HRCS fractions revealed the enrichment of nucleosomes at promoters, which they 

correlated with the possible transcriptional regulatory role of nucleosome-preserved regions 

during early embryonic development. Further analyses are needed to explore whether residual 

histones affect gene expression after fertilization.  

Compared to swim-up sperms as well as total cells obtained from cauda epididymis, histone 

H3 was enriched 5 times less in HRCS fraction. This data confirms first the heterogeneity of 

sperm population, which should be taken into consideration for future nucleosome mapping 

analyses, and second they could explain to some extend the controversial data obtained from 

previous studies. 
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III. Characterization of sub-nucleosomal structures in mouse 

condensing spermatids 

In 2007, in my host laboratory, sub-nucleosomal structures were first identified through 

extensive MNase digestion of purified chromatin from mouse condensing spermatids.  Due to 

the high level of chromatin compaction in condensing spermatids and its resistance to MNase 

digestion, chromatin was first partially decompacted using a detergent. After centrifugation, a 

soluble extract and non-soluble pellet were obtained. Non-soluble fraction was then subjected 

to extensive MNase digestion. Two categories of MNase-digested profile (corresponding to 

150bp) and MNase sensitive or small structures, corresponding to 75bp fragments, were 

obtained. Both DNA fragments were isolated from agarose gel and used as probes for DNA 

FISH. Interestingly, both nucleosome-related DNA and small structures were associated with 

pericentric heterochromatin regions in round and condensing spermatids. In order to identify 

proteins involved in genome organization in late spermatids, basic proteins were isolated after 

acid extraction and they were subjected to proteomic analyses. Five new proteins sharing 

sequence similarities with H2A and H2B were identified, which were called respectively, 

H2A.L.1 (for H2A.Like 1), H2A.L.2, H2A.L.3, H2B.L.1 and H2B.L.2. According to the latest 

nomenclature, these proteins are referred to as H2A.Lap2, H2A.Lap3/H2afb1/H2A.B.1, Y-chr 

H2A.L.3, subH2B/H2B.L.1 H2B.L.2 respectively (El Kennani et al., 2017). Further analysis 

revealed the localization of H2A.L.1/L.2 in the pericentric heterochromatin regions of late 

spermatids, suggesting a role for these proteins in organizing pericentric heterochromatin. 

Interestingly, IP analyses demonstrated the dimerization preference of H2AL.1/L.2 for TH2B 

rather than H2B (Govin et al., 2007). All of these findings encouraged further characterizations 

of the MNase-sensitive small structures and their protein content as well as identifying the role 

of H2A.L.1/L.2 in the pericentric genome organization of late spermatids.  

In 2017, in order to characterize the role of H2A.L.2 in chromatin organization in late 

spermatids, a series of experiments were carried out. The generation of knock out mouse 

models as well as H2A.L.2-specific antibody, hugely participated to the identification of 

H2A.L.2’s role in late spermatids genome organization. Different experimental approaches 

revealed that H2A.L.2 incorporation is an important step in the nucleosome-to-

nucleoprotamine transformation.  
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Briefly, in condensing spermatids, after loading H2A.L.2-TH2B dimer onto the 

nucleosomes, they open the nucleosome structure, which allows the invasion of nucleosomes 

by TPs. Nucleosome-TP interact with the incoming Prms, and mediate the pre-PRM-2 

processing. Prms bind to DNA in competition with histone-TP complexes, leading to chromatin 

compaction via PRMs (Figure 26) (Barral et al., 2017).  

 

Figure 26: Schematic representation of step by step molecular mechanisms involved in histone 

hyperacetylation and histone eviction. Taken from Sophie Barral, PhD manuscript, 2018.  
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IV. H2A.L.2-TH2B dimer-based histone retention in mouse 

sperm 

Previously, we demonstrated that H2A.L.2 nucleosomal incorporation induces nucleosome 

relaxation (Barral et al., 2017, Montellier et al., 2013), similar to CENP-A nucleosomes, which 

provide an open structure, which favors the loading of non-nucleosomal proteins to ensure the 

subsequent microtubules assembly. Similarly, in the case of H2A.L.2 incorporation, the 

subsequent nucleosomal relaxation, allows TPs and Prms loading onto H2A.L.2-containing 

nucleosomes in elongating and condensing spermatids, establishing a functional 

interconnection between histones, TPs and Prms.  

In this study, extensive MNase digestion of the nuclei of condensing spermatids, generated 

mono-nucleosomal (150bp) and sub-nucleosomal fractions (73bp).  

The enrichment of histone complement associated with these DNA fragments, clearly 

revealed strong presence of dimer H2A.L.2-TH2B and depletion of H3 and H4 in the sub-

nucleosomal structures. Thermal stability assay experiment as well as other in vitro 

biochemical assays, revealed a higher stability, enhanced DNA-binding property and more 

stable histone-DNA-TP complexes, for H2A.L.2-TH2B dimers compared to conventional 

H2A-H2B dimers.  A recent study demonstrated that the partial unwrapping of nucleosome 

(similar to that obtained during thermal stability assays), changes H2A-H2B conformation, 

leading to a more stable binding of the dimer to DNA (Bilokapic et al., 2018). These 

observations in addition to our current data, nicely explain the retention of dimer-based 

structures at the time of nucleosome dismantlement, rather than total histone complement 

removal.  

Very interestingly, paired-end sequencing of fragments corresponding to nucleosomal and 

sub-nucleosomal structures in mature sperm, revealed the presence of both nucleosomes and 

sub-nucleosomal structures at the same positions as previously observed in condensing 

spermatids (Barral et al., 2017). These observations suggest the presence of stable H2A.L.2-

TH2B-DNA complexes, which resist displacement at the time of histone eviction in 

condensing spermatids. This also suggests a role for TPs in dissociating H2A.L.2-TH2B dimer 

from H3-H4 tetramer, rather than the whole octamer displacement. Moreover, the fact that sub-

nucleosomal structures are present at the same positions as nucleosomes, highlights the 
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presence of a heterogeneous population of sperm cells. We believe that an interpretation of 

these data could be that in some cells some nucleosomes resist the pressure of Prms, in others 

the dimer-based sub-nucleosomal structures appear and in the third group histones are 

completely replaced by Prms.  

Our current observations could also explain the disagreement regarding the subject of 

histone retention in mature sperm (Erkek et al., 2013, Hammoud et al., 2009, Samans et al., 

2014, Yoshida et al., 2018).  

In addition to our work on the spermatozoa genome organization, our “off-context ectopic 

expression of H2A.L.2 in NIH3T3 cells, also revealed the intrinsic ability of H2A.L.2 to target 

the pericentric regions of the genome. This observation suggests that no testis-specific factor 

is required for this targeting. Of course, H2A.L.2 ChIP-seq analyses are required to confirm 

our in situ and fluorescent observation regarding the pericentric targeting of H2A.L.2. 

However, the repeating nature of pericentric satellites, makes these analyses complicated.  

Based on the previous reports, today we know that the mammalian sperm genome is partially 

packed by histones (in mouse retained at about 1% compared to somatic cells (Erkek et al., 

2013). Histone-preserved-regions have been proposed to potentially play a role in early 

embryonic gene expression (Arpanahi, Brinkworth et al., 2009, Brykczynska et al., 2010, 

Hammoud et al., 2009), or might be crucial for the cytosine methylation inheritance in early 

developmental stages (Nakamura et al., 2012). Therefore, we can also assume that our dimer-

based structures might also mark some of these regions, which could be important for early 

embryonic development.  
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V. Intrinsic property of H2A.L.2 for pericentric heterochromatin  

Previous work in my host laboratory revealed the pericentric localization of H2A.L.2 in 

late spermatids. In addition, recent data from our laboratory demonstrated that upon H2A.L.2 

incorporation, nucleosomes become relaxed, which lead to nucleosome-to-nucleosprotamin 

transformation. These observations indicate that despite nucleosome removal upon genome-

wide H2A.L.2 incorporation, H2A.L.2 remains at pericentric regions, which could be an 

indication of a differential programming of pericentric regions in mature sperm.  

In the present work, in addition to late spermatids and mature sperms, we unraveled the 

pericenetric localization of H2A.L.2 in mouse embryonic fibroblast NIH 3T3 cells in a 

complete out-of-context situation. Interestingly, under the same conditions, H2A.B.3 was 

unable to localize at pericentric regions upon its ectopic expression. We conclude that H2A.L.2 

harbours an intrinsic property to localize at the pericentric regions and that no testis-specific 

factor is required for this specific targeting.  

H2A.W, a recently identified histone variant in Arabidopsis thaliana, has also been 

associated with heterochromatin regions (Yelagandula, Stroud et al., 2014). The authors of this 

work reported that, H2A.W acts in synergy with heterochromatin marks such as H3K9me2 and 

DNA methylation, in order to maintain the integrity of these regions (Yelagandula et al., 2014). 

Besides, these authors reported that in vitro, H2A.W enhances chromatin fiber-to-fiber 

interaction via its conserved C-terminal motif. In our study, we also generated multiple 

truncated versions of H2A.L.2 by replacing its C-terminal motif with canonical H2A and 

H2A.B.3. These mutations revealed partial mis-localization of H2A.L.2 from pericentric 

heterochromatin once ectopically expressed in 3T3 cells (data not shown). Therefore, we 

concluded that the C-terminal region of H2A.L.2 is partially responsible for the pericentric 

localization of this protein.  

Interestingly, the extermination of the published data on H2A.W in vivo showed that in 

K.O. plants, the absence of H2A.W is associated with heterochromatin decondensation 

(Yelagandula et al., 2014). Similarly, our previous data also revealed that the absence of 

H2A.L.2 in mouse sperm could lead to the same observation since we detected a general 

genome decompaction that should also include the pericentric regions.  
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These data together suggest the specific and particular roles of H2A variants in the organization 

of pericentric regions.  

 

VI. H2A.L.2 turnover regulation and stabilization via RNA in 

NIH 3T3 and mouse sperm 

N-terminal of H2A.L.2 contains a 7 arginines motif. A similar region in H2A.B.3 histone 

variant has been characterized as a RNA-binding involved in the interaction of this histone 

with several nuclear factors involved in RNA processing (Anuar et al., 2019, Soboleva et al., 

2017). Surprisingly, ectopic expression of the truncated mutant of H2A.L.2 in which the 7-

arginine motif at H2A.L.2 N-terminal was replaced by the canonical H2A counterpart in NIH 

3T3 cells, revealed an enhanced localization of the protein in pericentric regions. This 

observation suggested that this putative RNA-binding motif has a role in the control of the 

pericentric localization of H2A.L.2. 

In order to directly confirm that the N-terminal arginine motif is the RNA binding domain 

of H2A.L.2, RNA pull-down experiments are ongoing. However, we obtained additional data 

supporting a role for this motif and for RNA in the pericentric targeting of H2A.L.2. Indeed, 

the ectopic expression of major satellite transcripts, induced mis-localization of the wild-type 

H2A.L.2 from pericentric regions but not of the mutated H2A.L.2 lacking this RNA-binding 

motif. Additionally, FRAP analyses of both wild-type and mutated H2A.L.2 demonstrated that 

the recovery of wild-type H2A.L.2 at the pericentric regions is much faster than that of the 

mutant protein. In other words, the 7-arginine motif of H2A.L.2 regulates its turnover via 

interaction with different types of RNA. The FRAP analyses also revealed that H2A.L.2 

interaction with RNA is not specific to major satellite transcripts, since we also showed that 

these cells do not express satellite RNAs. Therefore, we can propose that, RNA has an impact 

on the stabilization of H2A.L.2, and in general plays a role in its turnover and dynamics. In the 

context of mature sperm, our RNA-seq data in addition to RNA FISH analyses, revealed the 

expression of major satellites RNA in post-meiotic spermatogenic cells including mature 

spermatozoa. Considering all of these data, we can conclude that in the late spermatogenic 

cells, major satellite RNAs expression and localized accumulation control and regulate the 

turnover and stability of H2A.L.2 at pericentric heterochromatin regions.  
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 A role for RNA in the stabilization of chromatin-binding factors has been evidenced 

for various regulatory factors. A recent study demonstrated that RNA binding of the insulator-

binding factor and the higher-order chromatin organizer, CTCF factor, is crucial for its 

association to chromatin, suggesting the role of RNA in the stability and maintenance of CTCF 

factor at its cognate DNA binding sites (Saldana-Meyer, Rodriguez-Hernaez et al., 2019). 

Interestingly, another study also revealed that the major satellite repeat transcripts mediate the 

stabilization of Suv39h1 and Suv39h2 on the pericentric heterochromatin (Velazquez 

Camacho, Galan et al., 2017). These observations highlight the importance of RNAs in the 

stability and function of regulatory elements but to the best of our knowledge, this RNA-

mediated chromatin binding stability has not been shown for histones. Therefore, our finding 

on the role of RNA is the first example of such a role for RNA in the control of histone 

dynamics. 
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General Conclusion 
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 The present study shed lights on two important steps in the genome reorganization 

during late spermatogenesis. First, we discovered that p300 activation requires p300-

dimerization. Therefore, this finding will guide us in deciphering the molecular basis of Nut-

mediated p300-dependent general histone hyperacetylation in elongating spermatids. 

Additionally, for the first time, we demonstrated an unknown novel function for the testis-

specific H2A.L.2 histone variant in the generation of dimer-based sub-nucleosomal structures 

in mature spermatozoa, we also defined the ability of RNA to control the dynamics of H2A.L.2 

and to direct its final genomic localization in mature spermatozoa .  

 As previously reported, NUT enhances the HAT activity of p300 for H4 acetylation, 

especially on lysines 5 and 8, in condensing spermatids, in addition to its canonical role in H3 

acetylation in spermatogonia and in spermatocytes. Here, thanks to crystal structures and a 

series of functional studies, we propose a multi-step process in which the HAT activity of p300 

is ensured by the activation and oligomerization of transcriptional co activators ligands. 

Briefly, following the cellular signaling, transcription factors, such as IRF3 and STAT1, 

become phosphorylated and dimerized, leading to their activation. These transcription factors 

are then targeted to DNA, and engage two molecules of p300, leading to the removal of AIL 

in cis from its inhibitory position. This results in activation of p300 HAT. Additionally, 

activated p300 can recognize acetylated chromatin via its bromodomain and propagates histone 

acetylation on chromatin (Figure 25). This study reveals a chain of events from DNA targeting 

by transcription factors to chromatin remodeling.  

We speculate that this mechanism could activate p300 in early spermatogenic cells, 

spermatogonia, spermatocytes and round spermatids. However, during late spermatogenesis, 

with the decrease in gene expression, Nut is induced and activates p300 in a transcription 

factor-independent manner. More specifically, Nut orients this p300 enhanced activity towards 

H4, specially K5 and K8 to generate binding sites for Brdt, which mediates in turn histone 

removal. Unpublished data from my laboratory indicates that this chain of events leads to the 

replacement of TH2B-H2A by TH2B-H2A.L.2.  

We then focused our attention on H2A.L.2. Here, we report for the first time that not 

only H2A.L.2 is important for nucleosome invasion by TPs and Prms, but also it could 

constitute the basis of a new mature sperm genome organization. At the onset of histone 

eviction process, the incorporation of H2A.L.2 into the nucleosome, induces an open 

nucleosome, which renders nucleosomes prone to accommodate TPs and Prms, leading to 
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histone eviction.  Our current observations reveal that H2A.L.2-TH2B dimers have a strong 

affinity to bind to DNA and processes the ability to generate stable dimer-based structures, 

which resist the TP-Prm pressure for DNA removal. Therefore, we propose, the existence of a 

heterogeneous pool of mature sperm cells, harbouring nucleoprotamine, H2A.L.2-TH2B-PRM 

dimer-based and full Prm-compacted chromatin structures (Figure 27).  

Of course, further studies are required to evaluate the role of these structures in the 

transmission of specific male epigenetic information to the zygote. 
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Figure 27. Schematic summary of our current observations. Atomic level molecular mechanisms 

underlying Nut and p300 interaction are still unknown. Additionally, heterogenous genome-compacted 

pool of mature sperm cells is highlighted on the spermatozoa.  
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Prior to its transmission to the offspring, the male
genome has to be tightly compacted. A genome-scale
histone eviction and the subsequent repackaging of
DNA by protamines (Prms) direct this essential
genome condensation step. The requirement for male
germ cells to undergo such a dramatic and unique
genome reorganization explains why these cells express
the largest number of histone variants, including many
testis-specific ones. Indeed, an open chromatin, nucleo-
some instability and a facilitated process of histone dis-
assembly are direct consequences of the presence of these
histone variants in the chromatin of male germ cells.
These histone-induced changes in chromatin first control
a stage-specific gene expression program and then dir-
ectly mediate the histone-to-Prm transition process. This
review aims at summarizing and discussing a series of
recent functional studies of male germ cell histone vari-
ants with a focus on their impact on the process of his-
tone eviction and male genome compaction.

Keywords: H2A.L.2; H3.3; protamines; TH2B; tran-
sition proteins.

Spermatogenesis is a differentiation process which pro-
duces mature spermatozoa, which will deliver the male
genome to the oocytes in the female organism.
Spermatogenic cells are continuously produced by an
asymmetrical division of progenitor cells, named sper-
matogonia. These cells on the one hand maintain the
stem cell population and on the other hand generate
meiotic cells, or spermatocytes, which themselves
undergo two successive meiotic divisions. The second
meiotic division produces haploid cells known as sperm-
atids. The early post-meiotic spermatids are called
round spermatids. These cells activate a specific gene
expression program that will direct their transformation
into spermatozoa, through a series of reorganizations
of their various cellular constituents. These reorganiza-
tions mostly take place in the subsequent stages of post-
meiotic differentiation, in cells known as elongating and

condensing spermatids. Large-scale histone post-trans-
lational modifications (PTMs), essentially histone
acetylation, signal and regulate the initiation of the
process of histone-to-protamine (Prm) replacement in
elongating spermatids (1�3).

Although still largely unexplored, this genome-wide
replacement of histones by Prms is the most dramatic of
the known processes involved in chromatin remodelling,
genome reorganization and reprogramming (4). In add-
ition to Prms, early investigations also identified other
basic non-histone proteins that appear at the time of
histone replacement but, in contrast to Prms, totally
disappear afterwards (5). These proteins have been
named transition proteins (TPs). The early studies of
sperm and testis histones in various species also revealed
the existence of histones that are only expressed in male
germ cells (6). Indeed testis-specific histones were
among the first histone variants identified.
Additionally, spermatogenic cells not only express a
large number of various testis-specific histones, but are
also characterized by the presence of some histone vari-
ants, which almost entirely replace their canonical coun-
terparts (Fig. 1). Therefore, prior to histone
replacement, spermatogenic cell chromatin accumulates
unique germline histones in replacement of their canon-
ical counterparts. Histone variants, including the testis-
specific ones, will eventually be replaced by Prms.

An open question is whether and how this large
number of histone variants, individually and collectively,
are involved in directing the spermatogenic gene expres-
sion program and in preparing chromatin for the final
histone-to-Prm transition. Additionally, it is critical to
decipher the individual contribution of each of the spe-
cific or generalist histone variants to these unique events.
Another related question is the interplay between his-
tones, TPs and Prms in the process of histone eviction.
Most of these questions have remained obscure until
recently. It is only during the last few years, a long
time after the discovery of the first testis-specific histone
variants that several pilot studies have started to shed
light on the role of histone variants in the stepwise pro-
graming of the male genome, in the eviction of histones
and in the final genome compaction.

Here, we summarize these recent advances in our
knowledge of the role of histone variants, specifically
testis-specific histone variants, in spermatogenesis,
with a specific focus on the process of genome-wide
histone eviction and Prm assembly.

TH2B

One of the first histone variants discovered belongs to the
H2B family and was named TH2B (TSH2B, according
to the new nomenclature). Indeed, the protein was F

e
a
tu

re
d

A
rt

ic
le

J. Biochem. 2018;163(2):97–103 doi:10.1093/jb/mvx079

� The Authors 2017. Published by Oxford University Press on behalf of the Japanese Biochemical Society. All rights reserved 97

D
ow

nloaded from
 https://academ

ic.oup.com
/jb/article-abstract/163/2/97/4642838 by IN

SER
M

 user on 15 O
ctober 2019

Deleted Text: is 


reported in 1975 (7) as a H2B histone expressed in the
testes of several mammalian species.

The first insight into a potential specific function of
this H2B variant came from a structural study showing
that a histone octamer containing TH2B presents an
increased instability compared to a canonical octamer
(8). Additional studies showed that TH2B is also pre-
sent during late spermatogenesis and at the time of
histone removal, and that it remains in the transitional
structures that are generated during the transform-
ation of nucleosomes into nucleoprotamines (9).

The first functional studies of TH2B in its physio-
logical setting, during spermatogenic cell differentiation,
were published only 38 years after its identification, fol-
lowing the generation of different mouse models (10).
These studies show that, from the onset of meiosis,
TH2B massively replaces H2B, and that most of the
genome becomes covered by TH2B-containing nucleo-
somes. However, surprisingly, in the total absence of
TH2B, spermatogenesis seems to occur completely nor-
mally, and there is no effect on male fertility.

The investigation of spermatogenesis in TH2B-less
mice revealed that, in fact, in the absence of TH2B, a
compensatory mechanism leads to the accumulation of
H2B, thereby physically compensating the lack of
TH2B by an increased production of H2B and allow-
ing the formation of nucleosomes at the genome scale.

This observation raised the question of the functional
utility of TH2B during spermatogenesis. Indeed, if H2B
can efficiently replace TH2B, then what could be the
specific role of TH2B?

The answer to this question came from the compara-
tive quantitative proteomic analysis of histone PTMs
between TH2B-less and wild-type spermatogenic cells.
These data show that, in the absence of TH2B, nucleo-
somes undergo an epigenetic reprogramming to become
less stable. Indeed, in TH2B-less nucleosomes, histones
gain several chemical modifications that, without any

exception, are all located at structurally strategic pos-
itions and present the potential to weaken the overall
stability of the nucleosomes. These are H3K122 and
H4K77 crotonylation. These two lysines are in contact
with DNA and the addition of a bulky crotonyl group
with its charge neutralizing capacity is able to affect
nucleosome stability. The other PTMs found in
TH2B-less nucleosomes are methylations at H4R35,
H4R55, H4R67 and H2BR72. Remarkably all these
residues are involved in histone�DNA and histone�his-
tone interactions and their methylation has the poten-
tial to weaken these intranucleosomal interactions.

Hence, these investigations indicate that the com-
pensatory mechanism that is activated after the loss
of TH2B encompasses not only an over-expression of
the canonical H2B, but also specific modifications of
histones with nucleosomal destabilizing effects. In
other words, the primary function of TH2B could be
to generate less stable nucleosomes at the whole
genome scale, which would lower the energy necessary
for the cells to undertake chromosome-wide (sex
chromosome inactivation) and genome-wide histone
exchanges in later stages.

The nucleosome destabilizing property of TH2B was
later confirmed through a series of structural studies.
Compared to H2B, the presence of TH2B in a nucleo-
some leads to the loss of a hydrogen bound with H4
(11). Other structural works considering TH2B and
TH2A (an H2A variant co-expressed with TH2B)
showed even more dramatic effects on the nucleosomes
stability, with significantly reduced histone-DNA con-
tacts and modified histone�histone interactions (12, 13).

TH2B was also found expressed in oocytes and to be
assembled again on the paternal genome after fertiliza-
tion before its total disappearance during later devel-
opment (Fig. 2) (10, 14, 15). The use of TH2B�TH2A
in cell reprograming showed that their ectopic expres-
sion stimulates the reprograming of somatic cells into

Fig. 1 Differentiation-dependent expression of testis-specific histone variants during spermatogenesis. Detailed studies of the indicated histone
variants established the precise timing of their expression during the spermatogenic cells differentiation. A fraction of TH2B and H2A.L.2 escape
the general histone-to-Prm transition and remains in the mature sperm nuclei.
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induced pluripotent stem cells, a property that could be
related to the ability of these histones to create more
accessible chromatin (14).

In contrast to TH2B-less situation, the knock-out of
both TH2B and TH2A leads to an arrest of spermato-
genesis during meiosis (16). However in this model, al-
though the lack of TH2B induced a compensatory
accumulation of H2B, as reported in the TH2B-less
model (10), no H2A accumulation was observed (16).
Since TH2A is also the main H2A in spermatogenic
cells, in Th2a/Th2bKO spermatogenic cells, the absence
of compensatory gain of H2A expression suggests a sig-
nificant H2A under-dosage in these cells. The defects
observed could therefore be due to an inappropriate
chromatin structure and subsequent genome disorgan-
ization, rather than to a specific action of TH2A or
TH2B (16). In agreement with this hypothesis, two
recent reports showed that TH2A could be phosphory-
lated at the TH2A-specific Thr127 and that this phos-
phorylation is dispensable for normal spermatogenesis
and male fertility (17, 18).

The animal models used to decipher TH2B functions
also included mice that expressed a modified endogenous
TH2B, bearing three tags at its C-terminal (10).
Remarkably, although in these mice all the investigated
events at the cellular and molecular levels, i.e. TH2B-tag
assembly, transcription, meiosis, sex-chromosome inacti-
vation, H2A.X phosphorylation and histone exchange,
etc., occur normally in spermatogenic cells up to the ap-
pearance of elongating spermatids, an arrest of sperm-
atogenesis is observed at the time of histone-to-Prm
transition. This study demonstrated that TH2B-tag ex-
pressed in female animals could also sustain oocyte mat-
uration and embryonic development with no detectable
defects and leading to the generation of healthy adult
mice (10).

Overall, these data show that the presence of a tag at
the C-terminal end of TH2B, interferes very specifically
and exclusively with defined and particular events that
take place in elongating-condensing spermatids (10).
Detailed observations indicated, that in these TH2B-
tag expressing male germ cells, although TP and Prms

are produced, Prms are unable to replace histones lead-
ing to the accumulation of transitional structures fol-
lowing nucleosome disassembly. Further investigations
are required to decipher the exact role of TH2B, and
more specifically of its C-terminal region, in the final
histone eviction.

H2A.L.2

In an attempt to identify histones that could facilitate
the process of histone-to-Prm transition, surviving his-
tones from spermatids undergoing histone replacement
were purified and identified (9). This led to the identi-
fication of 5 new histone variants, two H2Bs and three
H2As, which were respectively named H2B.L.1,
H2B.L.2, H2A.L.1, H2A.L.2 and H2A.L.3 [please
see their new nomenclature in (19, 20)]. Among these
histones, H2A.L.2 presented all the criteria to be con-
sidered as a candidate histone variant involved in his-
tone removal. Indeed, the protein is first detected in
spermatids at the same time as TPs (9, 21).
Additionally, H2A.L.2 along with TH2B was found
in the H3/H4-less transitional structures, which were
evidenced in condensing spermatids after extensive
micrococcal nuclease (MNase) digestion. Finally, a
fraction of H2A.L.2 remains in mature spermatozoa
associated with the pericentric regions (9).

The generation of an H2A.L.2-less mouse model
proved its critical role in the process of histone-to-Prm
replacement. The molecular studies of spermatogenic
cells lacking H2A.L.2 revealed its role in the incorpor-
ation of TPs onto chromatin. Additionally, a series of in
vitro nucleosome reconstitution assays demonstrated
that the incorporation of H2A.L.2 can drastically
modify the structure of the corresponding nucleosome.
A more ‘open’ H2A.L.2-containing nucleosome is able
to load TPs, which invade the nucleosome without
releasing the DNA. These TPs in turn buffer the incom-
ing Prms and allow their assembly and the final histone
eviction. TPs also mediate the processing of Prm2, which
is produced as a pre-Prm2 protein (21). In fact the
phenotype of H2A.L.2-less spermatogenic cells is very

Fig. 2 The packaging cycles of the male genome with TH2A/TH2B. The histone variants TH2A and TH2B become the major histones in
spermatogenic cells, until the replacement of TH2A by H2A.L.2, at the time of histone-to-Prm transition. A fraction of TH2B�H2A.L.2 dimer
survives histone replacement. After fertilization, the removal of Prms is associated with the re-assembly of maternal TH2A�TH2B on the male
genome. These histones will be entirely replaced by their somatic counterparts during early development. The schemes respectively represent
maturing spermatids (left) and a fertilized egg with paternal (P) and maternal (M) genomes (right).
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close to the phenotype of TP-less cells (22�24) suggest-
ing that, in the absence of H2A.L.2, although TPs are
produced, they remain non-functional.

Altogether, these observations fully support the idea
that the incorporation of H2A.L.2 changes the struc-
ture of the nucleosomes allowing chromatin loading of
TPs, which in turn buffer and regulate Prm processing
and assembly (Fig. 3).

Prms are the true histone displacers. Indeed, they can
displace histones even in the absence of TPs (or
H2A.L.2). However, although not required for histone
removal, TPs are necessary for an efficient Prm-depend-
ent genome compaction.

The major outcome of these investigations is also a
new vision of the process of histone-to-Prm transition.
Indeed, the general belief was that histones were first
replaced by TPs, which were later replaced by Prms to
fully compact the genome. The new data described
above demonstrate that the full picture of the process
requires a histone variant that ‘prepares’ the nucleo-
somes to undergo disassembly (Fig. 1). In this context,
TPs and Prms work together, not successively, to fully
transform the nucleosomes into nucleosprotamine
structures (Fig. 3).

H2A.B.3

In an attempt to identify and functionally characterize
H2A histone variants that lack the characteristic acidic
patch, which is present in most H2As, including canon-
ical H2A, the mouse genome was screened in search for
H2A genes with an altered acidic patch (25). The acidic
patch is typically composed of a series of six acidic
amino acids of H2A, present at the surface of a nu-
cleosome, which mediates the nucleosome�nucleosome
interaction and hence chromatin compaction (26, 27).
This approach led to the identification of four H2A
variants with an altered acidic patch, which were
named H2A.Lap1-4, ‘Lap’ standing for Lack of

Acidic Patch. A further analysis showed that some of
them had already been identified by Govin and col-
leagues: H2A.L.2 actually is H2A.Lap3, H2A.L.1 is
H2A.Lap2 and H2A.L.3 is H2A.Lap4 (20).
H2A.Lap1, now known as H2A.B.3, was uniquely
identified in this study and functionally characterized.
This H2A variant shows similar structural features as
H2A.L.2 but its expression pattern is drastically differ-
ent (Fig. 1). H2A.B.3 first appears in late pachytene
spermatocytes and particularly accumulates in post-
meiotic round spermatids but disappears from the
elongating spermatids nucleus (25), when H2A.L.2
starts to accumulate (21). The protein was then
found enriched at the transcriptional start sites (TSS)
of highly active genes in spermatocytes as well as in
round spermatids. In these latter cells, H2A.B.3 be-
comes associated with the X-linked genes that escape
sex chromosome transcriptional inactivation (25).
Further studies demonstrated that H2A.B.3 has an
RNA-binding motif, binds RNA and a series of
RNA processing factors and co-localizes with splicing
speckles in highly active nuclear subdomains (28).
These studies highlight the possibility that H2A.B.3
incorporation at exon�intron boundaries facilitates
the recruitment of splicing factors from the splicing
speckles.

It is of note that the studies on H2A.B.3 also re-
vealed a specific functional interplay between this his-
tone and the widely-studied H2A.Z in spermatogenic
cells. Indeed, several years ago, a microscopic analysis
of H2A.Z histone variants revealed a post-meiotic
accumulation of H2A.Z on the sex chromosomes
(29). A high resolution mapping of H2A.Z and
H2A.B.3 revealed an interesting relationship between
these two H2A variants. The replacement of H2A.Z by
H2A.B.3 at the exon�intron boundaries in spermato-
genic cells may play a role in the regulation of splicing
at active genes. Additionally, in the surround of genes
TSSs, a combination of H2A, H2A.Z and H2A.B.3
could define specific gene categories in terms of expres-
sion timing and functional classifications of their prod-
ucts (30). These studies extend the role of histone
variants from a specific action on particular chromatin
regions to a possibly direct regulation of RNA process-
ing and splicing.

Testis specific H3

A testis-specific histone H3 was also first reported
almost 40 years ago (31). However, similarly to
TH2B, it is structural biology that brought hints on
the possible functions of this variant, first for the
human H3T (32) and then for the mouse H3t variant
(33). These studies showed that the alteration of sev-
eral residues in H3T compared to H3.1, perfectly ex-
plains the instability of nucleosomes bearing H3T,
observed in vitro and in vivo. In the case of H3t, only
one H3t-specific amino acid, H42, was found to be
responsible for creating an ‘open’ nucleosome with
flexible DNA at the entry�exit of the nucleosomes
(33). The H3t-encoding gene becomes active in differ-
entiating spermatogonia, and its product gradually
replaces most of the somatic-type H3s.

Fig. 3 Coordinate actions of histone variants, TPs and Prms in the

process of histone-to-Prm replacement. The exchange of TH2B�
TH2A by TH2B�H2A.L.2 opens the nucleosomes, allowing the
loading of TPs that in turn direct a controlled replacement of his-
tones, Prm assembly and genome compaction.
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In the absence of H3t, a significant reduction of the
number of differentiating c-Kit positive spermatogonia
was observed, leading to complete male infertility.
Further investigations showed a drastic decrease
in the number of post-meiotic cells and suggested a
possible role for this histone in the entry of cells into
meiosis. However, since there was no compensatory
increase of H3 gene expression to maintain cellular
H3 levels, the observed defects in the absence of H3t
could also be explained by histone underdosage.

H3.3

Besides the mouse models harbouring the inactivation
of genes encoding testis-specific histone variants, the
targeted inactivation of H3.3-encoding genes in the
mouse testis was also performed. H3.3 is a replica-
tion-independent H3 that is required for chromatin as-
sembly whenever the replication-dependent pathway is
not operational, such as post-fertilization chromatin
assembly on the paternal genome (34�36).

In the mouse two independent H3.3 encoding genes,
H3f3a and H3f3b, generate identical H3.3. However
individual targeted KO of these genes have different
impact on spermatogenesis. The knock-out of H3f3a
leads to the generation of abnormal spermatozoa (37),
while the KO of H3f3b has a much more dramatic
phenotype including a spermatogenesis arrest at the
stage of round spermatid (37, 38).

These functional analyses of H3.3 had been awaited
since the interesting observation by de Boer’s labora-
tory of the massive replacement of H3 by H3.3 on the
sex chromosomes in meiotic cells (39). During meiosis
the unsynapsed X and Y chromosomes create a specific
domain in the nucleus of spermatocytes known as
the sex body, which undergoes a total transcriptional
inactivation during meiosis known as meiotic sex
chromosome inactivation (MSCI).

A consequence of this selective incorporation of H3.3
on the sex chromosomes is the creation of interesting
combinations of histone variants. In spermatocytes, the
macroH2A histone variant was known to accumulate
on the sex body (40), while in post-meiotic cells it is
H2A.Z that becomes enriched on these chromosomes
(29). The presence of both H3.3 and macroH2A in
spermatocytes and of H3.3 and H2A.Z in round sperm-
atids increases the probability for these combinations
to be present within the same nucleosome. While
macroH2A is associated with less active and more
stable chromatin domains (41), the H3.3�H2A.Z com-
bination is known to create a particularly unstable nu-
cleosome (42, 43), which could be important for the
post-meiotic reactivation of the sex-linked genes.

The generation of these H3.3 KO models therefore
provided the possibility to investigate more specifically
the importance of H3.3 on the sex chromosome biol-
ogy during spermatogenesis. However, at least in
spermatocytes, no global defects were observed after
a reduction in H3.3 expression (37), and the question
of the function of H3.3 in MSCI and in the post-mei-
otic partial reactivation of sex chromosomes at the
molecular levels remains open.

Concluding Remarks

In addition to almost all the histone variants present in
somatic cells, spermatogenic cells express a number of
unique histone variants of the H2A, H2B and H3 types
(Fig. 1).

The structural studies of all these testis-specific vari-
ants revealed their capacity to induce nucleosome in-
stability. Remarkably, short H2As, H2A.L.2 and
H2A.B.3 as well as H3t are able to generate flexible
DNA ends at the entry and exit of nucleosomes.
Although these variants induce open chromatin fea-
tures, these histones are expressed at quite different
timings during spermatogenesis. H3t is expressed
early in differentiating spermatogonia, while H2A.B.3
is expressed in pachytene spermatocytes and to a
greater extent in round spermatids and is eventually
replaced by H2A.L.2 in elongating spermatids.
Therefore, the configuration of chromatin seems to
gradually open from the early stage of commitment
of cells into meiotic divisions to the late post-meiotic
stage of histone-to-Prm transition. Additionally,
spermatocytes express TH2B and TH2A that also
form unstable and programmable chromatin.
TH2B�TH2A remains in spermatogenic cells until
the time of histone replacement, when H2A.L.2 accu-
mulates and becomes the privileged partner of TH2B
(Fig. 2).

Therefore, due to the action of these histone
variants, the chromatin of spermatogenic cells becomes
potentially ‘prepared’ to undergo histone-to-Prm re-
placement. Consequently, it is possible to speculate
that it is the timing of TPs and Prms expression that
decides histones replacement. However, the generation
of an H2A.L.2-less mouse model demonstrated that
the incorporation of this variant is indispensable for
TPs to be efficiently loaded onto chromatin and that
TPs incorporation controls the efficiency of the Prm-
dependent replacement of histones (21).

Additionally, a genome-wide occurrence of histone
hyperacetylation and of other histone acylations also
seems necessary for histone replacement (1�3). It can
therefore be concluded that a change in the structure of
nucleosomes due to the incorporation of testis-specific
histone variants is only one facet of the mechanisms
involved in general histone eviction and that other
mechanisms, mostly histone PTM-based events, are
equally important.

Therefore, the future challenge will be to decipher
the molecular links between histone variants and his-
tone PTMs in the process of coupled histone eviction
and Prm assembly.
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Chapter 16

Characterization of Post-Meiotic Male Germ Cell Genome 
Organizational States

Jérôme Govin, Sophie Barral, Yuichi Morozumi, Naghmeh Hoghoughi, 
Thierry Buchou, Sophie Rousseaux, and Saadi Khochbin

Abstract

Dramatic and unique genome reorganizations accompany the differentiation of haploid male germ cells, 
characterized by a gradual loss of the vast majority of histones leading to a final tight compaction of the 
genome by protamines. Despite being essential for procreation and the life cycle, the mechanisms driving 
the transformation of nucleosomes into nucleoprotamines remain poorly understood. To address this 
issue, our laboratory has developed a number of specific approaches, ranging from the purification of sper-
matogenic cells at specific stages, the analysis of chromatin transitional states, the functional characteriza-
tion of histone variants, histone-replacing proteins and their chaperones. This chapter will detail all related 
relevant techniques with a particular emphasis on methods allowing the functional studies of histone vari-
ants and the genome organizational states associated with the studied histones in spermatogenic cells 
undergoing histone-to-protamine exchange.

Key words Histone, Histone variants, Transition proteins, Protamines, Chaperones, Chromatin, 
Nucleosome, Spermatogenesis, Germline, Sperm

1 Introduction

During mammalian spermatogenesis, haploid male germ cells are 
continuously produced following successive meiotic divisions 
(occurring in spermatocytes). The early post-meiotic cells known 
as round spermatids undergo radical nuclear shape changes while 
becoming elongating spermatids, which themselves evolve into 
condensing spermatids and undergo the final transformations to 
produce mature spermatozoa. Mature sperm cells are capable of 
leaving the male reproductive organ and will have to face a chal-
lenging environment as they will “swim” toward the oocyte. The 
preparation of the final genome compaction virtually starts when 
spermatocytes/spermatid chromatin incorporate specific histone 
variants that favor the ulterior genome-wide histone eviction [1, 2]. 
The commitment of progenitor cells into meiosis is associated with 
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the accumulation of testis-specific histones of the H2A, H2B, and 
H3 types with particular structural properties that survive meiosis 
and are inherited by the post-meiotic spermatids [3–7]. Additionally, 
haploid cells synthesize their own sets of histone H2A and H2B 
variants with specific roles in the control of testis-specific gene 
expression as well as in chromatin remodeling and reorganization 
and histone-to-protamine replacement [3, 7].

The gradual stage-specific incorporation of these histone vari-
ants along with the occurrence of a sharp and dramatic gain of 
histone posttranslational modifications (PTMs) in elongating sper-
matids [8–11], mediate the replacement of histones by basic small 
non-histone proteins known as transition proteins (TPs) and prot-
amines (Prms).

Until recently, the prevailing view was that histones are first 
replaced by TPs, which are then themselves replaced by Prms [12, 
13]. However, a recent functional investigation of a specific H2A 
histone variant, H2A.L.2, expressed at the time of histone eviction 
in elongating spermatids showed that an exchange of H2A-H2B 
histones is actually coupled and concomitant with the action of 
TPs and Prms, the generation of transitional states and DNA com-
paction [7]. This particular research on H2A.L.2, and our current 
understanding of the molecular basis of post-meiotic mouse male 
germ cell genome reorganization in our laboratory relies on years 
of pilot studies and development of specific approaches [14–16] 
that will be detailed here.

Our global approach to the issue of post-meiotic genome reor-
ganization is built first on the design, adaptation, and improve-
ment of techniques to isolate different types of post-meiotic cells 
[17], and second on the adaptation and development of methods 
to study different organizational states of chromatin, discover and 
identify histones, non-histone basic proteins and their chaperones, 
and generate relevant mouse models for functional molecular stud-
ies. Here below we successively describe the techniques for post-
meiotic cell fractionation, the identification of basic and acidic 
proteins (respectively enriched in nucleic acid-binding proteins 
and chaperones, and in histone and non-histone basic proteins), 
the identification of histones [18], the study of chromatin organi-
zational states, and the generation of mouse models.

2 Materials

All solutions are stored at room temperature (RT) unless otherwise 
specified.

 1. Homogenization Medium 1 (HM1): 0.32 M Sucrose, 1.5 mM 
CaCl2, 10 mM Tris pH 8, 1 mM Dithiothreitol (DTT) and 
protease inhibitors cOmplete EDTA-free (Roche).

2.1 Isolation 
of Condensing 
Spermatids

Jérôme Govin et al.
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 2. Homogenization Medium 2 (HM2): HM1 supplemented 
with 0.1% Triton.

 3. Homogenization Medium 3 (HM3): HM2 supplemented 
with 0.88 M Sucrose (final concentration).

 4. Filter with 100 μm wide pore.
 5. Dissection material.
 6. Motor-driven Potter-Elvehjem homogenizer.

 1. Sulfuric acid (H2SO4).
 2. Trichloro-acetic acid (TCA).
 3. Acetone.
 4. Acetone supplemented with 0.05% HCl.

 1. TP1 cDNA cloned into pET28 plasmid for production as a 
recombinant protein (available upon request).

 2. BL21 transformation-competent bacteria.
 3. Isopropyl-beta-D-thiogalacto-pyranoside (IPTG).
 4. Perchloric acid (PCA).
 5. Trichloro-acetic acid (TCA).
 6. Acetone.
 7. Acetone supplemented with 0.05% HCl.
 8. CNBr-activated sepharose 4b fast flow (GE Healthcare).
 9. Coupling buffer: 0.5 M NaCl, 0.1 M NaHCO3 pH 8.3.
 10. Quenching buffer: 0.2 M Glycine pH 8.
 11. Storage buffer: 0.1 M Tris pH 8, 0.5 M NaCl, 0.05% NaN3.
 12. Wash buffer 1: 0.1 M Na Acetate pH 4, 0.5 M NaCl.
 13. Wash buffer 2: 0.1 M Tris pH 8, 0.5 M NaCl.
 14. Extraction buffer 0 (EB0): 50 mM Tris pH 8, 1% NP-40, 0.5% 

Deoxycholic acid, 0.1% SDS, 1 mM DTT and protease inhibi-
tors cOmplete EDTA-free (Roche).

 15. Extraction buffer 1 (EB1): EB0 supplemented with 150 mM 
NaCl.

 16. Extraction buffer 2 (EB2): EB0 supplemented with 1.2 M 
NaCl.

 1. Lysis buffer: 50 mM Tris pH 7.4, 300 mM NaCl, 0.1% NP-40, 
0.1% Deoxycholic acid, 1 mM DTT and protease inhibitors 
cOmplete EDTA-free (Roche).

 2. MNase digestion buffer: 10 mM Tris pH 7.5, 10 mM KCl, 
1 mM CaCl2.

2.2 Isolation of Basic 
and Acidic Proteins 
from Condensing 
Spermatids

2.2.1 Basic Proteins 
(Histone and Non-histones)

2.2.2 Acidic Proteins (TP 
Column)

2.3 MNase Digestion 
of Condensing 
Spermatids Nuclei

Analyzing Chromatin in Male Germ Cells
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 3. Nuclease S7 Microccocale nuclease.
 4. Chromatin Fiber Analysis Mix: 10 mM Tris pH 8, 1 mM 

EDTA, 0.1 mg/mL Proteinase K, 0.1% SDS.

 1. Gradient sucrose solution: 1 mM Phosphate Buffer pH 7.4 
(prepared by mixing of 0.5 M NaH2PO4 pH 9 with 0.5 M 
Na2HPO4 pH 4.4 to reach pH 7.4), 80 mM NaCl, 0.2 mM 
EDTA, 20% Sucrose w/v, cOmplete EDTA-free (Roche), 
HDAC inhibitors (300 nM Tricostatin A).

 1. Total germ cells or purified post-meiotic cells: Prepare as 
described in Subheading 3.1. They can be flash frozen in liquid 
nitrogen and stored at −80 °C.

 2. Immunoprecipitation (IP) buffer: 20 mM HEPES pH 7.9, 
300 mM NaCl, 10% Glycerol, 0.2 mM EDTA, 0.1% NP-40, 
1 mM DTT and protease inhibitors cOmplete EDTA-free 
(Roche). Prepare freshly and cool on ice.

 3. 0.45 μm wide pore membrane filters.
 4. Anti-FLAG M2 Affinity Agarose Gel (Sigma-Aldrich).
 5. Tris-buffered saline (TBS): 20 mM Tris pH 7.4, 150 mM 

NaCl.
 6. 3× FLAG peptide (Sigma-Aldrich): Dissolve 3× FLAG Peptide 

in TBS at a concentration of 5 mg/mL as a stock solution. 
Since repeated freeze/thaw cycle is not recommended, make 
small aliquots of the stock solution and store at −20 °C.

 7. Anti-HA antibody.
 8. Dynabeads Protein G (Thermo Fisher Scientific).
 9. Magnetic separation stand.
 10. Conjugation buffer: 20 mM Phosphate buffer pH 7.4 pre-

pared as described above (section 2.4), 150 mM NaCl.
 11. Bis(sulfosuccinimidy)suberate (BS3) linker (Sigma-Aldrich, 

catalogue No. S5799): Dissolve BS3 in conjugation buffer at a 
concentration of 100 mM just prior to use.

 1. MS_HistoneDB files: download from reference 18 (Supp. 
Files 1 and 2).

3 Methods

A detailed protocol for the fractionation of spermatogenic cells by 
sedimentation has been published recently [17] (Fig. 1).

2.4 Sucrose Gradient 
Fractionation of 
Nucleosomal and  
Sub-Nucleosomal 
Fragments

2.5 TAP-Tag Histone 
Purification

2.6 Proteomic 
Analysis of Histone 
Variants
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 1. Start with 2 testes in cold 1× PBS (see Note 1).
 2. Remove their tunica albuginea using fine tip tweezers.
 3. Transfer all testicular material in a potter with 5 mL of 

Homogenizing Media 1 (HM1).
 4. Disrupt mechanically using a motor-driven potter-homoge-

nizer. Perform 10 strokes at 3000 rpm.
 5. Complete the volume to 10 mL with Homegenizing Media 2 

(HM2).
 6. Centrifuge 10 min at 500 × g at 4 °C.
 7. Resuspend the pellet in 3 mL of cold HM2.
 8. Sonicate the tube on ice at 250 J.
 9. Centrifuge for 10 min at 500 × g at 4 °C.
 10. Resuspend the pellet in 3 mL of cold HM2.
 11. Sonicate the tube on ice at 250 J.
 12. Centrifuge for 10 min at 500 × g at 4 °C.
 13. Filter the suspension with a 100 μm pore size filter.
 14. Add HM2 to obtain a final volume of 10 mL.
 15. Centrifuge for 10 min at 500 × g at 4 °C and resuspend the 

pellet in 10 mL of HM2.
 16. Centrifuge for 10 min at 500 × g at 4 °C and resuspend the 

pellet in 10 mL of HM3.
 17. Centrifuge for 10 min at 500 × g at 4 °C and resuspend the 

pellet in 1 mL of HM1.
 18. Transfer in microfuge tubes 1.5 mL.
 19. Centrifuge and flash freeze the dry pellets. They can be stored 

at −80 °C (see Note 2).

3.1 Isolation 
of Nuclei 
from Condensing 
Spermatids

Fig. 1 Summary of the methods used to characterize the different chromatin organizational states during 
mouse spermatogenesis

Analyzing Chromatin in Male Germ Cells
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 1. Resuspend a pellet of condensed spermatids in 500 μL of 
0.2 M H2SO4. Basic proteins will be solubilized while other 
proteins will precipitate.

 2. Sonicate briefly if necessary.
 3. Incubate for 30 min on ice.
 4. Centrifuge for 30 min at 21,000 × g at 4 °C and transfer the 

supernatant to a new prechilled tube.
 5. Precipitate histones by adding 110 μL of Trichloroacetic acid 

(TCA) (20% v/v final concentration, see Note 3).
 6. Incubate for 30 min on ice (see Note 4).
 7. Centrifuge for 30 min at 21,000 × g at 4 °C. Precipitated his-

tones should be visible on the side of the tube.
 8. Discard the supernatant and wash the pellet with 500 μL of 

Acetone 0.05% HCl.
 9. Centrifuge for 10 min at 21,000 × g at 4 °C.
 10. Wash again in pure Acetone.
 11. Centrifuge for 10 min at 21,000 × g at 4 °C.
 12. Carefully remove the maximum of acetone using P200 and 

P10 pipettes. Dry the pellet at RT for 10–20 min (see Note 5).
 13. Resuspend the pellet in H2O (see Note 6).
 14. Centrifuge 10 min at 21,000 × g at 4 °C to remove non-solu-

ble proteins. The supernatant contains acid-soluble proteins.

This protocol has been used to identify proteins able to interact 
with the basic transition protein TP1 [14].

 1. Transform TP1 cDNA cloned in pET 28 vector in BL21 com-
petent bacteria.

 2. The production of TP1 is induced in a 100 mL log phase cul-
ture (OD600 0.7) for 1 h at 37 °C with 2 mM IPTG.

 3. Wash the pellet in PBS and resuspend in 5 mL of 5% perchloric 
acid (see Note 7).

 4. Incubate for 30 min incubation on ice.
 5. Centrifuge at 21,000 × g during 10 min at 4 °C.
 6. Add 1.1 mL of trichloroacetic acid (TCA) to reach a final con-

centration of 20%.
 7. Incubate on ice for 30 min.
 8. Centrifuge at 21,000 × g during 10 min at 4 °C.
 9. Discard the supernatant and wash the pellet with 500 μL of 

0.05% Acetone HCl.

3.2 Isolation of Basic 
Proteins 
from Condensing 
Spermatids Nuclei

3.3 Isolation 
of Acidic Proteins 
from Condensing 
Spermatids Nuclei

3.3.1 Production 
and Purification of the 
Transition Protein 1 (TP1)

Jérôme Govin et al.
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 10. Centrifuge during 10 min at 21,000 × g at 4 °C.
 11. Wash again in pure Acetone. Centrifuge 10 min at 21,000 × g 

at 4 °C.
 12. Carefully remove the maximum of acetone using P200 and 

P10 pipettes. Dry the pellet at RT for 10–20 min (see Note 5).
 13. Resuspend the pellet in H2O (see Note 6).
 14. Centrifuge for 10 min at 21,000 × g at 4 °C to remove unsol-

uble proteins. The supernatant contains purified TP1, which is 
aliquoted and stored at −80 °C. Pure TP1 recombinant pro-
tein will be observed on Coomassie-strained SDS-PAGE gel.

TP1 is crosslinked to CNBr-activated agarose beads (GE 
Healthcare) following the manufacturer’s instructions.

 1. Resuspend 0.6 g of dried resin in 300 mL of 1 mM HCl.
 2. Wash with 15 mL of coupling buffer.
 3. Resuspend in 6 mL of coupling buffer.
 4. Incubate half of the resin for 2 h at RT with 270 μg of TP1 

whereas the other half is incubated with a similar amount of 
BSA.

 5. Remove the buffer by centrifugation or filtering and add 2 mL 
of quenching solution.

 6. Incubate for 2 h at RT.
 7. Extensively wash the resin sequentially with 2 mL of wash buf-

fers 1 and 2. Store the column at 4 °C in storage buffer.

 1. Resuspend condensing spermatids in 100 μL of cold Extraction 
Buffer 1 (EB1).

 2. Sonicate briefly to disrupt the cells.
 3. Incubate for 15 min at 4 °C.
 4. Centrifuge 10 min at 4 °C at 10,000 × g.
 5. Save the supernatant and resuspend the pellet in 100 μL of 

cold EB2.
 6. Incubate for 15 min at 4 °C.
 7. Centrifuge 10 min at 4 °C at 10,000 × g.
 8. Pool the extracts obtained in EB1 and EB2 and add 700 μL of 

EB0 to adjust the concentration of NaCl to 150 mM.
 9. Wash twice 60 μL of the BSA or TP1 crosslinked resins in 

1 mL of EB1.
 10. Incubate 200 μL of the protein extract with 60 μL of the resin 

for 2 h at 4 °C under agitation.
 11. Wash three times the resins in 1 mL of EB1.

3.3.2 TP1 Crosslinking 
on an Agarose Resin

3.3.3 Purification of TP1 
Interacting Proteins

Analyzing Chromatin in Male Germ Cells
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 12. Elute proteins in 15 μL of loading buffer and boil for 5 min.
 13. Purified proteins can be analyzed by SDS-PAGE or using stan-

dard mass spectrometry procedures (Subheading 3.7).

 1. Resuspend condensing spermatids (obtained as described in 
Subheading 3.1, using six testes) in 112.5 μL of Lysis buffer.

 2. Incubate for 15 min at 4 °C.
 3. Centrifuge for 10 min at 4 °C at 20,000 × g.
 4. Save the supernatant.
 5. Resuspend the pellet in 112.5 μL of lysis buffer.
 6. Sonicate the tube on ice at 80 J.
 7. Centrifuge for 10 min at 4 °C at 20,000 × g.
 8. Save the supernatant.
 9. Pool both supernatants.
 10. Add 112.5 μL of MNase buffer and 11.5 Units of micrococcal 

nuclease S7.
 11. Incubate for 2 min at 37 °C (see Note 8).
 12. Stop the digestion by adding 5 mM EDTA (final concentra-

tion) and place on ice.
 13. Analyze the length of DNA fragments: digest 5 μL of chroma-

tin fibers with 2.5 μL of Chromatin Fibers Analysis Mix for 
15 min at 50 °C. Analyze directly on a 1.5% agarose gel.

 1. Pour the gradient sucrose solution in the tubes and freeze at 
−20 °C (see Note 9).

 2. The day before use, thaw the tubes slowly by placing them in 
at 4 °C. The gradient will be formed by differential freezing /
thawing of the sucrose solution (see Note 10).

 3. Load slowly the chromatin fibers obtained after step 13 
(Subheading 3.4) on the sucrose gradient. Equilibrate the 
tubes with EDTA 0.1 mM if necessary.

 4. Centrifuge for 16 h at 4 °C in the SW28 rotor at 25,000 rpm 
(∼82,000 × g, large tubes), or in the TLS-55 rotor at 
32,000 rpm (∼68,000 × g, small tubes).

 5. Collect 500 or 100 μL fractions of the gradients for large or 
small tubes, respectively.

 6. The length of DNA fragments from fractions can be analyzed by 
digesting 5-10 μL with 2.5 μL of Chromatin Fibers Analysis Mix 
for 15 min at 50 °C followed by migration on a 1.1% agarose gel.

Histone genes were tagged with a combination of three tags: His, 
Flag, and HA. The first affinity purification uses the Flag tag since 
the protein complexes can be recovered using a competitor Flag 
peptide under non-denaturing condition. The HA tag was used to 
perform a second affinity purification.

3.4 MNase Digestion 
of the Chromatin 
of Condensing 
Spermatids

3.5 Separation 
of Nucleosomal 
Chromatin Fragments

3.6 Purification 
of Soluble Histone 
Associated Proteins 
in the Male Germline
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Contamination of the purified complex by heavy and light chains 
of the antibody may interfere with subsequent analyses. For this 
reason, the antibody is covalently cross-linked to the beads. The 
following cross-linking protocol is suitable for 5 μg of HA anti-
body with 50 μL of Dynabeads Protein G (see Note 11). This 
procedure can be scaled up or down if necessary. Unless otherwise 
indicated, perform the whole procedure at RT.

 1. Transfer 50 μL of Dynabeads Protein G in a microfuge tube. 
Place the tube on magnetic separation stand for 1 min and dis-
card the supernatant.

 2. Wash the beads with 200 μL of cold PBS.
 3. Wash the beads twice with 200 μL of IP buffer.
 4. Incubate the beads with 5 μg of the anti-HA antibody in 

200 μL of IP buffer. Perform incubation under gentle rotation 
at 4 °C for 1 h.

 5. Discard the supernatant and wash the beads twice with 200 μL 
of conjugation buffer. During the second wash, transfer the 
beads to a new microfuge tube.

 6. Resuspend the beads in 250 μL of 5 mM BS3 cross-linker 
diluted in conjugation buffer and gently rotate for 30 min.

 7. Add 12.5 μL 1 M Tris pH 7.5 to the beads and incubate for 
15 min under rotation (see Note 12).

 8. Wash the beads twice with 200 μL of IP buffer (see Note 13). 
During second wash, transfer the beads to a new tube.

 9. Add 50 μL of IP buffer to the beads and store on ice until use.

The entire protocol is performed at 4 °C unless otherwise 
specified.

 1. Resuspend the required amount of frozen male germ cell or 
purified post-meiotic cell pellets prepared using histone 
 TAP-tagged mice (see Subheading 3.1) in the appropriate vol-
ume of IP buffer (see Notes 14 and 15).

 2. Extract soluble proteins by gently rotating the cell suspension 
at 4 °C for 30–60 min.

 3. During step 2, transfer the required amount of Anti-FLAG 
M2 affinity beads in a new microfuge tube (see Note 16). Wash 
the beads once with 1 mL of 1× PBS, and twice with 1 mL of 
IP buffer. Add an equal volume of IP buffer to the beads to 
make 50% beads slurry.

 4. Recover the clarified lysate by centrifugation at 21,000 × g for 
10 min, and then filtrate the supernatant through a 0.45 μm 
wide pore membrane filter (see Note 17). Transfer 10–20 μL 
of the supernatant to a new microfuge tube (input fraction) 
and store at −20 °C.

3.6.1 Anti-HA Antibody 
Cross-Linking 
to Dynabeads Protein G

3.6.2 Purification 
of Soluble Histones Using 
TAP-Tag

Analyzing Chromatin in Male Germ Cells



302

 5. Mix the lysate with the equilibrated Anti-FLAG M2 affinity 
beads and incubate on a rotator at 4 °C for 4 h (see Note 18).

 6. During step 5, prepare the anti-HA antibody cross-linked 
Dynabeads Protein G (see Subheadig 3.5, step 1 and 
Note 11).

 7. Separate the lysate and the beads by centrifugation at 2000 × g 
for 2 min. Remove the supernatant and transfer 10–20 μL of 
the supernatant to a new microfuge tube (first unbound frac-
tion) and store at −20 °C.

 8. Wash the beads in 1 mL of IP buffer. Centrifuge at 2000 × g 
for 2 min and discard the supernatant. Repeat this wash step 
five times. During the fifth wash, transfer the beads to a new 
microfuge tube (see Note 19).

 9. Resuspend the beads in an equal volume of 0.3 mg/mL 3× 
FLAG peptide diluted in IP buffer (see Note 20). Gently rotate 
on a rotator at 4 °C for 30 min.

 10. Centrifuge the resin at 2000 × g for 2 min. Carefully transfer 
the supernatant to a new microfuge tube.

 11. Repeat steps 9 and 10 again, and combine the elution 
fractions.

 12. To remove the possibly remaining small amount of beads in 
the combined eluate, spin the sample at 2000 × g for 2 min, 
and carefully recover the supernatant into a new microfuge 
tube. Transfer 10–20 μL of the supernatant to another 
microfuge tube (first elution fraction) and store at −20 °C.

 13. Mix the clarified elution fraction with the appropriate amount 
of anti-HA antibody cross-linked Dynabeads Protein G, and 
incubate with gentle rotation at 4 °C overnight (see Note 21).

 14. Place the tube on a magnetic stand for 1 min. Remove the 
supernatant and transfer 10–20 μL of the supernatant to a new 
microfuge tube (second unbound fraction) and store at 
−20 °C.

 15. Add 1 mL of IP buffer to the beads and resuspend gently. 
After the beads settle down by placing the tube on the stand 
for 1 min, discard the buffer. Repeat this wash step three 
times. During the third wash, transfer the beads to a new 
microfuge tube.

 16. Add 10–30 μL of 1× Laemmli sample buffer without reducing 
agent. Heat the beads at 95 °C for 5 min (see Note 22).

 17. Place the tube on a magnetic stand and transfer the superna-
tant to a new microfuge tube. Store the sample at −20 °C for 
further experiments.
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 18. Analyze the collected samples at each purification step (steps 
4, 7, 12, 14 and 16) by western blot to estimate the efficiency 
of TAP-tag purification.

Mass spectrometry is a powerful technique to analyze the composi-
tion of chromatin, the diversity of histones present in a specific 
chromatin fraction and their posttranslational modifications. 
Several published reviews and protocols already document this 
type of analysis [19–24]. In brief, histones are extracted and puri-
fied from the initial material. They are usually proteolyzed into 
smaller peptides using a specific enzyme and these peptides are 
subsequently analyzed by mass spectrometry. Raw data are mainly 
made of fragmentation spectra acquired on peptides from which it 
is possible to identify the amino acid sequences using search soft-
wares, such as the widely used Mascot software (Matrix Science). 
Additional post-analysis treatments enable identification and quan-
tification of the proteins and potentially of their posttranslational 
modifications present in the initial protein sample [25].

The interpretation of the raw spectra relies on public protein 
sequence databases, such as SwissProt or UniProtKD. 
Unfortunately, they are either incomplete or overly redundant 
with partial annotation, complicating the analysis of histone pro-
teins and their variants. We recently developed a new resource, 
named MS_HistoneDB, which can be directly used into standard 
proteomic pipelines and greatly facilitate proteomic approaches 
dedicated to the analysis of histones [18]. >1000 entries have 
been collected and manually filtered to create a final list of ∼80 
unique histone entries, in human and mouse species.

4 Notes

 1. Isolation of condensed spermatids is routinely performed on 2 
mouse testes but it is possible to modulate the number of  testes 
and adjust the volume of buffers proportionally. The testes can 
be collected from male mice upon availability in animal facility, 
briefly washed in cold PBS 1× and stored in microfuge tubes at 
−80 °C. Male mice have to be 8–9 weeks old in order to pro-
duce mature sperm: they reach puberty ∼34–38 days after 
birth and another 28 days are required for the differentiation 
of sperm.

 2. The quality of the preparation can be controlled observing an 
aliquot of each step with a microscope.

 3. Alternatively, acid soluble extract can be buffered by adding 
110 μL of Tris 2 M pH 8. The pH of the extract can be verified 
by pipetting 1 μL on a pH paper. Add more Tris solution if 
necessary. We recommend to incubate this solution for 30 min 

3.7 Proteomic 
Analysis of Histone 
Variants
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on ice and centrifuge 30 min at 21,000 × g at 4 °C to remove 
any potential precipitate. This option is useful when high con-
centration of histones is not required.

 4. TCA-precipitated histones can be stored overnight at 
−20 °C. However, a prolonged state in this strong acid could 
impact posttranslational modifications of histones. Long-term 
storage should be done on acetone washed pellets.

 5. This step should remove the excess of acetone. Extensive dry-
ing will result in difficulties to resuspend the pellet in water.

 6. Resuspension in water can be difficult. The pellet can be briefly 
sonicated to facilitate the resuspension of histones. Alternatively, 
the pellet can be resuspended in SDS-PAGE loading buffer.

 7. The purification of TP1 takes advantage of the extreme basic 
property of this protein, which is soluble at very low pH. Acid 
soluble proteins are extracted directly from the cell pellet by 
solubilization in a strong acid (perchloric acid).

 8. Conditions of MNase digestion can be optimized by running a 
time course experiment to obtain nucleosomal fibers of the 
desired length, evaluated on an agarose as described in 
Subheading 3.4, step 13.

 9. Two volumes can be used: large gradients, formed with 16 mL 
of Sucrose Gradient solution in 16 × 102 mm tubes for SW28 
Beckman-Coulter rotor (ref 337986), or small gradients, using 
2.3 mL of the same solution in 11 × 34 mm tubes (ref 347357) 
to be used on a TLS-55 rotor.

 10. Ideally in a cold room without any vibration (lab fridges are 
frequently opened and such vibrations will perturb the quality 
of the gradient).

 11. The affinity of protein G for antibodies varies depending on 
the host species and antibody subclasses. Dynabeads Protein A 
is also available if the affinity of the antibody to protein G is not 
optimal.

 12. BS3 crosslinker reacts on primary and secondary amines. 
Adding 1 M Tris pH 7.5 will provide them in excess and 
quench the cross-linking reaction.

 13. Uncross-linked antibody may remain on the beads. An addi-
tional wash with 200 μL of Glycine 100 mM pH 3.0 will 
remove the uncross-linked antibody. This wash has to be brief 
to preserve the functionality of the antibody. Then wash the 
beads twice with 200 μL of IP buffer to remove traces of 
Glycine acidic solution.

 14. The salt concentration of the IP buffer can be adapted depend-
ing on the purpose of the experiment. Weakly bound proteins 
will be lost when using higher salt concentrations.
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 15. The required amount of cell pellet is dependent on the expres-
sion level of the protein of interest and the scale of the experi-
ment. Total male germ cells obtained from two or three mice 
would be applied to large-scale purification and the analysis of 
histone-associated proteins by mass spectrometry. In the case 
of purified post-meiotic cells, larger numbers of mice (more 
than ten) would be required. The volume of the IP buffer 
should be 10–20 times the volume of the cell pellet.

 16. The required amount of beads varies depending on the scale of 
the experiment. Generally, 20 μL and 100–200 μL of beads are 
optimal for small- and large-scale purifications, respectively.

 17. Particles (e.g., lipid) present in the cell lysate, which may non-
specifically bind to the beads and cause an increased back-
ground, will be removed at that step.

 18. Longer time incubation may increase nonspecific binding of 
background proteins and disrupt weak protein interactions.

 19. This step is important to eliminate the contamination of the 
components that have been absorbed on the surface of the 
tube wall during the incubation.

 20. In the case of less than 50 μL of the beads, it is recommended 
to use 50 μL of the peptide solution to efficiently recover the 
eluate.

 21. The necessary amount of antibody cross-linked beads depends 
on the affinity of the antibody toward the protein of interest. 
In our hands, 10–20 μL of the beads corresponding to 1–2 μg 
cross-linked antibody is sufficient for large-scale purification if 
a high-affinity antibody is used.

 22. It is not recommended to use 1× Laemmli sample buffer con-
taining reducing agents (DTT or β-mercaptoethanol). It may 
increase a contamination of the eluate by the light chains of the 
antibody, released by reducing agents.
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L’empaquetage du génome mâle, 
un processus qui reste mystérieux
Le spermatozoïde est la seule cel-
lule capable de survivre en dehors 
de l’organisme producteur. Il s’agit 
d’une cellule hautement spéciali-
sée qui se prépare à quitter l’organe 
génital mâle et à survivre dans les 
voies génitales femelles, lieu de la 
fécondation. La mission du sperma-
tozoïde est de transporter une copie 
du génome mâle jusqu’à l’ovocyte 
pour le livrer lors de la fusion gamé-
tique. Le processus qui aboutit à la 
production des spermatozoïdes est 
connu sous le nom de spermatoge-
nèse. La différenciation des cellules 
germinales mâles progénitrices com-
prend deux étapes principales. La 
première implique la méiose au cours 
de laquelle le génome est initialement 
brassé puis divisé, aboutissant à la 
production de quatre cellules nom-
mées spermatides, portant chacune 
une seule copie du génome. Au cours 
de la deuxième étape, ou spermiogé-
nèse, les gamètes mâles se préparent 
pour leur futur voyage à l’extérieur 
de l’organisme de production vers 
le lieu de fécondation. Lors de cette 
étape post-méiotique, les gamètes 
mâles sont le siège d’une véritable 
métamorphose à l’issue de laquelle 
ces cellules seront dotées d’un fla-
gelle, indispensable pour la mobilité 
des futurs spermatozoïdes. Conco-
mitamment, ils subissent une réor-
ganisation spectaculaire et unique 
de leur génome. Le fait marquant de 
cette différenciation post-méiotique 

est la disparition des nucléosomes1, 
unités universelles d’organisation et 
d’empaquetage des génomes chez les 
eucaryotes.
La disparition des histones, les consti-
tuants des nucléosomes, au cours de 
la spermiogenèse et leur remplacement 
par des petites protéines basiques non-
histones, les protéines de transition et 
les protamines ont été précédemment 
décrits [1]. Cette transformation glo-
bale de l’organisation du génome dans 
les cellules germinales mâles a comme 
objectif la compaction extrême de celui-
ci avant le voyage du spermatozoïde 
afin d’assurer sa protection lors de cette 
période à risque pour son intégrité.
De nombreux travaux ont désormais 
montré que toute perturbation affectant 
le remplacement des histones aboutis-
sait à une compaction défectueuse du 
génome dans le spermatozoïde et à une 
infertilité masculine. Le remplacement 
des histones est donc une étape critique 
pour la procréation et la perpétuation 
de l’espèce. Néanmoins, une question 
fondamentale reste ouverte : nous ne 
savons pas comment les histones sont 
dissociées de l’ADN et disparaissent, ni 
comment cette dissociation des histones 
est couplée à l’assemblage des protéines 
non-histones et à l’empaquetage du 
génome. En d’autres termes, l’ADN se 
structure autour des protamines et non 
plus des histones, mais nous ne compre-

1 Le nucléosome est composé d’un fragment d’ADN (environ 
147 paires de bases) enroulé autour d’un octamère d’his-
tones.

nons pas comment les nucléosomes sont 
remplacés par les nucléoprotamines.
La vision classique et largement docu-
mentée est que les histones sont ini-
tialement remplacées par des protéines 
dites « de transition » elles-mêmes 
substituées, à leur tour, par les prota-
mines.
Malgré l’importance de ces questions, 
nous ne disposons d’aucune information 
quant à la compréhension des méca-
nismes qui régissent ces bouleverse-
ments dans l’organisation du génome. Or 
la connaissance des mécanismes sous-
jacents est susceptible d’influencer non 
seulement la biologie de la chromatine 
et l’épigénétique, mais aussi de nous 
éclairer sur les éléments déterminants 
d’une fertilité masculine optimale.

Le remplacement des histones : par qui 
et comment ?
Malgré l’identification et la caractéri-
sation des protéines non-histones qui 
remplacent les histones au cours de la 
spermiogénèse, la relation fonctionnelle 
entre histones, protéines de transition 
et protamines est longtemps restée obs-
cure. L’observation de l’apparition suc-
cessive des protéines de transition puis 
des protamines avait initialement sug-
géré une action séquentielle de celles-
ci dans la réorganisation du génome. 
Lors d’une première étape, les histones 
étaient remplacées par les protéines de 
transition et dans une deuxième phase, 
les protamines chassaient les protéines 
de transition et dirigeaient la compac-
tion finale du génome [2,3]. Cependant, 
des observations ont semé le doute sur 

Le mystère de la disparition 
des histones au cours de la 
spermatogenèse
Sophie Barral, Yuichi Morozumi, Naghmeh Hoghoughi, 
Sophie Rousseaux, Saadi Khochbin

NOUVELLE

Nouvelles_Juin-Juillet .indd   588Nouvelles_Juin-Juillet .indd   588 03/07/2017   14:21:3903/07/2017   14:21:39



m/s n° 6-7, vol. 33, juin-juillet 2017

NO
UV

EL
LE

S
M

AG
AZ

IN
E

 589

Cette situation inattendue suggérait que 
cette histone pouvait jouer un rôle dans 
la transformation des nucléosomes et 
plus précisément, qu’elle pouvait être un 
nouvel acteur dans le jeu d’interactions 
entre les protéines de transition et les 
protamines. L’observation de la sperma-
togenèse des souris invalidées pour le 
gène codant H2A.L.2 a considérablement 
renforcé cette hypothèse. Ces souris ont 
en effet exactement le même phénotype 
que celles doublement déficientes pour 
les gènes codant les protéines de tran-
sition, à savoir une perturbation de la 
maturation de la protéine pré-Prm2, une 
compaction défectueuse du génome dans 
les spermatozoïdes et une infertilité des 
mâles. Ces observations suggèrent qu’en 
l’absence de l’histone H2A.L.2, malgré 
une synthèse normale, les protéines de 
transition restent non-fonctionnelles. 
Ainsi, l’absence du variant H2A.L.2 serait 
donc fonctionnellement équivalente à 
la carence en protéines de transition. 
Autrement dit, l’histone H2A.L.2 serait 
nécessaire aux protéines de transition 
pour assurer leur fonction.
Une série d’expériences visant à vérifier 
cette hypothèse a mis en évidence le 

téolytique dans sa partie N-terminale 
lors de son assemblage. L’accumulation 
du précurseur pré-Prm2 en l’absence des 
protéines de transition indique un rôle 
pour ces protéines dans le contrôle de 
l’assemblage des protamines. Cepen-
dant, aucune donnée publiée ne laissait 
entrevoir quelle pouvait être la rela-
tion fonctionnelle entre les protéines de 
transition et les protamines.

L’invasion du nucléosome : une histone 
jouant le rôle de « cheval de Troie »
La découverte en 2007 [7], d’une série 
de variants d’histones de type H2B et 
H2A exprimés spécifiquement dans 
les cellules spermatogéniques a per-
mis de reconsidérer le remplacement 
des histones sous un nouveau jour. En 
effet, parmi ces histones, un variant de 
H2A nommé H2A.L.2 est exprimé tardi-
vement, pratiquement en même temps 
que les protéines de transition, et de 
surcroît dans les mêmes cellules que 
celles-ci [8]. Ces observations ont dési-
gné H2A.L.2 comme un facteur particu-
lièrement intéressant, car il s’agit d’une 
histone synthétisée au moment même 
du remplacement général des histones. 

cette hypothèse du remplacement des 
histones en deux étapes successives, 
l’ordre d’apparition des protéines rem-
plaçant les histones ne semblant pas 
aussi clair qu’initialement pensé [3]. 
En effet, les protéines de transition, 
les protamines et les histones peuvent 
être simultanément détectées dans 
la même cellule [4]. D’autres expé-
riences, notamment la génération de 
souris déficientes (double Knock Out) 
pour les deux gènes codant les protéines 
de transition, ont rendu la situation 
encore plus confuse. Ces travaux ont 
montré qu’en l’absence totale des pro-
téines de transition, le remplacement 
des histones se produisait [4-6]. Cette 
dernière observation pose donc la ques-
tion essentielle du rôle des protéines de 
transition dans le processus de rempla-
cement des histones. Quel est leur rôle ? 
Les expériences de double extinction 
des gènes les codant ont montré que 
ces protéines sont nécessaires pour une 
compaction efficace du génome par les 
protamines ainsi que pour la maturation 
de la protamine 2 (Prm2). La protamine 
2 est synthétisée sous la forme d’une 
pré-protéine qui subit un clivage pro-

Figure 1. Nouveau modèle résumant 
les étapes impliquées dans le rem-
placement des histones au cours 
de la spermatogenèse. Le schéma 
général du remplacement des his-
tones largement répandu proposait 
l’action, par étapes successives et 
distinctes, des protéines de transi-
tion (TP) remplaçant les histones, 
puis des protamines (Prm) se subs-
tituant aux protéines de transi-
tion (modèle ancien, partie supé-
rieure). Nos travaux [8] mettent 
en évidence une étape supplémen-
taire qui correspond à la synthèse 
concomitante du variant d’histone 
H2A.L.2 et des protéines de transi-
tion. Leur action simultanée facilite 
l’incorporation des protamines. Ce 
nouveau modèle est présenté dans 
la partie inférieure de la figure. Ac : 
acétylation.
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synthèse d’un variant d’histone de type 
H2A produit en même temps que les 
protéines spécialisées qui remplacent 
les histones. Nous savons néanmoins 
que cette étape à elle seule n’est pas 
suffisante pour assurer cette trans-
formation du nucléosome. Le rempla-
cement se produit dans un contexte 
où le nucléosome 
doit préalablement 
être hyper-acé-
tylé [9,10], (➜) 
un événement qui 
pourrait agir en favorisant l’échange 
des molécules H2A déjà présentes dans 
le nucléosome avec le variant H2A.L.2 
néo-synthétisé, par un accroissement 
de la dynamique chromatinienne.
En conclusion, ces nouvelles données 
incitent à reconsidérer le scénario clas-
sique impliquant l’action successive 
des protéines de transition puis des 
protamines. En effet, l’incorporation de 
l’histone H2A.L.2 accélère la transfor-
mation des nucléosomes en induisant 
l’action presque simultanée des pro-
téines de transition et des protamines. 
Ainsi, l’incorporation du variant d’his-
tone H2A.L.2 initie la transformation des 
nucléosomes et correspond à une nou-
velle étape, antérieure au remplacement 
des histones (Figure 1). ‡
The mystery of histone disappearance 
during spermatogenesis

mécanisme par lequel l’histone H2A.L.2 
facilite l’action des protéines de transi-
tion : l’incorporation de l’histone H2A.L.2 
ouvre le nucléosome, ce qui permet aux 
protéines de transition d’être chargées 
sur la chromatine et d’interagir avec les 
protamines tout en assurant la maturation 
du précurseur pré-Prm2. En l’absence de 
H2A.L.2, les protéines de transition ne 
peuvent pas entrer efficacement en inte-
raction avec la chromatine et s’agrègent 
donc en piégeant une fraction des prota-
mines qui ne peuvent pas être maturées 
ni assemblées. La conséquence de cette 
situation est un sous-dosage de prota-
mines au niveau de l’ADN et une compac-
tion défectueuse du génome [8]. L’histone 
H2A.L.2 se comporte donc comme un che-
val de Troie : une fois incorporée au sein du 
nucléosome, ce variant d’histone ouvre la 
structure et permet l’invasion du nucléo-
some par des protéines non-histones.

Conclusion
L’étude fonctionnelle de l’histone 
H2A.L.2 a permis de mieux comprendre 
le phénomène mystérieux de la dispa-
rition à grande échelle des histones, 
qui survient au cours de la phase post-
méiotique de la spermatogenèse. La 
stratégie utilisée par la nature est de 
favoriser un changement structural du 
nucléosome et une déstabilisation de 
celui-ci à l’échelle du génome par la 
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