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Abstract Epigenetic modifications of chromatin have a significant role in regulation of DNA accessibility. One of these modification is the methylation of histones. In this review, I focused on the role of methylation of histone 3 on lysine 4 during house mouse spermatogenesis, especially in the spermatocytes. Meiotic prophase I includes synapsis, which involves homologous chromosome pairing, and meiotic recombination. These processes are critical points in of the germ cells formation and their failure results in meiotic arrest. Thus, the haploid cell production is stopped. Histone methyltransferase PRDM9 has a crucial role in the initiation of meiotic recombination due to its responsibility in determination of programmed double-strand break positions in places called hotspots. However, PRDM9 is not only a key factor for the initiation of recombination, but it is also important for speciation due to its association with hybrid sterility. Other proteins are included in the regulation of spermatogenesis by methylation of histone H3 on lysine 4, as suggested by the analysis of gene expression data. However, the specific functions of these genes in the development of male germ cells remain unknown. Further research of these genes might be useful for explanation of reduced fertility.   Key words: meiotic recombination, double-strand breaks, hybrid sterility, spermatogenesis, histone methylation        



  

Abstrakt 
Epige eti ké odifika e h o ati u h ají z ač ou oli  egula i přístup osti DNA.  Jednou z odifika í je et la e histo ů.  V této p á i pojed á á  o úloze et la e histo u 

H  a l si u  ěhe  spe atoge eze ši do á í a to zej é a e  spermatocytech. 
Běhe  eioti ké p ofáze I do hází k p o esu s apse, kte á zah uje pá o á í ho olog í h 

h o ozo ů, a k eioti ké eko i a i. T to p o es  jsou k iti ký  ode  t o  

pohla í h u ěk a jeji h selhá í ede k eioti ké zásta ě a tí  páde  k po uše tvorby 
haploid í h u ěk. Histo o á et lt a sfe áza PRDM  h aje klíčo ou oli  iniciaci 

eioti ké eko i a e, e oť je zodpo ěd á za u če í p og a o a ý h d ouřetěz o ý h 

zlo ů  íste h z a ý h hotspot . Ni é ě ge  Prdm9 je důležitý i ve speciaci, a to prostřed i t í  fe o é u h id í ste ilit . Další i p otei , kte é se podílí a et la i 

histo u H  a l si u  ěhe  spe atoge eze, jsou MLL  KMT D , MLL  KMT E  a PTIP 
PAX P . Získa á data z a alýz  ge o é e p ese  ší h a late h o še  az ačují, že se na regulaci této modifikace h o ati u podílí í e ge ů. A šak ejsou z á é ko k ét í fu k e, 

kte é ají t to z ý ají í ge  ěhe  ý oje sa čí h pohla í h u ěk. Další zkou á í 

tě hto ge ů ohou ýt užiteč á p o o jas ě í částeč é e o úpl é eplod osti.  
Klíčo á slo a: eioti ká eko i a e, d ouřetěz o é zlo , h id í ste ilita, 

spe atoge eze, et la e histo ů     
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1. Introduction Chromatin is the structure that has a role in regulation of DNA accessibility and protection. It consists of DNA, histones and other chromosomal proteins.  The basic structural unit of chromatin is the nucleosome, which consist of two copies of each histone: H2A, H2B, H3 and H4. DNA of the length of 147 bp is associated with the nucleosome. Histones have N-terminal tails that are subject to modifications (Kouzarides, 2007). Methylation is one type of these modifications. Group of enzymes called histone-methyltransferases catalyzes this process.  In this thesis, I review the role of methylation of histone 3 on lysine 4 during spermatogenesis. This modification is catalyzed by many enzymes including the meiosis-specific trimethyltransferase PRDM9 (Hayashi et al., 2005; Mihola et al., 2009). Prdm9 is being associated with two crucial function. One of them is role as a speciation gene between subspecies of house mouse (Mus musculus). Second role is  directing positions of DSB (double-strand DNA breaks) during initiation of meiotic recombination (Baudat et al., 2010; Hayashi et al., 2005; Kajita et al., 2015; Mihola et al., 2009; Parvanov et al., 2010). Due to similarities between mouse and human genes, we can explore new ways to solve human disorders such as male sterility.          
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2. Meiosis Meiosis is a mechanism that reduces number of chromosome sets from diploid (2n) to haploid (n). It is a key process in sexual reproduction of eukaryotic cells. Without meiosis would be the number of chromosomes in organism doubled with each new generation (Snustad and Simmons, 2009)    Chromosomes that belong to one pair are homologous chromosomes also known as homologs and chromosomes that come from different pairs are heterologs. Homologs pair during meiosis.  Due to this mechanism is number of chromosomes reduced from diploid to haploid. Reduction causes that each haploid cell receives one chromosome from respective chromosome pair (Snustad and Simmons, 2009).  Meiosis consists of two cell divisions that are meiosis I and meiosis II.   Before meiosis I, DNA undergoes replication, which leads to duplication of chromosomes (Snustad and Simmons 2009). Meiosis I is very difficult to execute and therefore much longer than meiosis II. First meiotic division starts after replication of chromosomes (Snustad and Simmons, 2009).  2.1. Prophase I This part of Meiosis I consist of 5 stages – leptotene, zygotene, pachytene, diplotene and diakinesis.  The cell undergoes meiotic recombination during prophase I. Recombination is initiated by DSBs that are introduced by topoisomerase-like protein SPO 11 along with meiosis-specific proteins MEI4 and REC114 on one of four chromatids (Baudat et al., 2013; Keeney et al., 1997). After that, the endonucleolytic cleavage by proteins of MRN complex (MRE 11, RAD50 and NBS1) leads to releasing of SPO11.  This is followed by exonucleolytic 
deg adatio  i   →  di e tio   EXO  e o u lease  hi h lea es  o e ha gs. Afte  that, strand invasion is catalyzed by recombinases RAD51 and DMC1 (Baudat et al., 2013; Dunlop et al., 2011).  DSBs are being repaired in two possible ways: crossing over and non-crossing over. Crossing-over repair requires MLH1 and MLH3 proteins and non-crossing over is repaired by annealing of strands, ligation and mismatch repair (Baudat et al., 2013). 
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2.1.1. Leptotene stage  During this stage, duplicated chromosomes are individualized. The name leptotene 
o es f o  g eek ,,leptos  =thi  e ause h o oso es appea  as thi  th ead-like structures (Zickler and Kleckner, 1998).  Each chromosome consist of two sisters chromatid (Snustad and Simmons, 2009)  2.1.2. Zygotene This stage comes with ongoing condensation of chromosomes. The homologous chromosomes tightly pairs along their length. This process is called synapsis. Synapsis is mediated by a scaffold structure, synaptonemal complex  (Handel and Schimenti, 2010). Synaptonemal complex consists of two lateral elements, central elements and transverse filaments (Lu et al., 2014; Yang and Wang, 2009). Synapsis of heterologous chromosomes is restricted to the 700kb region known as a pseudo-autosomal region (PAR)(Brick et al., 2012; Hoyer-Fender, 2003). The remaining part of X and Y chromosomes undergoes meiotic sex chromosome inactivation, which leads to transcriptional inactivation of sex chromosomes resulting in sex-body formation. Silencing of chromatin is catalyzed by γH2AX (Hoyer-Fender, 2003). 

 2.1.3. Pachytene Homologous chromosomes are completely synapsed.  Paired homologs are called bivalent and paired chromatids are called tetrad (Simmons, 2009).  Synapsis is completed. During pachytene, chromosomes exchange DNA sequences by recombination and this DSB repair, which leads in most cases to gene conversion and in 10 % cases to crossing-over (Allers and Lichten, 2001; Paigen and Petkov, 2010). 
 2.1.4. Diplotene During this stage, the paired homologous chromosomes are moving away but they stay together in the places of junction. These places are classified as chiasmata. Due to chiasmata homologous chromosomes stay paired until the Anaphase I starts (Snustad and Simmons).  
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 2.1.5. Diakinesis Chromosomes are still condensing, nuclear membrane crumbles, and meiotic spindle forms. Homologous chromosomes are being caught by microtubules are moving to middle of nucleus (Snustad and Simmons, 2009).  2.2. Metaphase I Chiasmata are moving from centromere to chromosome ends. This process is called chiasmata terminations (Snustad and Simmons, 2009). Chromosomes move to equatorial plate. 2.3. Anaphase I Paired chromosomes are completely separated and chiasmata disappear. This process is called chromosome disjunction and happens due to shortening of microtubules of meiotic spindle (Snustad and Simmons, 2009). 2.4. Telophase I Meiotic spindle de-forms. Chromosomes are decondensing and each daughter cell is divided from each other by plasma membrane. Their nuclear membrane is recovered (Snustad and Simmons, 2009). Because of Meiosis I daughter cells have haploid number of chromosomes. However, each of these chromosomes consists of t o siste s  h o atid hi h do t ha e to e genetically identical because of crossing-over  during Prophase I. (Snustad and Simmons, 2009) 2.5. Meiosis II Phases of meiosis II have the same names as a meiosis II. Chromosomes are condensing and connecting to new meiotic spindle during prophase I. During metaphase II chromosomes move to equatorial plate. During anaphase II, centromeres are dividing which leads to division of chromatids. Next is telophase II for which is typical decondensation of chromatids. New nucleus starts to form (Snustad and Simmons, 2009). Products of meiosis II have haploid number of chromosomes (Snustad and Simmons, 2009).   
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3. Spermatogenesis Spermatogenesis is a process of male germ cell formation.  This type of gametogenesis takes place in seminiferous tubules of testes. Germ cells are supported during development by Sertoli cells (Adler, 1996). Precursors of spermatogonia are called gonocytes (Manku and Culty, 2015). After changing from gonocytes to spermatogonia, spermatogonia are differentiating after mitotic cell divisions.  The final mitotic division gives rise to daughter cells, primary spermatocytes, that are diploid (Adler, 1996). This phase is followed by meiosis I of spermatocytes. One diploid primary spermatocyte gives rise to two haploid (n) secondary spermatocytes. Secondary spermatocytes undergo meiosis II. As a result of meiotic cell division, four spermatids are formed (Adler, 1996). The last phase of spermatogenesis is spermiogenesis. This phase includes development of spermatid to mature sperm. Golgi vesicles of cell are fused and forms acrosome. Acrosomes include enzymes that are important for penetration of egg (Adler, 1996).  Cap structure is forming around the nucleus and cytoplasm is reducing during elongation of spermatid. Flagellum is completed at the end of elongation. After these processes, spermatozoa are transported into epididymis which is a place of their maturation (Adler, 1996). 4. H3K4 methylation 
ε-amino group of lysine is common subject of histone methylation. These modifications can be the mono-, di- or tri-methylation (Santos-Rosa et al., 2002). There are two groups of modifying enzymes, which are classified as methyltransferases (KMTs) and demethylases (KDMs) (Black et al., 2012). KMTs are divided to 2 classes. One of them contains SET domain which is a 130 acid catalytic domain conserved in Su(var)3-9, E(z) (Enhancer of zeste) and trithorax, and another which does not contain a SET domain (Black et al., 2012; Dillon et al., 2005). KMTs use S-adenosyl-L-methionine as a donor of methyl group. KDMs are also divided to 2 basic classes 
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– with a Flavin adenine dinucleotide (FAD)-dependent amine oxidase domain and with JmjC domain (Shi and Whetstine, 2007).  In addition to KMTs and KDMs, there is a group of  domains that are included in the regulation of H3K4 methylation (Musselman et al., 2012). These domains are readers and effectors. In general, readers are responsible for recognition of histone-lysine methylation, histone-arginine methylation, histone-lysine acetylation, histone-threonine phosphorylation, histone-serine phosphorylation and unmodified histones (Musselman et al., 2012). Readers recognizing H3K4 methylation are for example chromo – barrel, double chromo-domain, PHD ( plant homeodomain),  tandem Tudor domain and zinc finger-CM (Huang et al., 2006; Musselman et al., 2012; Zhang et al., 2014). Proteins that contain reader domain are called effectors (Hyun et al., 2017).  4.1. Functions of H3K4 methylation Presence of H3K4 tri-methylation (H3K4me3) is demarcation of promotor or TSS (transcription start site) (Heintzman et al., 2007; Santos-Rosa et al., 2002). Tri-methylation of lysine 4 was found to be general feature of transcriptionally active genes (Santos-Rosa et al., 2002). However, H3K4me3 at TSS was sometimes found for both active and inactive promotors. It may mean that these promotors can be active in different phase of cell cycle.   H3K4me3 is important in initiation of transcription (Santos-Rosa et al., 2002). Transcription factor TFIID binds TAF3 ( TATA-binding associated factor 3) to the H3K4me3 through its PHD (plant homeodomain) finger (Vermeulen et al., 2007); this binding showed to be important for annealing of RNA-polymerase II (Vermeulen et al., 2007). Enhancer chromatin is also the target of H3K4 methylation. This feature is in mostly associated with mono-methylation and di-methylation (Heintzman et al., 2007).  H3K4 methylation is also associated with diseases. Mutations in some  H3K4 KMTs increase the probability of cancer (Hyun et al., 2017). This is a case of KMT2 (MLL) protein family (Kandoth et al., 2013; Tenney and Shilatifard, 2005). Translocation in genes encoding these proteins results in acute myleoid leukemia, mixed-lineage leukemia or acute lymphoblastic leukemia (Tenney and Shilatifard, 2005). H3K4 demethylases are also associated with diseases (Hyun et al., 2017). For instance, PLU-1 (KDM5B) demethylase causes tumour proliferation when overexpressed (Yamane et al., 2007). Demethylase 



7  

JARID1C (KDM5C) is associated with X-linked mental retardation, which is a result of mutation in its gene (Iwase et al., 2007; Jensen et al., 2005). Last but not least, H3K4me3 is an important feature of initiation sites of meiotic recombination (Baudat et al. 2010; Parvanov et al. 2010). This feature was observed in higher eukaryotes, but also in budding yeast (Hayashi et al. 2005; Borde et al. 2009). 5. H3K4 methylation in mouse spermatogenesis In 2016, a transcriptome analysis of highly purified mouse spermatogenic cell populations was done (da Cruz et al., 2016).  Using of flow cytometry combined with RNA sequencing, results were obtained from four populations of cells - 2C (cells such as spermatogonia, fibroblasts, Sertoli cells, Leydig cells), LZ (population of spermatocytes in leptotene / zygotene stage), PS (pachytene spermatocytes) and RS (round spermatids). There were 9,436 expresed genes identified in the 2C population, 9,396 in LZ, 7,886 in PS, and 7,936 in RS (da Cruz et al., 2016).  For this review, which is focused on H3K4 methylation, I used supplemental table [https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-016-2618-1#CR69]. From the genes that were expressed in testicular cells population, I filtered genes that have a role in H3K4 methylation regulation (Tab. 1, Tab. 2 ).  I used database at [https://www.ncbi.nlm.nih.gov/gene/] to find out, which genes are included in these modifications. 
Table 1: Expression of KDMs and KTMs during spermatogenesis. 

 

     Feature ID 2C RPKM LZ RPKM PS RPKM RS RPKM Other names 
Kdm5a 19.3 49.2 10.7 7.6 RBP2; Rbbp2 

Mll1 35.7 22.5 2.7 0.5 Kmt2a; CxxC7 
Ehmt2 25.7 10.6 8.9 13.8 KMT1C; Bat8 
Mll2 16.9 5.0 8.3 1.3 Wbp7; Kmt2d 

Prdm9 3.6 25.0 2.5 0.1 Meisetz; Rcr1 
Mll5 48.0 36.5 29.3 8.3 Kmt2e; NKp44L 

Kdm1a 33.2 51.6 33.8 26.8 Aof2; Lsd1 
Ash1l 32.9 27.4 15.3 6.9 Kmt2h; 8030453L17Rik 
Setd3 10.9 28.1 23.5 13.4 D12Ertd771e  

https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-016-2618-1%23CR69
https://www.ncbi.nlm.nih.gov/gene/
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Table 2: Expression of readers and effectors of methylated H3K4 during spermatogenesis Feature ID 2C RPKM LZ RPKM PS RPKM RS RPKM Other names 

Per1 12.3 4.3 10.8 28.9 Hfm; m-rigui 
Ncoa6 38.2 20.9 17.2 6.6 NRC; AIB3 
Paxip1 13.6 13.8 10.3 10.6 Ptip; D5Ertd149e 
Cxxc1 58.4 39.0 29.0 6.9 Cfp1; phf18 
Gcfc1 12.4 45.4 9.8 22.0 Paxbp1; C21orf61 
Phf2 8.8 2.2 24.1 1.1 Grc5 

RPKM – Reads per kilo base per million mapped reads. Genes that had lower expression than 5 RPKM during spermatogenesis were excluded. Despite that RNA transcripts of seven of these genes were present in testes during the spermatogenesis, only three of them had a known specific function in male gametogenesis. In this review, I will focus on these three– Mll2, Mll5, Paxip1 and Prdm9. Of the remaining genes, the lysine demethylase 5A (Kdm5a) gene and the lysine demethylase 1a (Kdm1a) gene had the highest expression in the beginning of prophase I. The lysine methyltransferase 2A (Mll1; Kmt2a) gene, the nuclear receptor coactivator (Ncoa6; Nrc) gene, the lysine methyltransferase 2L (Kmt2h; Ash1l) gene and  the CxxC finger 1 (Cxxc1) gene showed the highest expression in 2C cells. The same situation applied to the lysine methyltransferase 2C gene (Kmt2C; Ehmt2) gene. Period circadian clock 1 (per1; hfm) gene showed the highest expression in round spermatids. The paired box 3/the paired box 7 binding protein 1 (Paxbp1; Gcfc1) gene  and the SET domain containing 3 (Setd3) gene showed the highest expression in the beginning of prophase I and  the plant homeodomain finger protein 2 (phf2; Grc5) gene had the highest expression in pachytene stage. 5.1. MLL5 (KMT2E)  This H3K4 histone methyltransferase belongs to MLL (mixed lineage leukemia) protein family. As the majority of KMTs, this protein contains SET domain and recognizes H3K4 methylation by its PHD finger. MLL5 has important role in cell cycle regulation because it prohibits cell to entry from G1 phase to S phase of cell cycle by its overexpression (Deng et al. 2004). Experiments with knock-out mice showed that Mll5 also play role in hematopoiesis and immunity (Heuser et al., 2009).  
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Experiments with knock-out mice proved that Mll5 is required for spermatogenesis. Mll5-/- male and Mll5-/- female pairs were not able to produce offspring. The same situation was in cages with Mll5-/- males and Mll5+/+ or Mll5+/- females. Nevertheless, Mll5+/+ males that copulated with Mll5-/- produced offspring. These data suggested that Mll5 influence process of spermatogenesis (Yap et al., 2011). Mll5-/- males were able to produce spermatozoa. However, they exhibited defects in late spermiogenesis. These defects were sperm nuclear chromatin compaction, variation in sperm head morphology and attachment of the nuclear membrane to the acrosome. Taking into account results from in vitro capacitation and fertilization, Mll5-deficient sperm is not able to fertilize oocyte. Thus, Mll5 is required for late phase of male gametogenesis and its loss leads to male sterility (Yap et al., 2011). 5.2. MLL2 (KMT2D) MLL2 belongs to MLL protein family along with MLL1, MLL3, MLL4 and MLL5. This H3K4 tri-methyltransferase consist of AT hooks, speckled nuclear localization sequences, three PHD fingers and extended PHD fingers, CxxC DNA binding region, two FYR domains, transactivation domain, and the SET domain that is responsible for H3K4me3 (Glaser et al., 2009). Mll2 plays role in a regulation of transcription by trimethylation at the MagohB (Mago homolog B) CpG-island promoter(Glaser et al., 2009; Ladopoulos et al., 2013). H3K4me3 protects promoter from DNA methylation and recruit RNA polymerase II to the 
MagohB promoter (Ladopoulos et al., 2013). MAGOHB is a protein which is a part Exon Junction Complex core (Singh et al., 2013). This protein is associated with RNA-splicing, non-sense mediated RNA decay, export of mRNA from nucleus and with initiation of translation(Singh et al., 2013).  Experiments with knock-out of Mll2 showed that the absence of Mll2 leads to repression of transcription from MagohB promoter by DNA methylation and the promoter is not able to recruit  RNA polymerase II (Glaser et al., 2009, p. 2; Ladopoulos et al., 2013). It is impossible to test if Mll2 plays role in later development, because mouse embryos that were deficient in Mll2 died before 11th day of development (Glaser et al., 2009, 2006).  (Glaser et al., 2009). It was necessary to inactive the Mll2 gene in a specific time and specific place by conditional mutagenesis. As a strategy, ligand-regulated recombination mediated 
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by Cre-ERT ( Cre recombinase-mutant estrogen receptor fusion proteins) was chosen (Feil et al., 1997; Glaser et al., 2009). Mice with coding sequence of Mll2 surrounded by IoxP sites were engineered. To observe a function of Mll2 in mouse after 11th day of development, tamoxifen was added. As a result, Cre recombinase was expressed. Cre recombinase recognized LoxP sites and excised an Mll2-encoding exon, which lead to frameshift in Mll2 coding sequence, which results in loss of the MLL2 protein. MLL2 was lost 48 hours after tamoxifen induction (fig.1) (Glaser et al. 2009). 
 

Figure 1 – Western blot analysis of induced loss of MLL2 protein. Tam – time after addition of 
tamoxifen. CBP is creb binding protein. Mll2f – conditional allele. Wild type allele and standart Mll -/- 

knock-out allele were used as a control. Taken and edited from (Glaser et al., 2009).  Mice lacking Mll2 were infertile due to defect in spermatogenic differentiation (Glaser et al. 2009).  Testis of knock-out males were much smaller than testis of wild type males. There was smaller number of spermatocytes in leptotene and zygotene stages and lack of differentiating spermatogonia  (Glaser et al., 2009).  Analysis of gene expression in testis showed, that genes Ddx4, Dazl and MagohB have decreased level of expression (Glaser et al., 2009). Dazl encodes cytoplasmic RNA-binding protein that is essential for male and female gametogenesis (Ruggiu et al., 1997). The Ddx4  gene is a homolog of drosophila Vasa (Tanaka et al., 2000). Mice, that are Dazl-deficient, had an arrested spermatogenesis in leptotene and zygotene spermatocytes (Tanaka et al., 2000). This results in apoptosis of 
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germ-cells, which is similar to phenotype of Mll2-deficient mice (Glaser et al., 2009; Tanaka et al., 2000). However, function of the MagohB gene in spermatogenesis has not been observed. 5.3. PTIP (PAX1P)   PTIP is nuclear protein, which is included in DNA-damage signaling and in transcription activation (Schwab at al. 2013; Lechner et al. 2000). This protein consists of 6 BRCA1-carboxy domains that are important for protein-protein interactions. PTIP targets MLL2, MLL3 or MLL4 to promoters, where those KMTs catalyze H3K4me3 Muñoz a d Rouse, 2009; Patel et al., 2007).  Transcription factor PAX2 binds to promoter via Pax2-response elements (Lechner et al. 2000; Schwab et al. 2013). PTIP links to PAX2 and recruit KMTs that are responsible for H3K4me3. As a results, tri-methylation leads to transcription 
Muñoz a d Rouse, ; Patel et al.,  (fig.2).  This regulation is included in embryogenesis. Thus, mutation in the Pax2 gene causes renal abnormalities and defects in eye development (Devriendt et al., 1998; Sanyanusin et al., 1995,). 

 
Figure 2 - Transcription activation including PTIP, PAX2 and methylation by MLL family proteins.  PRE 
– PAX 2 response element. ORF – open reading frame. PTIP targets KMTs of MLL family to promotor 
by binding with PAX2. KMTs tri-methylate histone H3 on lysine K4. As a result, the genes that crucial 
for development of eye, kidney, ear or hindbrain are expressed. Taken and edited from (Muñoz and 
Rouse, 2009).  
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It was observed that PTIP plays important role in mouse spermatogenesis (Schwab et al. 2013). To study this feature, conditional mutagenesis induced by tamoxifen was used. Tamoxifen-activated the expression of Cre recombinase, which led to deletion of the Ptip flanked by loxP sites (Schwab et al., 2013, Feil et al.,1997). As a result of this deletion, the male with loss of Ptip were infertile due to inability of efficient DSB repair (Schwab et al. 2013). Thus, the meiotic prophase I was arrested and there were no spermatids or spermatozoa in Ptip-deficient testis (Schwab et al. 2013).  These data  and interaction of PTIP with MRN complex suggest that PTIP has a role in repair of DSBs during meiosis (Schwab et al., 2013; Wu et al., 2009). Nevertheless, the total level of H3K4me3 was not significantly decreased during PTIP absence in testes (Schwab et al. 2013). Thus, the specific role of PTIP-mediated H3K4me3 in spermatogenesis will have to be confirmed (Schwab et al. 2013).   5.4. PRDM9  Mammalian PRDM9 (or Meisetz- Meiosis inducing factor with a PR/SET domain and zinc-finger motif) is meiosis-specific H3 tri-methyltransferase.  Activity of PRDM9 is tri-methylation of lysine 4 of histone H3 and transactivation activity, which depends on methylation activity. However, recent observations showed that PRDM9 is also responsible for H3K36me3 (Powers et al., 2016). This methyltransferase is important for events of early meiotic prophase. Knock-out mice with the interrupted Prdm9 gene showed sterile males, because of impaired sex body formation, deficient pairing of homologous chromosomes and impaired DSB repair pathway (Hayashi et al., 2005).  
Prdm9 encodes protein with several domains. These domains are N-terminal KRAB domain (K üppel-associated box), SSXRD (Synovial sarcoma, X breakpoint repression domain) domain, PR/SET domain, and zinc-finger array that is localized at the carboxyl terminus (fig.3). However, two isoforms were found lacking zinc-finger array due to alternative splicing (Baudat et al., 2010; Hayashi et al., 2005).  KRAB domain has role in interaction of PRDM9 with other proteins (Parvanov et al., 2017). PR/SET domain catalyzes the generation of H3K4me3 and H3K36me3 (Hayashi et al., 2005). Zinc-finger array is responsible for DNA binding (Baudat et al., 2010). 
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Figure 3 – The domain structure of the PRDM9 protein. Taken from (Baudat et al., 2013)   5.4.1. PRDM9 as a speciation gene The Prdm9  gene was identified as mammalian speciation gene (Mihola et al., 2009). It means that this gene limits flow of genes between incipient species.  Speciation is a result of postzygotic reproduction isolation mechanism such as a hybrid sterility, which is a state where parents from different populations produce sterile offspring (Coyne and Orr, 1998; Forejt, 1996; Mihola et al., 2009).  If strains of different subspecies of Mus musculus, for example B6 (Mus musculus domesticus) and PWD (Mus musculuc musculus), are crossed, the result is that F1 males are sterile or semi-sterile.  This is caused by the Hst1 region on chromosome 17, which is responsible for spermatogenic failure in these hybrids. The majority of laboratory strains including B6 (Mus musculus domesticus) carries  the Hst1s allele, but the C3H/HeJ laboratory strain harbors the Hst1f  allele and produces fertile hybrids (Forejt, 1996; Mihola et al., 2009).  The Hst1-cosegregating region defined by genetic mapping encoded 6 genes (Dll1, 

Pgcc1, Psmb1, Tbp, Pdcd2 and Prdm9) and six pseudogenes (fig.4). Four transgenic clones,  derived from the C3H/HeJ strain (Hst1f  allele), were transfected into Mus musculus 

domesticus (carrying the Hst1s  allele) to narrow the Hst1 region. These mice were crossed with mice from the PWD strain. After phenotype analysis by sperm count, it was shown that the BAC24 and BAC5 transgenes rescued the hybrid sterility. BAC24 and BAC 5 shared 15.9-kb long sequence called the Hst1 critical region (fig.4), whereas two remaining BACs did not. 
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The Hst1 critical region bears the Prdm9 gene. Due to these results and analysis of gene expression in pre-pubertal testis , the remaining 5 genes were excluded as a possible candidate of hybrid sterility (Mihola et al., 2009).  Phenotypes of (PWD x B6)F1 male hybrids were compared with phenotypes of 
Prdm9-/- mutants. Both male types had asynapsis in pachytene stage, no spermatozoa and very low expression of the Morc2b gene, which is dependent on the tri-methylation activity of PRDM9 (Mihola et al. 2009; Hayashi et al. 2005). However, the sterility of Prdm9-/- mutants affects both sexes, whereas sterility of (PWD x B6)F1 affects only males (Mihola et al., 2009).  

  
Figure 4 - A) Hst1 region with overlapping BAC transgenes. The BACs in blue rescued hybrid sterility 
whereas BAC19 was not transmitted to progeny. BAC21 in black did not rescue hybrid sterility due to 
absence of Hst1 critical region B) Hst1 critical region shows exons in blue, alternative exons in red, 
pseudogenes in grey, and repetitive sequences as empty boxes. Taken and edited from (Mihola et al., 
2009).  
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5.4.2. Role of Prdm9 in genetic recombination Genetic recombination is an essential process, which increases the variability in eukaryotic cells and ensures fertility. Mouse and human have meiotic recombination restricted to the short regions ( 1-2 kb ) known as recombination hotspots (Paigen and Petkov, 2010; Steinmetz et al., 1982). The first discovered hot spot was on mouse Chromosome 17 and  many mammalian hotspots were identified in next 25 years (Paigen and Petkov, 2010; Steinmetz et al., 1982).  The major role of PRDM9 in hotspot localization by DNA binding specify of its C-terminal tandem of zinc-fingers ( Baudat et al. 2010; Parvanov et al. 2010). PRDM9 determines localization of nearly all hotspots with exception of PAR (Brick et al., 2012). After binding, PRDM9 catalyzes H3K4me3 (fig.5). As a result of this catalysis, PRDM9 reorganizes nucleosomes by forming NDR (Nucleosome-depleted region) (Baker et al., 2014; Lange et al., 2016). Due to these events, PRDM9 shapes the environment for the introduction of DSBs by SPO11 (Baker et al., 2015, 2014; Lange et al., 2016). 
 

Figure 5 –Model of meiotic activities of PRDM9.1) PRDM9 binds to DNA-binding motif by its Zinc-
finger array   2) PRDM9 catalyzes H3K4me3 by its PR/SET domain 3) DSB machinery including SPO11 
catalyzes DSBs . Edited and taken from (Baudat et al. 2013)  
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Nevertheless, recent experiments using ChIP-seq showed that PRDM9 can also bind to sites that are not included in meiotic recombination (Grey et al., 2017). Chromatin for ChIP was obtained from testis of B6 mice (harboring the Prdm9Dom2 allele) and RJ2 mice (C57BL/10 background harboring Prdm9Cst). Genomic sites binding DMC1, which covers the single strand DNA as a result of DSB resection, and H3K4me3 were also mapped (Smagulova et al. 2011; Baudat et al. 2013; Khil et al. 2012; Grey et al. 2017). Results of this analysis were three types of PRDM9-binding sites (Grey et al., 2017). First one showed enrichment for DMC1 and PRDM9-dependent H3K4me3. The second group did not exhibit enrichment for DMC1. However, this group exhibited enrichment for both PRDM9-dependent and PRDM9-independent H3K4me3. The third group did not show detectable DMC1 signal and PRDM9-dependent H3K4me3 (fig.6). Absence of DMC1 signal in second and in third group suggests that there was no recombination (Grey et al., 2017). The second group overlapped with promoters and it is expected that PRDM9 is associated with elements of transcription machinery; the third group overlapped with binding sites for insulator protein CTCF ( CCCTC-binding factor) (Grey et al., 2017). This might be the result of indirect interaction between the CTCF protein and PRDM9 (Grey et al., 2017). However, the exact mechanisms or reasons of PRDM9 binding in non-canonical genomic sites are still not clear (Grey et al., 2017). 
 

Figure 6– Read distribution from PRDM9, H3K4me3 and DMC1 ChIP-sequencing in B6: first (B6 
class1), second (B6 class 2A) and third group (B6 class2B) binding sites of PRDM9. Chr. - chromosome. 
Taken and edited from (Grey et al., 2017).  
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Experiments with Prdm9-deficient mice showed that meiotic DSBs are induced without presence of PRDM9 in hotspots marked by H3K4me3. However, these hotspot do not overlap with those that are present in wild-type mice (fig.7). The PRDM9-independent hotspots are functional genomic elements such as enhancers or promoters and the H3K4me3 mark is thus deposited by other H3K4 methyltransferases. DSB repair of these sites is probably not efficient and leads to meiotic arrest (Brick et al., 2012). Therefore, H3K4me3 is necessary for the initiation of recombination and PRDM9 directs recombination machinery away from promoters (Brick et al., 2012). 
 

Figure 7- Left: Initiation of double DSB in wild type mice. DSBs are induced at PRDM9 binding sites 
and lead to proper DSB repair and recombination. Right: Initiation of double DSB in Prdm9 knock-out 
mice. DSBs are induced at functional genomic elements and lead to inefficient DSB repair. Taken from 
(Brick et al., 2012).  Due to biased gene conversion, which means that one of two chromatids has a higher probability of undergoing gene conversion, hotspots undergo evolutionary erosion.  This erosion is described by hotspot paradox (Baker et al., 2015). DNA sequences are lost during meiosis due to gene conversion. Thus, it is expected, that active hotspots are replaced by 
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inactive sequence from homologous chromosomes. Nevertheless, active hotspots persist. This situation is known as the hotspot paradox (Boulton et al., 1997; Smagulova et al., 2016). Hotspot paradox includes two opposing processes, introduction of novel hotspots and loss of hotspots (Baker et al., 2015; Baudat et al., 2010).  Recent chromatin-immunoprecipitation (ChIP) experiments (Baker et al., 2015) proved that PRDM9 is responsible for driving evolutionary erosion in Mus musculus through haplotype-specific initiation of meiotic recombination. Analysis was done with Prdm9Cst (allele from M. m. castaneus) allele activity in F1 hybrids of M. m. castaneus and M. m. 

domesticus. Results from H3K4me3 ChIP-seq showed that the F1 hybrids of these two subspecies are exhibiting novel hotspots (Baker et al., 2015). Most of these hotspots are activated by the Prdm9Cst allele and show a large haplotype bias in PRDM9 binding and its H3K4 trimethylation (fig.8). DSBs are initiated on the haplotype from M. m. domesticus and repaired by haplotype from M. m. castaneus and vice versa. These data suggest that PRDM9 binding leads to biased initiation of recombination and it is responsible for hotspot erosion (Baker et al., 2015).   
Figure 8– Novel hotspots in B6 x CAST (BxC). A) diagram  of hotspot distribution. B) H3K4me3 
haplotype ratio for BxC promotor hotspot. Promoters did not show haplotype-specific H3K4me3.       
C) Haplotype ratio for BxC PRDM9-dependent recombination hotspots. Novel PRDM9-dependent 
hotspots showed strong haplotype-specific H3K4me3. These hotspot are classified as asymmetric, 
which means that they are not distributed equally on both homologous chromosomes.                                                            
X axes - fraction of H3K4me3 reads that map to B6 genome. Ratio of 0 indicates H3K4me3 entirely on 
CAST haplotype, whereas ratio of 1 indicates H3K4me3 entirely on B6 haplotype.  Y axes – total 
number of ChIP-seq reads.. Taken and edited from (Baker et al., 2015).  
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5.4.3. Correlation between hybrid sterility and meiotic recombination B6 mice with the sequence of human Zinc-finger array were prepared (Davies et al., 2016).  This change was used to simulate mutations that happen in zinc-finger array and to determine how introduction of new alleles during evolution affects fertility. This humanization did not interfere with fertility. Humanized B6-Prdm9H/H males and B6 Prdm9B6/B6 males exhibited proper synapsis and sex body formations (fig.9). B6-Prdm9B6/H 
H  fo  hu a ized allele  ales e e ossed ith PWD fe ales. The esulti g PWD  B6)F1-Prdm9PWD/B6 males were sterile with symptoms of hybrid sterility such as failures of both sex body formation and synapsis (fig.9). On the other hand, these symptoms were rescued in (PWD x B6)F1-Prdm9PWD/H due to presence of modified Zinc-finger array (fig.9). These results suggest that humanization of mouse zinc-finger array rescues hybrid sterility  (Davies et al., 2016). Introduction of new PRDM9 alleles in genome might rescue sterility of hybrids (Davies et al., 2016).  

 
Figure 9– Immunofluorescence of pachytene spermatocytes using antibody against a sex-body 
marker γH2AX (in green) and synaptonemal complex protein 3 (SYCP3; in red). A) Comparison of B6 
Prmd9B6/B6 and B6-Prdm9H/H spermatocytes. B6-Prdm9B6/B6 and B6-Prdm9H/H exhibited proper synapsis 
and sex-body formation. B) Comparison of (PWD x B6) F1-Prdm9PWD/B6 and (PWD x B6)F1-Prdm9PWD/H 
spermatocytes. (PWD x B6)F1- Prdm9PWD/B6 spermatocytes exhibited asynapsis and disrupted sex-
body formation. Nevertheless, these symptoms were not included in (PWD x B6)F1-Prdm9PWD/H .Taken 
and edited from (Davies et al., 2016). 
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Recombination hotspots of (PWD x B6) F1-Prdm9PWD/B6 were asymmetric, which means that they did not occur on both PWD and B6 chromosomes equally (fig.8). However, the hotspot symmetry in heterozygotes of humanized mice was much higher. These results suggested that introduction of humanized allele instead of B6 allele into hybrids increased binding symmetry of PRDM9  (Davies et al., 2016). Binding symmetry correlated positively with fertility (Davies et al., 2016). 6. Conclusions Despite the importance of spermatogenesis, we still do not have enough knowledge to describe all the mechanisms that lead to failures of this process. These failures result in male sterility, which might by exhibited by the lack of spermatozoa or inability of spermatozoa to fertilize oocyte.  H3K4 methylation has primary role in regulation of transcription (Santos-Rosa et al., 2002). Analysis of testis gene expression and experiments with knock-out mice suggest that its presence during spermatogenesis is indispensable for germ cell development.  However, we know only a few proteins that have a function related to H3K4 methylation specific to male germ cells. These proteins are MLL2, MLL5, PTIP, and PRDM9. Their role in spermatogenesis was mostly confirmed by experiments with gene-deficient mice. Phenotype analysis showed that males with deficiency in genes for these proteins had in most cases reduced fertility.  The most researched is the PRDM9 protein. This meiotic-specific lysine tri-methyltransferase has role in the initiation of recombination and it is associated with hybrid sterility of the subspecies of house mouse Mus musculus. Hybrid sterility is important feature of speciation. However, the correlation between hybrid sterility and recombination role of PRDM9 is still not completely described. Thus, it necessary to search more relations between PRDM9 binding specificities and genetic background. It is also important to find new mammalian speciation genes that might be involved in hybrid sterility. There are other proteins that regulate H3K4 methylation or are regulated by it and are expressed during spermatogenesis on mRNA level: KDM5A, MLL1, EHMT2, ASH1L, NCOA6, SETD3, CXXC1, GCFC1, PHF2 and KDM1A. However, their specific function and mechanism in spermatogenesis have not been explored. In this regard, the mouse model is very suitable for further study due to the similarities of mouse genome with human genome. Mouse 



21  

model also provides many possibilities of transgenic modifications or mutagenesis. These modifications are necessary for exploring new functions of genes and their impact on health and development.  Considering the known impact of H3K4 methylation on male fertility, we can expect more results that will allow us to understand role of this epigenetic modification during spermatogenesis.                        



22  

7. Bibliography  *Adler, I.D., 1996. Comparison of the duration of spermatogenesis between male rodents and humans. Mutat. Res. 352, 169–172. doi:10.1016/0027-5107(95)00223-5  Allers, T., Lichten, M., 2001. Differential timing and control of noncrossover and crossover recombination during meiosis. Cell 106, 47–57.  Baker, C.L., Kajita, S., Walker, M., Saxl, R.L., Raghupathy, N., Choi, K., Petkov, P.M., Paigen, K., 2015. PRDM9 Drives Evolutionary Erosion of Hotspots in Mus musculus through Haplotype-Specific Initiation of Meiotic Recombination. PLOS Genet. 11, e1004916. doi:10.1371/journal.pgen.1004916  Baker CL, Walker M, Kajita S,Petkov P, and  Paige  K. . PRDM  Bi di g O ga izes 
Hotspot Nu leoso es a d Li its Hollida  Ju tio  Mig atio . Ge o e Resea h  (5): 724–32. doi:10.1101/gr.170167.113.  Baudat F, Buard J, Grey C, Fledel-Alo  A, O e  C, et al. . PRDM  Is a Majo  Dete i a t of Meiotic Recombination Hotspots in Humans a d Mi e . S ie e Ne  Yo k, N.Y.  327 (5967): 836–40. doi:10.1126/science.1183439.  Baudat, F., Imai, Y., de Massy, B., 2013. Meiotic recombination in mammals: localization and regulation. Nat. Rev. Genet. 14, 794–806. doi:10.1038/nrg3573  *Black, J.C., Van Rechem, C., Whetstine, J.R., 2012. Histone lysine methylation dynamics: establishment, regulation, and biological impact. Mol. Cell 48, 491–507. doi:10.1016/j.molcel.2012.11.006  

Bo de, V., Ro i e, N., Li , W., Bo fils, S., Géli, V., Ni olas, A., 9. Histone H3 lysine 4 trimethylation marks meiotic recombination initiation sites. EMBO J. 28, 99–111. doi:10.1038/emboj.2008.257  Boulton, A., Myers, R.S., Redfield, R.J., 1997. The hotspot conversion paradox and the 
e olutio  of eioti   e o i atio . P o . Natl. A ad. S i. U. S. A. , –8063.  Brick, K., Smagulova, F., Khil, P., Camerini-Otero, R.D., Petukhova, G.V., 2012. Genetic recombination is directed away from functional genomic elements in mice. Nature 485, 642–645. doi:10.1038/nature11089  *Coyne, J.A., Orr, H.A., 1998. The evolutionary genetics of speciation. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 353, 287–305. doi:10.1098/rstb.1998.0210      



23  

da Cruz, I., Rod íguez-Casu iaga, R., Sa tiña ue, F.F., Fa ías, J., Cu ti, G., Capoa o, C.A., Folle, G.A., Benavente, R., Sotelo-Silveira, J.R., Geisinger, A., 2016. Transcriptome analysis of highly purified mouse spermatogenic cell populations: gene expression signatures switch from meiotic-to postmeiotic-related processes at pachytene stage. BMC Genomics 17, 294. doi:10.1186/s12864-016-2618-1  Davies, B., Hatton, E., Altemose, N., Hussin, J.G., Pratto, F., Zhang, G., Hinch, A.G., Moralli, D., Biggs, D., Diaz, R., Preece, C., Li, R., Bitoun, E., Brick, K., Green, C.M., Camerini-Otero, R.D., Myers, S.R., Donnelly, P., 2016. Re-engineering the zinc fingers of PRDM9 reverses hybrid sterility in mice. Nature 530, 171–176. doi:10.1038/nature16931  Deng, L.-W., Chiu, I., Strominger, J.L., 2004. MLL 5 protein forms intranuclear foci, and overexpression inhibits cell cycle progression. Proc. Natl. Acad. Sci. U. S. A. 101, 757–762. doi:10.1073/pnas.2036345100  Devriendt, K., Matthijs, G., Van Damme, B., Van Caesbroeck, D., Eccles, M., Vanrenterghem, Y., Fryns, J.P., Leys, A., 1998. Missense mutation and hexanucleotide duplication in the PAX2 gene in two unrelated families with renal-coloboma syndrome (MIM 120330). Hum. Genet. 103, 149–153.  *Dillon, S.C., Zhang, X., Trievel, R.C., Cheng, X., 2005. The SET-domain protein superfamily: protein lysine methyltransferases. Genome Biol. 6, 227. doi:10.1186/gb-2005-6-8-227  Dunlop, M.H., Dray, E., Zhao, W., Tsai, M.-S., Wiese, C., Schild, D., Sung, P., 2011. RAD51-associated Protein 1 (RAD51AP1) Interacts with the Meiotic Recombinase DMC1 through a Conserved Motif. J. Biol. Chem. 286, 37328–37334. doi:10.1074/jbc.M111.290015  Feil, R., Wagner, J., Metzger, D., Chambon, P., 1997. Regulation of Cre recombinase activity by mutated estrogen receptor ligand-binding domains. Biochem. Biophys. Res. Commun. 237, 752–757. doi:10.1006/bbrc.1997.7124  *Forejt, J., 1996. Hybrid sterility in the mouse. Trends Genet. TIG 12, 412–417.  Glaser, S., Lubitz, S., Loveland, K.L., Ohbo, K., Robb, L., Schwenk, F., Seibler, J., Roellig, D., Kranz, A., Anastassiadis, K., Stewart, A.F., 2009. The histone 3 lysine 4 methyltransferase, Mll2, is only required briefly in development and spermatogenesis. Epigenetics Chromatin 2, 5. doi:10.1186/1756-8935-2-5  Glaser, S., Schaft, J., Lubitz, S., Vintersten, K., van der Hoeven, F., Tufteland, K.R., Aasland, R., Anastassiadis, K., Ang, S.-L., Stewart, A.F., 2006. Multiple epigenetic maintenance factors implicated by the loss of Mll2 in mouse development. Dev. Camb. Engl. 133, 1423–1432. doi:10.1242/dev.02302  
G e , C., Clé e t, J.A.J., Bua d, J., Le la , B., Gut, I., Gut, M., Du et, L., Mass , B. de, . In vivo binding of PRDM9 reveals interactions with noncanonical genomic sites. Genome Res. 27, 580–590. doi:10.1101/gr.217240.116 



24  

 *Handel, M.A., Schimenti, J.C., 2010. Genetics of mammalian meiosis: regulation, dynamics and impact on fertility. Nat. Rev. Genet. 11, 124–136. doi:10.1038/nrg2723  Hayashi, K., Yoshida, K., Matsui, Y., 2005. A histone H3 methyltransferase controls epigenetic events required for meiotic prophase. Nature 438, 374–378. doi:10.1038/nature04112  Heintzman, N.D., Stuart, R.K., Hon, G., Fu, Y., Ching, C.W., Hawkins, R.D., Barrera, L.O., Van Calcar, S., Qu, C., Ching, K.A., Wang, W., Weng, Z., Green, R.D., Crawford, G.E., Ren, B., 2007. Distinct and predictive chromatin signatures of transcriptional promoters and enhancers in the human genome. Nat. Genet. 39, 311–318. doi:10.1038/ng1966  Heuser, M., Yap, D.B., Leung, M., de Algara, T.R., Tafech, A., McKinney, S., Dixon, J., Thresher, R., Colledge, B., Carlton, M., Humphries, R.K., Aparicio, S.A., 2009. Loss of MLL5 results in pleiotropic hematopoietic defects, reduced neutrophil immune function, and extreme sensitivity to DNA demethylation. Blood 113, 1432–1443. doi:10.1182/blood-2008-06-162263  Hoyer-Fender, S., 2003. Molecular aspects of XY body formation. Cytogenet. Genome Res. 103, 245–255. doi:76810  Huang, Y., Fang, J., Bedford, M.T., Zhang, Y., Xu, R.-M., 2006. Recognition of histone H3 lysine-4 methylation by the double tudor domain of JMJD2A. Science 312, 748–751. doi:10.1126/science.1125162  *Hyun, K., Jeon, J., Park, K., Kim, J., 2017. Writing, erasing and reading histone lysine methylations. Exp. Mol. Med. 49, e324. doi:10.1038/emm.2017.11  Iwase, S., Lan, F., Bayliss, P., de la Torre-Ubieta, L., Huarte, M., Qi, H.H., Whetstine, J.R., Bonni, A., Roberts, T.M., Shi, Y., 2007. The X-linked mental retardation gene SMCX/JARID1C defines a family of histone H3 lysine 4 demethylases. Cell 128, 1077–1088. doi:10.1016/j.cell.2007.02.017  Jensen, L.R., Amende, M., Gurok, U., Moser, B., Gimmel, V., Tzschach, A., Janecke, A.R., Tariverdian, G., Chelly, J., Fryns, J.-P., Van Esch, H., Kleefstra, T., Hamel, B., Moraine, 
C., Gé z, J., Tu e , G., Rei ha dt, R., Kalscheuer, V.M., Ropers, H.-H., Lenzner, S., 2005. Mutations in the JARID1C Gene, Which Is Involved in Transcriptional Regulation and Chromatin Remodeling, Cause X-Linked Mental Retardation. Am. J. Hum. Genet. 76, 227–236.  Kandoth, C., McLellan, M.D., Vandin, F., Ye, K., Niu, B., Lu, C., Xie, M., Zhang, Q., McMichael, J.F., Wyczalkowski, M.A., Leiserson, M.D.M., Miller, C.A., Welch, J.S., Walter, M.J., Wendl, M.C., Ley, T.J., Wilson, R.K., Raphael, B.J., Ding, L., 2013. Mutational landscape and significance across 12 major cancer types. Nature 502, 333–339. doi:10.1038/nature12634  



25  

Keeney, S., Giroux, C.N., Kleckner, N., 1997. Meiosis-specific DNA double-strand breaks are catalyzed by Spo11, a member of a widely conserved protein family. Cell 88, 375–384.  Khil, P.P., Smagulova, F., Brick, K.M., Camerini-Otero, R.D., Petukhova, G.V., 2012. Sensitive mapping of recombination hotspots using sequencing-based detection of ssDNA. Genome Res. 22, 957–965. doi:10.1101/gr.130583.111  *Kouzarides, T., 2007. Chromatin modifications and their function. Cell 128, 693–705. doi:10.1016/j.cell.2007.02.005  Ladopoulos, V., Hofemeister, H., Hoogenkamp, M., Riggs, A.D., Stewart, A.F., Bonifer, C., 2013. The histone methyltransferase KMT2B is required for RNA polymerase II association and protection from DNA methylation at the MagohB CpG island promoter. Mol. Cell. Biol. 33, 1383–1393. doi:10.1128/MCB.01721-12  Lange, J., Yamada, S., Tischfield, S.E., Pan, J., Kim, S., Zhu, X., Socci, N.D., Jasin, M., Keeney, S., 2016. The Landscape of Mouse Meiotic Double-Strand Break Formation, Processing, and Repair. Cell 167, 695–708.e16. doi:10.1016/j.cell.2016.09.035  Lechner, M.S., Levitan, I., Dressler, G.R., 2000. PTIP, a novel BRCT domain-containing protein interacts with Pax2 and is associated with active chromatin. Nucleic Acids Res. 28, 2741–2751.  Lu, J., Gu, Y., Feng, J., Zhou, W., Yang, X., Shen, Y., 2014. Structural insight into the central element assembly of the synaptonemal complex. Sci. Rep. 4, 7059. doi:10.1038/srep07059  *Manku, G., Culty, M., 2015. Mammalian gonocyte and spermatogonia differentiation: recent advances and remaining challenges. Reprod. Camb. Engl. 149, R139-157. doi:10.1530/REP-14-0431  Mihola, O., Trachtulec, Z., Vlcek, C., Schimenti, J.C., Forejt, J., 2009. A mouse speciation gene encodes a meiotic histone H3 methyltransferase. Science 323, 373–375. doi:10.1126/science.1163601  *Muñoz, I.M., Rouse, J., . Co t ol of histo e eth latio  a d ge o e sta ilit   PTIP. EMBO Rep. 10, 239–245. doi:10.1038/embor.2009.21  *Musselman, C.A., Lalonde, M.-E., Côté, J., Kutateladze, T.G., . Pe ei i g the epige eti  landscape through histone readers. Nat. Struct. Mol. Biol. 19, 1218–1227. doi:10.1038/nsmb.2436  *Paigen, K., Petkov, P., 2010. Mammalian recombination hot spots: properties, control and evolution. Nat. Rev. Genet. 11, 221–233. doi:10.1038/nrg2712  



26  

Parvanov, E.D., Petkov, P.M., Paigen, K., 2010. Prdm9 Controls Activation of Mammalian Recombination Hotspots. Science 327, 835. doi:10.1126/science.1181495  Parvanov, E.D., Tian, H., Billings, T., Saxl, R.L., Spruce, C., Aithal, R., Krejci, L., Paigen, K., Petkov, P.M., 2017. PRDM9 interactions with other proteins provide a link between recombination hotspots and the chromosomal axis in meiosis. Mol. Biol. Cell 28, 488–499. doi:10.1091/mbc.E16-09-0686  Patel, S.R., Kim, D., Levitan, I., Dressler, G.R., 2007. The BRCT-domain containing protein PTIP links PAX2 to a histone H3, lysine 4 methyltransferase complex. Dev. Cell 13, 580–592. doi:10.1016/j.devcel.2007.09.004  Powers, N.R., Parvanov, E.D., Baker, C.L., Walker, M., Petkov, P.M., Paigen, K., 2016. The Meiotic Recombination Activator PRDM9 Trimethylates Both H3K36 and H3K4 at Recombination Hotspots In Vivo. PLoS Genet. 12, e1006146. doi:10.1371/journal.pgen.1006146  Ruggiu, M., Speed, R., Taggart, M., McKay, S.J., Kilanowski, F., Saunders, P., Dorin, J., Cooke, H.J., 1997. The mouse Dazla gene encodes a cytoplasmic protein essential for gametogenesis. Nature 389, 73–77. doi:10.1038/37987  Santos-Rosa, H., Schneider, R., Bannister, A.J., Sherriff, J., Bernstein, B.E., Emre, N.C.T., Schreiber, S.L., Mellor, J., Kouzarides, T., 2002. Active genes are tri-methylated at K4 of histone H3. Nature 419, 407–411. doi:10.1038/nature01080  Sanyanusin, P., Schimmenti, L.A., McNoe, L.A., Ward, T.A., Pierpont, M.E., Sullivan, M.J., Dobyns, W.B., Eccles, M.R., 1995. Mutation of the PAX2 gene in a family with optic nerve colobomas, renal anomalies and vesicoureteral reflux. Nat. Genet. 9, 358–364. doi:10.1038/ng0495-358  Schwab, K.R., Smith, G.D., Dressler, G.R., 2013. Arrested Spermatogenesis and Evidence for DNA Damage in PTIP Mutant Testes. Dev. Biol. 373, 64–71. doi:10.1016/j.ydbio.2012.10.006  Shi, Y., Whetstine, J.R., 2007. Dynamic regulation of histone lysine methylation by demethylases. Mol. Cell 25, 1–14. doi:10.1016/j.molcel.2006.12.010  *Snustad and Simmons., 2009. Principles of Genetics, 5th edition. ed. John Wiley and Sons Ltd,   Singh, K.K., Wachsmuth, L., Kulozik, A.E., Gehring, N.H., 2013. Two mammalian MAGOH genes contribute to exon junction complex composition and nonsense-mediated decay. RNA Biol. 10, 1291–1298. doi:10.4161/rna.25827  Smagulova, F., Brick, K., Pu, Y., Camerini-Otero, R.D., Petukhova, G.V., 2016. The evolutionary turnover of recombination hot spots contributes to speciation in mice. Genes Dev. 30, 266–280. doi:10.1101/gad.270009.115 



27  

 Smagulova, F., Gregoretti, I.V., Brick, K., Khil, P., Camerini-Otero, R.D., Petukhova, G.V., 2011. Genome-wide analysis reveals novel molecular features of mouse recombination hotspots. Nature 472, 375–378. doi:10.1038/nature09869  Steinmetz, M., Minard, K., Horvath, S., McNicholas, J., Srelinger, J., Wake, C., Long, E., Mach, B., Hood, L., 1982. A molecular map of the immune response region from the major histocompatibility complex of the mouse. Nature 300, 35–42.  Tanaka, S.S., Toyooka, Y., Akasu, R., Katoh-Fukui, Y., Nakahara, Y., Suzuki, R., Yokoyama, M., Noce, T., 2000. The mouse homolog of Drosophila Vasa is required for the development of male germ cells. Genes Dev. 14, 841.  Tenney, K., Shilatifard, A., 2005. A COMPASS in the voyage of defining the role of trithorax/MLL-containing complexes: linking leukemogensis to covalent modifications of chromatin. J. Cell. Biochem. 95, 429–436. doi:10.1002/jcb.20421   Vermeulen, M., Mulder, K.W., Denissov, S., Pijnappel, W.W.M.P., van Schaik, F.M.A., Varier, R.A., Baltissen, M.P.A., Stunnenberg, H.G., Mann, M., Timmers, H.T.M., 2007. Selective anchoring of TFIID to nucleosomes by trimethylation of histone H3 lysine 4. Cell 131, 58–69. doi:10.1016/j.cell.2007.08.016  Wu, J., Prindle, M.J., Dressler, G.R., Yu, X., 2009. PTIP Regulates 53BP1 and SMC1 at the DNA Damage Sites. J. Biol. Chem. 284, 18078–18084. doi:10.1074/jbc.M109.002527  Yamane, K., Tateishi, K., Klose, R.J., Fang, J., Fabrizio, L.A., Erdjument-Bromage, H., Taylor-Papadimitriou, J., Tempst, P., Zhang, Y., 2007. PLU-1 Is an H3K4 Demethylase Involved in Transcriptional Repression and Breast Cancer Cell Proliferation. Mol. Cell 25, 801–812. doi:10.1016/j.molcel.2007.03.001  *Yang, F., Wang, P.J., 2009. The Mammalian synaptonemal complex: a scaffold and beyond. Genome Dyn. 5, 69–80. doi:10.1159/000166620    Yap, D.B., Walker, D.C., Prentice, L.M., McKinney, S., Turashvili, G., Mooslehner-Allen, K., de Algara, T.R., Fee, J., de Tassig , X. d A gle o t, Colledge, W.H., Apa i io, S., . Mll5 is required for normal spermatogenesis. PloS One 6, e27127. doi:10.1371/journal.pone.0027127  Zhang, Y., Yang, H., Guo, X., Rong, N., Song, Y., Xu, Youwei, Lan, W., Zhang, X., Liu, M., Xu, Yanhui, Cao, C., 2014. The PHD1 finger of KDM5B recognizes unmodified H3K4 during the demethylation of histone H3K4me2/3 by KDM5B. Protein Cell 5, 837–850. doi:10.1007/s13238-014-0078-4  



28  

*Zickler, D., Kleckner, N., 1998. The leptotene-zygotene transition of meiosis. Annu. Rev. Genet. 32, 619.   * Secondary citation                         


