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TH2BS11ph histone mark is enriched 
in the unsynapsed axes of the XY 
body and predominantly associates 
with H3K4me3-containing genomic regions 
in mammalian spermatocytes
Iyer Aditya Mahadevan1†, Satyakrishna Pentakota2†, Raktim Roy3, Utsa Bhaduri1 
and Manchanahalli R. Satyanarayana Rao1*

Abstract 

Background: TH2B is a major histone variant that replaces about 80–85% of somatic H2B in mammalian spermato-
cytes and spermatids. The post-translational modifications (PTMs) on TH2B have been well characterised in spermato-
cytes and spermatids. However, the biological function(s) of these PTMs on TH2B have not been deciphered in great 
detail. In our attempt to decipher the unique function(s) of histone variant TH2B, we detected the modification in the 
N-terminal tail, Serine 11 phosphorylation on TH2B (TH2BS11ph) in spermatocytes.

Results: The current study is aimed at understanding the function of the TH2BS11ph modification in the context 
of processes that occur during meiotic prophase I. Immunofluorescence studies with the highly specific antibodies 
revealed that TH2BS11ph histone mark is enriched in the unsynapsed axes of the sex body and is associated with 
XY body-associated proteins like Scp3, γH2AX, pATM, ATR, etc. Genome-wide occupancy studies as determined by 
ChIP sequencing experiments in P20 C57BL6 mouse testicular cells revealed that TH2BS11ph is enriched in X and Y 
chromosomes confirming the immunofluorescence staining pattern in the pachytene spermatocytes. Apart from the 
localisation of this modification in the XY body, TH2BS11ph is majorly associated with H3K4me3-containing genomic 
regions like gene promoters, etc. These data were also found to corroborate with the ChIP sequencing data of TH2B-
S11ph histone mark carried out in P12 C57BL6 mouse testicular cells, wherein we found the predominant localisation 
of this modification at H3K4me3-containing genomic regions. Mass spectrometry analysis of proteins that associate 
with TH2BS11ph-containing mononucleosomes revealed key proteins linked with the functions of XY body, pericen-
tric heterochromatin and transcription.

Conclusions: TH2BS11ph modification is densely localised in the unsynapsed axes of the XY body of the pachytene 
spermatocyte. By ChIP sequencing studies in mouse P12 and P20 testicular cells, we demonstrate that TH2BS11ph 
is predominantly associated with H3K4me3 positive genomic regions like gene promoters, etc. We propose that 
TH2BS11ph modification could act alone or in concert with other histone modifications to recruit the appropriate 
transcription or XY body recombination protein machinery at specific genomic loci.
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Background
Mammalian spermatogenesis offers an excellent model 
system to study chromatin remodelling by histone vari-
ants as the testis is known to express a large number of 
core and linker histone variants in a stage-specific man-
ner [1–6]. It is hypothesised that chromatin locus-spe-
cific histone replacement with histone variants could 
be a possible basis for genome reprogramming in germ 
cells. Testis-specific histone variants play critical roles 
during the germ cell development. H3t (testis-specific 
histone variant of H3) is essential for the process of 
spermatogonial differentiation and ensures entry into 
meiosis [7]. The loss of TH2A and TH2B leads to male 
sterility with defects in cohesin release during interki-
nesis and histone to protamine replacement, suggesting 
an essential role of the testis-specific histone variants 
during critical periods of male germ development [8].

TH2B, a synonym of germ cell-specific H2B.1 (or 
TS H2B.1) [9] was one of the earliest histone vari-
ants discovered in mammalian testis [10, 11]. To date, 
it is the only testis-specific histone variant known to 
replace a core histone on a genome-wide scale replac-
ing 80–85% of H2B in spermatocytes and spermatids 
[12]. The pachytene nucleosome core particle harbour-
ing the TH2B molecule was shown to be less compact 
compared to H2B-containing nucleosome core par-
ticle [13, 14]. hTSH2B (human TH2B)-reconstituted 
histone octamer was found to be less stable than the 
H2B-reconstituted histone octamer in  vitro [15]. On 
the other hand, the loss of mouse TH2B is compen-
sated for upregulation of H2B and compensatory his-
tone modifications on the core histones H2B, H3 and 
H4 in germ cells. However, the expression of tagged-
TH2B protein created a dominant negative phenotype, 
resulting in a defective histone to protamine replace-
ment that led to male sterility [12]. TH2B shares 85% 
sequence similarity with canonical histone H2B with 
majority of the differences being at its N-terminus. We 
surmised that these differences or the post-transla-
tional modifications acquired by some of the residues 
could contribute to unique functions of TH2B. In this 
direction, Pentakota et  al. [16] characterised the rep-
ertoire of post-translational modifications (PTMs) on 
histone variant TH2B isolated from spermatocytes and 
spermatid stages. By computational analysis, it was also 
shown that the amino acid differences and the post-
translational modifications acquired by some of the 
residues cause the destabilisation of TH2B-containing 

nucleosomes. Histone PTMs are key molecular play-
ers in epigenomic functions [17, 18]. Recently, various 
studies have focussed on understanding the post-trans-
lational modifications on testis-specific histone variants 
like TH2B [16, 19], TP1 (Transition Protein 1) [20], TP2 
(Transition Protein 2) [20], HILS1 (Histone Linker H1 
Spermatid specific 1) [21], etc.

During prophase I of meiosis, the homologous chro-
mosomes synapse and undergo recombination at non-
randomly selected loci. The exchange of genetic material 
is critical for the generation of diversity in the offspring. 
During leptotene interval, the global induction of Spo11-
mediated DSBs occurs throughout the genome triggering 
the DNA damage response (DDR) [22, 23]. Subsequently, 
MRN (Mre11-Rad50-Nbs1) complex recruits ATM 
kinase, and catalyses the first level of H2AX phospho-
rylation to form γH2AX [24–26]. The end resection and 
strand invasion mediated by MRN complex, RAD51, 
DMC1 and other proteins are characteristic of the next 
stage, the zygotene interval. During the pachytene stage, 
BRCA1 senses asynapsis and recruits ATR kinase for 
amplification of DDR signals along the unsynapsed axes 
for the establishment of the γH2AX domain in the XY 
body [27–29]. The region of homology between the X and 
the Y chromosomes termed as pseudo-autosomal region 
(PAR) is limited in size (~ 800 kb in mice) and is largely 
unsynapsed during meiosis. Therefore, to ensure chro-
mosome segregation with at least one crossover in PAR, 
a higher crossover density and increased DSB occurrence 
are observed in the PAR compared to that of autosomes 
[30]. The increase in DSB sites is caused by specialised 
chromatin configuration in PAR where DNA is organised 
on a longer axis with shorter chromatin loops compared 
to autosomes [31, 32]. The non-PAR regions of the X 
and Y chromosomes are transcriptionally silenced dur-
ing meiotic prophase by a process termed as meiotic sex 

Keywords: TH2B serine 11 phosphorylation, Spermatocytes, TH2B, Immunofluorescence, Coimmunoprecipitation, 
H3K4me3 co-association

Table 1 List of  datasets used for  computational data 
analyses

Dataset Geo accession IDs

DSB hotspots GSE93955

TSS (of mouse) GENCODE

H3K4me3 GSE35498

H3K4me3 common GSE93955

H3K4me3 (B6 specific) GSE93955

TH2B GSE45915
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chromosome inactivation (MSCI) [33, 34]. The crossover 
products are generated at the end of pachytene [35]. The 
completion of meiosis I yields secondary spermatocytes 
which undergo meiotic II division to produce haploid 
round spermatids.

In our efforts to gain insight into the unique func-
tions of TH2B particularly during meiotic prophase I, 
we detected a post-translational modification in the 
amino terminal end that was already reported in another 
study in round spermatid TH2B [36], Serine 11 phos-
phorylation on TH2B (TH2BS11ph according to Brno 
nomenclature for histone modifications [37]). Histone 
phosphorylation is linked to diverse biological processes 
like DNA damage and repair (DDR) [38], apoptosis [39], 
etc. In this study, we show that TH2BS11ph modifica-
tion is a histone mark associated with unsynapsed axes 
of the XY body in pachytene spermatocytes of rodents. 
ChIP-sequencing studies further reveal that majority 
of TH2BS11ph-containing genomic regions were not 
hotspot-related but associated with other H3K4me3-
containing regions like gene promoters, enhancers, etc 
(Table  1). Additionally, this histone mark is also associ-
ated with important proteins and histone marks linked to 
functions of gene regulation and XY body, as revealed by 
mass spectrometry studies. This is the first report docu-
menting the role of a post-translational modification of 
a germ cell-specific core histone variant in meiotic pro-
phase I-related events.

Results
TH2B serine 11 phosphorylation (TH2BS11ph) 
is a novel histone modification detected in mammalian 
spermatocytes
TH2B is the major histone variant in spermatocytes 
and spermatids [12] (Fig.  1a). As mentioned earlier, 
TH2B differs from H2B protein with majority of amino 
acid residues differing in the solvent exposed amino 

terminal tail (Fig. 1b, c). In an attempt to decipher vari-
ous PTMs on TH2B, we purified in  vivo TH2B from 
30-day rat testicular cells by the reverse-phase HPLC 
technique. By employing a different set of procedures 
that includes enzyme digestion and post-mass spec-
trometry analyses of various PTMs obtained on in vivo 
TH2B, we detected the modification TH2BS11ph 
(TH2B serine 11 phosphorylation) in spermatocytes. 
This modification was already detected in TH2B from 
round spermatids by Luense et al. but not in spermat-
ocytes [36]. We show for the first time the occurrence 
of this modification on TH2B isolated from sper-
matocytes. The representative MS/MS plot is shown 
in Fig.  1d. The corresponding fragmentation table has 
been given in Additional file  1: Fig. S1A. The somatic 
H2BS14ph modification has been shown to be involved 
in DNA repair processes in somatic cells [40]. There-
fore, we were interested to ascertain the function of the 
testis-specific H2B variant TH2B serine 11 phosphoryl-
ation in the context of DNA repair and meiotic recom-
bination associated events in spermatocytes. For this 
purpose, polyclonal antibodies specific to this modifi-
cation were generated in rabbits.

The specificity of the antibody was determined by 
ELISA and western blot assays. ELISA assays were car-
ried out with the TH2BS11ph antibody, wherein the 
antibody showed high reactivity towards the TH2B ser-
ine 11 phosphopeptide but not with the TH2B and H2B 
backbone peptides (Fig. 1e). The antibody showed reac-
tivity towards testis nuclear lysates (Fig.  1f, Lane ‘Tes-
tis nuclear lysate’) but did not cross-react with the H2B 
containing liver nuclear lysate and also the recombinant 
TH2B protein by western blotting (Fig.  1f, lanes ‘Liver 
nuclear lysate’ and ‘rTH2B’). Further, the reactivity of the 
antibody was abolished by the TH2B serine 11 phospho-
peptide (Fig.  1g, lane 2) but not by the TH2B unmodi-
fied peptide (Fig.  1g, lane 3). The combination of mass 

(See figure on next page.)
Fig. 1 Identification of TH2BS11ph modification by mass spectrometry and characterization of the TH2BS11ph antibody. a Genome-wide 
replacement of H2B by TH2B histone variant in mammalian spermatocytes and spermatids [12]. b Model of the TH2B-containing nucleosome 
highlighting the exposed serine 11 residue. c Alignment of protein sequences of TH2B from rat and mouse. H2B sequence of rat has been given 
for reference. The boxed region in black represents the peptide sequence used for generation of the polyclonal antibody in rabbits. d Identification 
of TH2BS11ph modification by LC–MS/MS technique. The y-axis indicates the relative intensity of MS/MS spectra and the x-axis indicates the 
mass–charge ratio. The phosphorylated serine residue of TH2B-containing peptide fragment is highlighted in red. e ELISA assay—TH2B antibody 
reacts with both TH2B serine 11 phospho- and non-phosphopeptides, whereas the TH2BS11ph antibody specifically reacts with the TH2B serine 
11 phosphopeptide. ELISA was carried out with the Pre-bleed immune sera, Immune sera, TH2BS11ph sera and the TH2BS11ph purified antibody; 
white bars represent reactivity of the mentioned sera or antibody with TH2B backbone peptide, black bars represent reactivity with H2B peptide 
and the orange bars represent reactivity with the TH2B serine 11 phosphopeptide. f Immunoblotting of affinity purified TH2BS11ph antibody shows 
reactivity with only TH2B-containing nuclear lysate. Western blotting was performed with anti-TH2BS11ph antibody against liver nuclear lysates, 
testes nuclear lysates and recombinant TH2B (rTH2B). Coomassie stained gel is given for reference on the left. g Peptide competition assay—first 
lane represents no peptide control, second lane TH2BS11ph antibody pre-incubated with TH2B serine 11 phosphopeptide, third lane TH2BS11ph 
antibody pre-incubated with TH2B backbone peptide. Western blot was carried out with the antibodies indicated as alpha alongside the blot
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spectrometry and Western blotting analysis, thus, estab-
lishes that the TH2BS11ph modification is physiological.

TH2BS11ph modification is densely localised in the axes 
of the XY body during the pachytene stage of meiosis 
prophase I
After establishing the high specificity of the TH2BS11ph 
antibody, we carried out immunofluorescence studies 
with the TH2BS11ph antibody to examine the stain-
ing pattern during meiotic prophase I. TH2B begins to 
express in preleptotene spermatocytes and continues 
to be present till the late stages of spermiogenesis [12]. 
Keeping this in mind, we carried out immunofluores-
cence staining of meiotic spreads of mouse testicular 
germ cells to examine whether the TH2BS11ph modifi-
cation has any role in the events that are characteristic 
of meiotic prophase I. We have used Scp3 (Synaptone-
mal Complex Protein 3) and γH2AX as markers to dis-
tinguish various stages of meiotic prophase I in mouse 
[41]  (Table  2). We observe that TH2BS11ph is detect-
able during the stages leptotene, zygotene and pachytene 
intervals as indicated in Fig. 2b. It is interesting to note 
that the backbone TH2B is detected all over the nucleus 
(Fig. 2a), while TH2BS11ph signal was more distributed 
as specific foci, suggesting a locus-dependent function. 
An important observation that is apparent in the stain-
ing pattern in pachytene spermatocytes is that TH2B-
S11ph modification was found to be highly enriched at 
the axes of the XY body-like structure (Fig.  2b, pachy-
tene). This was further corroborated by colocalization 
analysis as represented in Fig.  2f (Scp3) which revealed 
that TH2BS11ph signal colocalizes with Scp3 in the XY 
body (Fig.  2f, pachytene without rotation and XY body 
without rotation). We found a higher colocalization per-
centage of TH2BS11ph and Scp3 of about 47% in the XY 
body compared to 14% in the whole pachytene spermato-
cyte (Fig. 2f pachytene without rotation, XY body with-
out rotation). To evaluate the specificity of colocalization 
and to ensure that the observed signal is not a result of 

random overlap, we performed colocalization analyses 
after rotating images captured in the red channel by 90° 
in the anticlockwise direction. A significant decrease in 
colocalization percentages with usage of rotated images 
in comparison to non-rotated images would mean spe-
cific colocalization between the two channels. On rota-
tion of the TH2BS11ph images captured in the red 
channel, we found that the colocalization percentage of 
TH2BS11ph and Scp3 decreased significantly in the XY 
body (Fig. 2f, Scp3, XY body with rotation) and in pachy-
tene spermatocyte (Fig. 2f, Scp3, pachytene with rotation) 
in comparison with the non-rotated images. This indi-
cates that TH2BS11ph is highly enriched in the axes of 
the XY body of the pachytene spermatocyte. We, there-
fore, conjectured that this modification may have a XY 
body-specific function in spermatocytes. This was also 
confirmed in meiotic spreads of rat testicular cells where 
we observed increased enrichment of TH2BS11ph signal 
in the XY body-like structure (Additional file 2: Fig. S2A, 
pachytene). Apart from the XY body of pachytene cells, 
we observed many foci outside the sex body suggesting 
the role of TH2BS11ph may not be just restricted to XY 
body-specific functions. 

H2AX is required for chromatin remodelling and sex 
chromosome inactivation in male meiosis [42]. We con-
firmed the enrichment and localization of this TH2B 
modification in the XY body of the pachytene nucleus 
using the sex body-specific marker γH2AX. As can be 
seen in Fig. 2c (pachytene), TH2BS11ph colocalizes with 
γH2AX corresponding to the axes of the XY body in the 
pachytene spermatocytes. The degree of colocalization 
of TH2BS11ph with γH2AX in the XY body was found 
to be 21% in the XY body as opposed to colocalization 
in the whole pachytene spermatocyte (~ 11%) as indi-
cated in Fig. 2f (γH2AX, Pachytene without rotation, XY 
body without rotation). It is to be noted that γH2AX has 
a different staining pattern where it stains the axes and 
loops of the XY body, whereas TH2BS11ph stains only 
the axes; this might be the reason for lower colocalization 

Fig. 2 TH2BS11ph modification is densely localised in the axes of the XY body. a Immunofluorescence studies of backbone TH2B and Scp3 
in leptotene (1st panel), zygotene (2nd panel) and pachytene stages (3rd panel) of meiotic prophase I. b Colocalization studies of TH2BS11ph 
modification with synaptonemal complex protein Scp3 across leptotene (1st panel), zygotene (2nd panel) and pachytene stages (3rd panel) of 
meiotic prophase I. The inset in the pachytene image represents the XY body. c Colocalization studies of TH2BS11ph with γH2AX in leptotene (1st 
panel), zygotene (2nd panel) and pachytene spermatocytes (3rd panel). The inset in the pachytene image shows the XY body. Immunofluorescence 
studies of TH2BS11ph with d pATM and e ATR kinases in pachytene spermatocytes. The insets in d, e show the XY body. Data information in 
(a–e); All data were confirmed with at least three independent mice (C57BL6 species). Nuclei were visualised by DAPI staining, Scale bars, 10 µm. 
f Quantitation of colocalization percentages of TH2BS11ph with Scp3, γH2AX, pATM and ATR in the whole pachytene spermatocyte and XY body. 
The colocalization percentages were calculated with (with rotation) and without (without rotation) image rotation. For calculation of colocalization 
percentages upon image rotation, the TH2BS11ph images captured in the red channel were rotated by 90° in the anticlockwise direction in the 
XY plane. The number of nuclei analysed are Scp3 (n = 10), γH2AX (n = 15), pATM (n = 15) and pATR (n = 15). The data are plotted in terms of 
mean ± SD ***P ≤ 0.0005, **P ≤ 0.005, *P ≤ 0.05 (t-test). w rotation with rotation, wo rotation without rotation

(See figure on next page.)
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percentages for γH2AX in the XY body. On rotation of 
TH2BS11ph images captured in the red channel, we 
found colocalization percentages to decrease significantly 
as shown in Fig. 2f (γH2AX, pachytene with rotation and 
XY body with rotation) in comparison with the non-
rotated images. On the basis of colocalization observed 
with Scp3 and γH2AX in the axes of the sex body, we 
conclude that TH2BS11ph is densely localised to the axes 
of the XY body.

In a previous study, H2BS14ph  was shown to stain 
the XY body of pachytene spermatocytes in mouse [40]. 
Since, our data also showed that TH2BS11ph local-
izes to XY axes, we wondered whether the TH2BS11ph 
antibody did crossreact with H2B or its posttransla-
tional modifications in spermatocytes. However, on re-
examination of the published data, we found that the 
same H2BS14ph  commercial antibody cross-reacts also 
with in  vivo TH2B (Additional file  1: Fig. S1C, in  vivo 
TH2B). The antibody has been withdrawn and no more 
available. Therefore, we generated a H2B-specific anti-
body, validated its reactivity by dot-blot assay and west-
ern blotting with liver and testicular histones as shown 
in Additional file  1: Fig. S1D. We carried out staging of 
the H2B antibody with Scp3 to obtain the staining pat-
tern at various stages of meiotic prophase I. The staining 
of backbone H2B was found to be not intense contrary 
to that previously reported for H2BS14ph modification in 
all the stages of meiotic prophase I (Additional file 1: Fig. 
S1E). Furthermore, H2B staining did not coincide with 
the XY body of the pachytene spermatocyte (Additional 
file 1: Fig. S1E, pachytene). This also supports the report 
wherein H2B levels were found to decrease completely at 
18 dpp mouse testes that coincide with onset of differen-
tiation of pachytene cells [12]. Nevertheless, the combi-
nation of Western Blotting with peptide competition, and 

ELISA assays prove that the TH2BS11ph antibody did 
not cross-react with H2B, further negating the previous 
report where H2BS14ph was shown to localise to the XY 
body suggesting that the reported staining pattern was a 
result of cross-reactivity with TH2B.

TH2BS11ph modification is enriched in the unsynapsed 
axes and associated with recombination‑related kinases 
like pATM and ATR in the XY body of the pachytene 
spermatocyte
From mid-zygotene interval, unsynapsed chromosomes 
are marked by ATR, where the latter carries out the sec-
ond level of H2AX phosphorylation [27, 29]. pATM and 
ATR are the markers of the unsynapsed axes of the XY 
body [43]. To test the enrichment of TH2BS11ph in the 
axes of the XY body, we next sought to perform colocali-
zation studies with pATM and ATR kinases. We observe 
colocalization with pATM in axes of the XY body as can 
be seen in Fig.  2d. Upon further quantitative analyses, 
we observe colocalization with pATM of about 35% cor-
responding to the axes of the XY body as indicated in 
Fig. 2f (pATM, XY body without rotation). On rotation of 
the TH2BS11ph images captured in the red channel, the 
colocalization percentage dipped to about 1%, suggesting 
the specific overlap of TH2BS11ph and pATM in the axes 
of the XY body in the non-rotated images (Fig. 2f, pATM, 
XY body with rotation).

To determine the association of XY body-specific 
kinase ATR and TH2BS11ph, colocalization studies were 
also carried out of TH2BS11ph and ATR. There was a 
distinct colocalization seen specifically in the axes of the 
XY body as seen in Fig. 2e. We also quantified the colo-
calization percentages between TH2BS11ph and ATR, 
where we found a high colocalization percentage of about 
43% in the XY body (Fig. 2f, ATR, XY body without rota-
tion). We found colocalization percentage of 33.8% in 
the whole pachytene spermatocyte (Fig. 2f, ATR, pachy-
tene without rotation). The colocalization percentages 
decreased significantly on rotation of the TH2BS11ph 
images captured in the red channel (Fig. 2f, ATR, pachy-
tene with rotation, XY body with rotation). On the basis 
of colocalization of TH2BS11ph with ATR and pATM in 
the XY axes during the pachytene interval, we conclude 
that this modification is densely  localised to the unsyn-
apsed axes of the XY body.

XY body harbours various proteins related to recom-
bination and heterochromatin formation. DDR proteins 
that accumulate in the XY body, have different and dis-
tinct localisation patterns. Proteins like γH2AX are 
spread over the entire sex chromosomes (axes + loops), 
whereas ATR, pATM, Rad51 are localised in the unsyn-
apsed axes [43]. This suggests that unsynapsed axes are 
different from other chromosomal regions of the sex 

Table 2 List of antibodies used in the present study

IF immunofluorescence, ChIP chromatin immunoprecipitation, WB western 
blotting

Reagents

Antibodies Host Company name Cat number Application

Scp3 Mouse Abcam ab97672 IF

γH2AX Mouse Upstate (Millipore) 05-636 IF, ChIP, WB

H2BS14ph Rabbit Scbt sc31671 WB

pATM Mouse Upstate (Millipore) 05-740 IF

ATR Mouse Abcam ab54793 IF

H3K4me3 Mouse Abcam ab12209 ChIP, WB

TH2B Rabbit Generated in house IF, WB

Rad51 Mouse Abcam ab1837 IF

Spo11 Goat Santa Cruz sc22476 IF
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body in terms of distinct localisation patterns of various 
DDR related proteins. Since pATM and ATR are marker 
proteins of the unsynapsed axes and colocalize with 
TH2BS11ph [43], we conclude that TH2BS11ph histone 
mark is enriched in the unsynapsed axes of the XY body 
of pachytene spermatocyte. Taken together, the immuno-
fluorescence studies reveal that the TH2BS11ph modifi-
cation is associated with the proteins γH2AX, pATM and 
ATR that are related to DNA recombination and repair 
processes in the XY body. Some of the key observa-
tions of the immunofluorescence data in mouse meiotic 
spreads were also shown to be true for rat testicular cells 
as shown in the Additional file 2: Fig. S2.

TH2BS11ph modification is predominantly associated 
with H3K4me3‑containing genomic regions 
in spermatocytes
ATR kinase, not pATM, has been shown to be involved 
in XY body-specific phosphorylation of H2AX [29]. 
Therefore, we went ahead to examine whether TH2B-
S11ph is associated with the known sex body-specific 
marker, γH2AX. To verify the immunofluorescence 
studies further, we, therefore, carried out immunopre-
cipitation reactions with mononucleosomes to deter-
mine the coexistence of sex body-associated histone 
mark γH2AX in a single nucleosome core particle. We 
employed MNase digestion followed by immunoprecipi-
tation to address whether TH2BS11ph is associated with 
γH2AX in the context of mononucleosomes. The profile 
of MNase digestion with respect to time of digestion has 
been given in Additional file 5: Fig. S5A. By IP assays, we 
demonstrate that TH2BS11ph pulled down γH2AX pro-
tein (Fig. 3a, TH2BS11ph). Conversely, TH2BS11P is also 
found in γH2AX elute fraction (Fig.  3b, γH2AX). These 
experiments suggest that TH2BS11ph and γH2AX co-
associate possibly to recruit similar set of proteins in turn 
to regulate DSB processes in the XY body.

Since meiotic recombination is a non-random 
event and occurs at specific loci termed as meiotic 

recombination hotspots, we were curious to examine 
the possible presence of TH2BS11ph at these hotspot 
loci. Since the genetics of homologous recombination 
and hotspot genomic regions are well characterised in 
C57BL6 mouse species, and also many of the colocaliza-
tion experiments were reproduced in both rat and mouse 
testicular cells, we were interested to determine the 
genome-wide occupancy of this modification in pachy-
tene cells (P20 testicular cells) and in leptotene (P12 tes-
ticular cells). Immunofluorescence studies revealed the 
predominant localisation of TH2BS11ph in the unsyn-
apsed axes of the XY body, also the localisation of this 
modification revealed many foci outside the XY body. 
Therefore, the localization of this modification in the 
context of binding sites on the pachytene genome had to 
be determined.

In this direction, ChIP-sequencing analyses of genome-
wide distribution of TH2BS11ph was carried out to 
obtain a comprehensive picture of the association of 
TH2BS11ph with genomic regions in P20 mouse testicu-
lar cells enriched in pachytene cells. The workflow of the 
ChIP sequencing protocol and computational analyses 
is given in Fig. 3c. We used the already published TH2B 
ChIP-seq data for comparison that was carried out in 
elutriation-purified spermatocyte populations that usu-
ally is representative of TH2B occupancy in pachytene 
cells [12]. The important question was to determine the 
unique regions that are enriched for TH2BS11ph com-
pared to backbone TH2B. To address this, we performed 
peak calling of TH2BS11ph ChIP seq data against the 
published TH2B dataset to obtain the unique peaks of 
TH2BS11ph occupancy. We observed high number of 
peaks in chromosomes X and Y (Fig. 3d, chrX and chrY). 
As can be seen in Fig. 3e, we also observe higher number 
of reads of TH2BS11ph IP in the X-chromosome in com-
parison to the backbone TH2B occupancy. This validated 
our immunofluorescence studies, wherein TH2BS11ph 
modification was found to be enriched in the XY body.

(See figure on next page.)
Fig. 3 TH2BS11ph histone mark is predominantly associated with genomic regions containing the histone mark H3K4me3. TH2BS11ph-containing 
mononucleosomes associate with sex body-specific histone mark γH2AX-Mononucleosome IP studies determining the coexistence of histone 
marks TH2BS11ph with γH2AX, a γH2AX is associated with TH2BS11ph-containing mononucleosomes. IP was carried out using the anti-TH2BS11ph 
antibody where the TH2BS11ph, γH2AX and TH2B were probed by western blotting. b TH2BS11ph is associated with γH2AX-containing 
mononucleosomes. IP was carried out with the γH2AX antibody, and scored for TH2BS11ph, γH2AX, and TH2B by western blotting. The antibodies 
used for western blotting are indicated to the side of the blot. Ponceau stained blots have been given for reference. Data information in a, b The 
numbers represent molecular weight in kilodaltons. The first lane in all the blots represents the input fraction, 2nd lane IgG elute fraction and 3rd 
lane immunoprecipitation with the mentioned antibodies. c Workflow of ChIP sequencing analysis for TH2BS11ph histone mark carried out in 
mouse P20 testicular cells. d Chromosome wise distribution of TH2BS11ph peaks across chromosomes of mouse-majority of the TH2BS11ph peaks 
were found in chromosomes X and Y. e Distribution of TH2BS11ph and TH2B reads across the X-chromosome. For both TH2BS11ph and TH2B 
sections, the upper track represents the peaks, whereas the bottom track represents the read distributions as observed in IGV Genome Browser. 
TH2B ChIP sequencing data were taken from Gene Expression Omnibus (GSE45915) [12]
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To identify the characteristic features of the genomic 
regions bound by TH2BS11ph histone mark, we were 
interested to check their overlap with meiotic recom-
bination and transcription-related histone H3K4me3 

ChIP-seq datasets [44]. To address this, we gener-
ated aggregation plots to determine the localisation of 
TH2BS11ph reads with respect to the centre of bind-
ing sites of total H3K4me3 marks, DSB hotspots and 
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transcription-associated H3K4me3 mark [common 
H3K4me3], etc. All the analyses of overlap of TH2BS11ph 
with particular histone mark ChIP-seq datasets have 
been carried out in comparison with TH2B control data-
set. We have generated two kinds of data to determine 
the overlap of TH2BS11ph with TSS or recombination 
hotspot-specific histone marks. Aggregation plot shows 
the concentration of read counts in respective genomic 
coordinates, i.e., TSS, etc. Heatmap are also generated for 
the corresponding aggregation plot to address the spatial 
distribution of reads within the proximity of the region of 
interest.

Aggregation plot as given in Fig. 4a demonstrates that 
majority of the reads were concentrated within 1 kb from 
the centre of occupancy of H3K4me3 mark (Fig. 4a, first 
panel). We also find secondary peaks further away from 
the centre of H3K4me3 mark, which might be due to 
the interaction of promoters with distal regulatory ele-
ments like enhancers, etc. The heat map representation 
corroborates with the fact the majority of TH2BS11ph 
reads lie at the centre of H3K4me3 peaks (Fig.  4a, sec-
ond panel). The important thing to be kept in mind is 
that TSS and recombination hotspots also have similar 
histone mark profile consisting of H3K4me3, H3K36me3 
marks, etc. Therefore, we were interested to delineate 
whether TH2BS11ph is linked to either TSS-specific or 
hotspot-specific histone mark H3K4me3. With respect 
to DSB hotspots, represented by occupancy of hotspot-
specific H3K4me3 marks genome wide, we did not find 
significant overlap of TH2BS11ph at recombination hot-
spots as shown by aggregation plot given in Fig. 4b, (first 
panel). There were no reads concentrated at the centre of 
the DSB hotspots (Fig.  4b, first and second panels). We 
further looked at the association of TH2BS11ph with 
common H3K4me3 peaks representing the H3K4me3 
marks present at gene regulatory regions like promot-
ers, enhancers, etc. On further analysis, we found close 
association of TH2BS11ph with TSS (Transcription Start 
Sites) containing-H3K4me3 (Fig.  4c). Aggregation plot 
supports the conclusion wherein majority of the reads 
were concentrated within the centre of TSS-specific 
H3K4me3 (Fig.  4c, first and second panels). As the dis-
tance from H3K4me3 increases, the overlap of both these 
two histone marks also decreases. Therefore, the overlap 
of TH2BS11ph was specific to TSS-associated H3K4me3 
but not hotspot-specific H3K4me3. We also generated 
Aggregation plot and heat map using available dataset 
of TSS of mouse. As can be seen in Fig. 4d, we observe 
specific localisation of TH2BS11ph reads at the centre 
of the transcription start sites further supporting the 
fact the specific association of this histone mark towards 
TSS (Fig.  4d, first and second panels). The presence of 
H3K4me3 is linked to high DSB activity in the PAR of 

the X-chromosome [45]. Furthermore, since we had 
found out that majority of TH2BS11ph peaks were in the 
X-chromosome, it became important to check the associ-
ation with X-chromosome-specific H3K4me3 marks. We 
observed that TH2BS11ph-containing genomic regions 
were indeed positive for H3K4me3 mark in the X-chro-
mosome (Fig.  4e, first and second panels). We have 
also plotted the read distribution of TH2BS11ph occu-
pancy with respect to these datasets in Additional file 3: 
Fig. S3, wherein we observed the maximum overlap of 
TH2BS11ph reads at the centre of TSS and TSS-specific 
H3K4me3 marks (Additional file 3: Fig. S3C, D).

To determine the localisation and dynamics of localisa-
tion of the TH2BS11ph modification, we also performed 
ChIP-sequencing studies in mouse P12 testicular cells 
representative of leptotene/zygotene cells. Since various 
datasets for H3K4me3 and DSB hotspots are available 
for P12 mouse testicular cells, we wanted to compare the 
localisation and overlap of TH2BS11ph with these data-
sets in leptotene/zygotene cells. Aggregation plot for P12 
TH2BS11ph ChIP sequencing data showed the predomi-
nant localisation with respect to total H3K4me3 marks 
(Additional file 4: Fig. S4A). Furthermore, the localisation 
was specific to transcription-specific H3K4me3 (com-
mon H3K4me3) but not recombination hotspot-specific 
H3K4me3 [B6 specific H3K4me3] as can be seen in Addi-
tional file  4: Fig. S4B, C, respectively. Even in leptotene 
cells, we observed specific association of TH2BS11ph 
towards TSS-associated H3K4me3 marks (Additional 
file 4: Fig. S4C). The defining factor of TH2BS11ph occu-
pancy in leptotene and pachytene cells, therefore, also 
demonstrates association with TSS-associated H3K4me3 
nucleosomes.

Open chromatin regions like transcription start sites 
are initiation for meiotic recombination in yeast [46]. 
However, hotspots and TSS are distinctly located in the 
mouse genome [47]. Aggregation plots and heat maps 
had showed strong association of TH2BS11ph with his-
tone mark H3K4me3. To verify the ChIP sequencing 
results further, we were interested in carrying out immu-
noprecipitation reactions with mononucleosomes to 
determine the coexistence of histone mark H3K4me3 in a 
single nucleosome core particle. Therefore, we performed 
IP assays with mononucleosomes to prove the associa-
tion of TH2BS11ph and H3K4me3 in the context of mon-
onucleosomes. This interaction was also proved by IP 
assays, where co-IP with H3K4me3 antibody pulled down 
TH2BS11ph protein (Fig.  4f, H3K4me3 IP). Reciprocal 
IP also proves the association of H3K4me3 with TH2B-
S11ph-containing mononucleosomes (Fig.  4f, TH2B-
S11ph IP). Thus, we conclude that H3K4me3 is associated 
with TH2BS11ph-containing mononucleosomes.
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Fig. 4 Localisation of TH2BS11ph at TSS and recombination hotspots with respect to TH2B. a Analysis of overlap of TH2BS11ph with Total H3K4me3. 
b Analysis of overlap of TH2BS11ph with DSB hotspots. c Overlap of TH2BS11ph with H3K4me3 common peaks representing the TSS-associated 
H3K4me3 marks. d Localisation of TH2BS11ph at TSS. e Overlap of TH2BS11ph with Chromosome X-associated H3K4me3 marks. The aggregation 
plots in a–e show the read coverage of unique TH2BS11ph reads (compared against TH2B) at ± 3 kb from the centre of the particular histone 
or protein marks as indicated in the boxes in the top right corner. Y-axis represents log2(fold change of TH2BS11ph versus TH2B control), X-axis 
represents distance in terms of kilobases. The heat map in a–e is the corresponding representation of the read coverage at ± 3 kb from the centre 
of occupancy of candidate histone/protein marks. f Association of H3K4me3 and TH2BS11ph in mononucleosomes. Mononucleosome IP studies 
to determine the coexistence of TSS-related histone mark H3K4me3 with TH2BS11ph histone modification by forward (1st panel) and reverse 
IP reactions (2nd panel). Ponceau stained blots have been given for reference. The first lane in all the blots represents the Input, second lane 
immunoprecipitation with the Mouse IgG antibody, third lane refers to the IP using the specific antibody (anti-H3K4me3 or anti-TH2BS11ph). The 
antibodies labelled alongside the blot refer to the antibodies that were used for western blotting
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TH2B is depleted from active TSS and present 
at background levels at recombination hotspots in mouse 
spermatocytes
TH2B replaces H2B on a genome-wide scale in sper-
matocytes and spermatids. Further, TH2B was previ-
ously reported to be depleted from transcriptionally 
active H2AZ-containing nucleosomes [12]. Since we have 
extensively proven the association of TH2BS11ph in the 
XY body and with TSS-associated H3K4me3, it became 
important to determine the level of backbone TH2B at 
those characteristic genomic loci like TSS and recombi-
nation hotspots. We observed that TH2B was present at 
background levels with respect to total H3K4me3 marks 
(Fig.  5a, first and second panels). We did not observe 
any specific enrichment of TH2B at recombination hot-
spots (Fig. 5b, first and second panels). Furthermore, the 
occupancy of TH2B reads was plotted against H3K4me3 
common dataset, representing the TSS-related H3K4me3 
marks; we did not find significant enrichment of TH2B in 
the proximity of TSS-specific H3K4me3 (Fig. 5c, first and 
second panels). We, therefore, reconfirmed the published 
dataset wherein we observe the depletion of TH2B at TSS 
regions; there was no preferential enrichment observed 
for TH2B at centre of known TSS genomic regions 

(Fig. 5d, first panel). Heat map also showed a character-
istic depletion of TH2B reads at TSS regions (Fig.  5d, 
second panel). The important point to be noted is the 
read count per million mapped reads were plotted on 
the same scale as the observed TH2BS11ph levels at TSS 
and recombination hotspots. Taken together, we observe 
the specific enrichment of TH2BS11ph over TH2B at the 
H3K4me3-associated TSS regions. These analyses show 
that TH2BS11ph is preferentially enriched over TH2B in 
the XY body and H3K4me3-containing TSS regions.

Validation of the ChIP sequencing dataset by ChIP‑PCR
For confirmation of the ChIP-sequencing dataset at 
selected loci, we designed primers for various chro-
mosomal loci across the mouse genome. The genomic 
regions were determined for TH2BS11ph occupancy as 
can be in Fig.  6, in comparison to occupancy of back-
bone TH2B. The genomic regions with the TH2BS11ph 
and TH2B IP tracks that have been selected for experi-
mental validation are shown in Fig. 6a. We have chosen 
two  peaks from Chromosome X, one from Chromo-
some Y and two from autosomal regions for experimental 
validation (i–vii). By ChIP-PCR in P20 mouse testicular 
cells, we show the occupancy of TH2BS11ph at all the 

a

c d

b

Fig. 5 Localisation of backbone TH2B at TSS and recombination hotspots. Analysis of overlap between backbone TH2B with a total H3K4me3, 
b DSB hotspots, c H3K4me3 common representing the TSS-specific H3K4me3 marks. TH2B does not display preferential localization towards 
H3K4me3 (total), DSB hotspots and TSS-associated H3K4me3 histone marks. d Analysis of overlap of backbone TH2B with TSS of mouse. TH2B was 
observed to be depleted at TSS regions [12]. In each figure from a–d; the overlap has been determined using Aggregation plots and heat maps
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Fig. 6 Validation of the ChIP sequencing dataset of TH2BS11ph in mouse P20 testicular cells. a Genomic regions used for designing primers 
required to confirm the ChIP-sequencing dataset by ChIP-PCR studies. Every top lane in all the panels from (i)–(vii) is TH2BS11ph IP, bottom 
panel-TH2B IP. b Validation of TH2BS11ph genome-wide occupancy data using ChIP-PCR technique using TH2B and TH2BS11ph antibodies. 
ChIP-PCR shows the enrichment of TH2BS11ph histone mark at the selected genomic regions associated with Chromosome X (2 regions), 
Chromosome Y and autosomes (2 regions) over TH2B IP and input control (i–v). A specific region in chromosome 15 and chromosome 1 were used 
as negative controls for this study (vi and vii). The fold enrichment values of TH2B and TH2BS11ph IPs were plotted against input control. ChIP-PCR 
experiments were done for three biological replicates including technical duplicates for a single biological replicate. The data are plotted in terms of 
mean ± SD, ***P ≤ 0.0005, **P ≤ 0.005, *P ≤ 0.05 (t-test)
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selected genomic regions, further validating the ChIP-
seq results (Fig.  6b, ChrX1, ChrX2, ChrY, Auto1 and 
Auto2). Our main aim was to determine unique peaks 
of TH2BS11ph occupancy by comparing against the 
occupancy of backbone TH2B. TH2B ChIP was used as 
additional control to determine the occupancy of back-
bone TH2B at these genomic regions. We observe the 
specific enrichment of TH2BS11ph over TH2B as well as 
input control at all the selected genomic regions (Fig. 6b, 
ChrX1, ChrX2, ChrY, Auto1 and Auto2). There was no 
significant enrichment of TH2BS11ph over TH2B con-
trol in the selected regions of chromosomes 15 and 1 that 
were used as negative controls (Fig.  6b, Neg Ctrl 1 and 
Neg Ctrl 2).

TH2BS11ph modification is associated with key proteins 
related to XY body and transcription
Since TH2BS11ph is a nucleosomal histone protein, we 
were interested to determine the proteins that are asso-
ciated with TH2BS11ph-containing mononucleosomes. 
To address this question, we performed mass spectrom-
etry of the immunoprecipitated mononucleosomes 
using TH2BS11ph antibodies. We have again validated 
the specificity of the TH2BS11ph antibody, where we 
demonstrate that the TH2B Serine 11 phosphopeptide 
competes with the antibody in the immunoprecipitation 
(Additional file 5: Fig. S5B). The proteins were identified 
on the basis of enrichment of immunoprecipitated pro-
teins with respect to those in non-specific pre-immune 
IgG lane (Fig. 7a). Mass spectrometric analyses revealed 
key proteins associated with the functions of XY body 
and transcription as shown in Fig.  7b further revalidat-
ing the ChIP-seq results where we observed the predomi-
nant association of TH2BS11ph with important genomic 
regions related to XY body and transcription.

Smarca5 is known to regulate Tyr142 phosphoryla-
tion on H2AX. It also associates with Cer2 to regulate 
gene expression. It was identified as the interacting pro-
tein partner of γH2AX [48]. Scml2, a germline specific 
subunit of Polycomb complex, is involved in epigenetic 

reprogramming of sex chromosomes [49]. Scml2 also 
promotes heterochromatin organisation in post-meiotic 
spermatids, by regulating the localization of CENP-V 
at pericentric heterochromatin [50]. Remodelling of the 
sex chromosomes is brought about by replacement of H3 
by H3.3 wherein DSB proteins and chromatin remodel-
ers act in sync to bring about MSCI induced nucleosome 
replacement [51]. Mre11 is a part of MRN complex asso-
ciated with DSB events in the XY body [52]. Consistent 
with the localization of TH2BS11ph in the XY body, 
many proteins associated with the XY body functions 
like Scml2 [49, 50], Cbx1 [53], macroH2A [54], H2AX 
[42], H3.3 [51] were identified in the mass spectromet-
ric analyses. Apart from this, chromosomal axes proteins 
like HORMAD1 that are involved in checkpoint surveil-
lance required for meiotic progression [55] is also associ-
ated with TH2BS11ph mark. HORMAD1 preferentially 
is localised to unsynapsed chromosomes during the pro-
phase I of meiosis [56]. It is also known that Cbx1/HP1β 
and macroH2A are co-associated with the PAR region of 
the XY body during male meiosis [57]. This reconfirms 
the association of TH2BS11ph with the XY body as both 
these proteins also shown to interact with TH2BS11ph-
containing mononucleosomes.

H2AZ-containing nucleosomes are sites of transcrip-
tion activation [58]. The fact that TH2BS11ph associates 
with proteins like SWI/SNF complex members, Trim28, 
H3.3, H2AZ, etc. establishes the fact that the TH2B-
S11ph-containing nucleosomes are also TSS associated. 
Synaptonemal complex proteins like Scp1, Scp2 and Scp3 
were found to be associated with TH2BS11ph mononu-
cleosomes [59–65]. Synaptonemal complex proteins are 
implicated in proper crossover formation and completion 
of meiosis [66]. Trim28 is known to associate with Brdt to 
mediate transcriptional repression in spermatogenic cells 
[67]. Npm1 is a known histone chaperone. In this list, we 
also obtained core nucleosomal histones, thus serving as 
internal control for the isolation of mononucleosomes.

In comparison to the proteins that were shown to be 
associated with γH2AX-containing nucleosomes in 

(See figure on next page.)
Fig. 7 Determination of interacting protein partners of TH2BS11ph-containing mononucleosomes in rat testicular cells. a Silver-stained image 
of the TH2BS11ph ChIP-Input lane refers to 5% input; IgG lane refers to non-specific IgG control; TH2BS11ph refers to TH2BS11ph IP lane. b List 
of interacting proteins of TH2BS11ph-containing mononucleosomes as determined by mass spectrometry in rat testicular cells. The associated 
proteins are classified into three different categories based on their known functions: XY body, Transcription and other important proteins. The 
first row is the gene/protein name; the second row refers to the sum intensity that refers to the peak intensity values for all the peptides matched 
to a particular protein. The proteins highlighted in red refer to common proteins identified between TH2BS11ph IP and γH2AX IP (as reported by 
Broering et al. [48]). c Model of TH2BS11ph-containing nucleosomes showing the association with XY body-related histone marks. TH2BS11ph 
could function along with γH2AX and H3K4me3 histone marks to mediate DNA repair in the XY body. d Model of TH2BS11ph-containing 
nucleosomes showing the association of this histone mark with transcription start sites. TH2BS11P could associate with H3K4me3, H2AZ and 
transcription-associated H4 acetylated marks to mediate transcription in pachytene cells. TH2BS11ph could function in association with specific 
repertoire of histone marks to mediate chromatin-templated events like DNA repair in the XY body or TSS activation
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another report [48], we find that many proteins (high-
lighted in red) were common and also associated with 
TH2BS11ph-containing mononucleosomes (Fig.  7b). 
This suggests that both these histone marks associ-
ate with similar set of protein players in spermatocytes. 
The important point we would like to stress here is that 
TH2BS11ph histone mark also associates with proteins 
related to transcriptional regulation as shown by mass 
spectrometry. This indicates that TH2BS11ph associates 
with different set of protein machineries in turn regulat-
ing different loci in a context-dependent manner. Taken 
together, a recurrent theme that emerges from our study 
is that the histone mark TH2B Serine 11 phosphoryla-
tion is densely localised in the unsynapsed axes of the 
XY body, predominantly associate with H3K4me3-con-
taining genomic regions and also associate with protein 
players involved in processes of XY body and transcrip-
tion-related processes.

Discussion
TH2B, a testis-specific histone variant, globally replaces 
somatic histone H2B in mammalian spermatocytes and 
spermatids [12]. Although, the biological function of 
TH2B has been delineated in spermatids in the context 
of histone to protamine transition, very little is known 
about its role in spermatocytes. The major differences 
between TH2B and its somatic counterpart H2B, is the 
sequence variation in the N-terminus tail. Histone tails 
do not exhibit specific structures in high-resolution crys-
tal structures. However, they contribute to stabilisation 
of chromatin through contacts with DNA backbone and 
acidic patch of adjacent nucleosomes. Tail domains also 
provide the stabilisation effect by suppressing the acces-
sibility of the DNA and regulating nucleosome mobil-
ity [68, 69]. The present study was initiated to explore 
the possible biological function(s) of the N-terminus of 
TH2B and associated histone modifications particularly 
with respect to the biological functions in spermatocytes. 
We have recently described the complete repertoire of 
TH2B PTMs from pachytene spermatocytes and round 
spermatids [16]. Our revisit to the mass spectrometric 
analysis of TH2B PTMs using a modified procedure of 
enzyme procedure and processing of peptides revealed 
Serine 11 phosphorylation on TH2B. This TH2BS11ph 
histone mark was reported by Luense et al. [36] only in 
round spermatids, but not in spermatocytes. This serine 
is highly conserved in TH2B of most of the mammals 
suggesting possible role(s) in germ cells. Our present 
study describes our detailed analysis of TH2BS11ph 
modification towards our understanding the biological 
function in the context of processes characteristic of mei-
otic prophase I in rodent spermatocytes.

TH2BS11ph and the XY body
One of the major observations of the present study is 
the enrichment of TH2BS11ph in the axes of the XY 
body in pachytene spermatocytes as evidenced by both 
immunostaining pattern as well as ChIP-seq analysis. 
The key biological events that occur in the XY body are 
late DSB repair and heterochromatin formation. Based 
on the observation that TH2BS11ph is co-associated 
with γH2AX as demonstrated by immunolocalization as 
well as pull down experiments, we would like to believe 
that TH2BS11ph is associated with chromatin domains 
undergoing DSB repair in the XY body. This conclusion 
is also supported by the fact that somatic H2BS14ph has 
been shown to be associated with DNA repair chroma-
tin domains in somatic cells [40]. The intense staining 
in the axes of the XY body could be due to increased 
DSB density that occurs in the PAR (Pseudo-Autosomal 
Region) of the XY body as compared to autosomal DSBs 
[31]. Importantly, a specialised chromatin configuration 
is found in the XY body wherein chromatin is organised 
into larger axes and shorter loops promoting higher DSB 
density. The fact that TH2BS11ph associated proteins 
also share similar protein interactome with γH2AX pro-
teins [48] provides further support for our hypothesis 
that TH2BS11ph is associated with DNA repair domains 
within the XY body. It is also interesting to note that we 
also observed that several proteins associated with het-
erochromatinization were also present in the TH2BS11ph 
associated mononucleosomes like Scml2, macroH2A, 
HP1β, HP1γ, etc. Our studies also show the association 
of TH2BS11ph with X-chromosome-specific H3K4me3 
marks. It is known that H3K4me3 catalysed in the PAR 
of the XY body is PRDM9 independent. This raises the 
question as to which kinase(s) is(are) responsible for the 
formation of TH2BS11ph-associated H3K4me3 mark. 
Taken together, these results strongly suggest that TH2B-
S11ph is an important histone mark associated with XY 
body-specific DSB repair and subsequent heterochro-
matinization. TH2BS11ph along with specific histone 
marks like H3K4me3, γH2AX, macroH2A could contrib-
ute to these specialised chromatin structure in the XY 
body, thus contributing to recombinational repair and 
heterochromatinization in the XY body (Fig. 7c).

TH2BS11ph and transcription
Another major observation made in the present study 
is the association of TH2BS11ph with H3K4me3 
mark. H3K4me3 has strong association with promot-
ers, enhancers and meiotic recombination hotspots. 
The factors that determine selection of hotspots ver-
sus transcription start sites are the specific enzymes 
that catalyse the creation of H3K4me3 marks. PRDM9 
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catalyses H3K4me3 and H3K36me3 formation at 
recombination hotspots, whereas the enzyme(s) 
responsible for H3K4 trimethylation at transcription 
start sites in spermatocytes is(are) speculated to be 
SET/MLL enzymes [70].

Genomic-occupancy overlap studies using aggregation 
plots and heat maps obtained from ChIP-seq experi-
ments in P20 testicular cells (pachytene) demonstrated 
the specific association of TH2BS11ph reads with TSS-
specific H3K4me3 marks, but not the hotspot-related 
H3K4me3 marks. This was also proved by forward and 
reciprocal IP assays where we show the co-association 
of TH2BS11ph with H3K4me3 mark in  vivo. This co-
association with H3K4me3-positive TSS-associated 
genomic regions were also found to be true in P12 tes-
ticular cells (leptotene). It is quite likely that punctuate 
staining of TH2BS11ph observed outside the XY body 
in pachytene nuclei might correspond to transcriptional 
active chromatin domains. The association of TH2B-
S11ph with H3K4me3 marks within TSS is further dem-
onstrated by the association of transcription-associated 
proteins like H2AZ, H3.3, SWI SNF complex members 
with the TH2BS11ph immunoprecipitated mononucle-
osomes as revealed by our mass spectrometric analysis. 
Taken together, we have demonstrated the strong asso-
ciation of TH2BS11ph with TSS-specific chromatin 
domains and histone mark H3K4me3 in  vivo in pachy-
tene spermatocytes.

As mentioned earlier, the N-terminal domain of H2B 
is involved in stabilisation and mobilisation of nucle-
osomes. In addition to the N-terminal tail, the HBR (His-
tone H2B Repression) domain in H2B (30–37 amino acid 
residues) is also involved in transcriptional repression. 
Acetylation of the lysine residues within HBR domain is 
shown to relieve the repression phenomenon and also 
facilitate transcription [71]. Our present study shows for 
the first time that phosphorylation of serine 11 in TH2B 
to be strongly associated with TSS mononucleosomes in 
pachytene spermatocytes. It remains to be seen whether 
serine 14 phosphorylation in somatic histone H2B is also 
associated with transcription in somatic cells. This is 
quite possible since the N-terminal is not structured and 
hence serine 11 phosphorylation in TH2B and serine 14 
may have similar functions. Alternatively, the function of 
TH2B serine 11 phosphorylation may be unique to sper-
matocyte transcription.

In conclusion, we have demonstrated that TH2B-
S11ph is associated with two important chromatin 
functions in spermatocytes—(i) TH2BS11ph is asso-
ciated with DNA repair domains in the XY body as 
evidenced by association of TH2BS11ph with repair 
proteins and histone marks of the XY body (Fig. 7c), (ii) 
TH2BS11ph could function with H3K.4me3-mediated 

recruitment of effector proteins and chromatin mod-
ellers in regulation of transcription at TSS (Fig.  7d). 
We would like to point out that the mass spectromet-
ric analysis of proteins associated with TH2BS11ph-
containing mononucleosomes and co-existence of 
H3K4me3, γH2AX by IP assays reflects the average 
picture of the protein complexes associated with all 
the TH2BS11ph-containing chromatin domains. Loci-
specific recruitment of particular effector molecules, 
and therefore reprogramming could occur to fine-
tune chromatin structure and function at those loci. 
TH2BS11ph could, therefore, play an important role 
in creation of chromatin environment along with other 
histone mark signatures to create platform for XY body 
and transcription-related functions.

Conclusions
By immunofluorescence assays with the highly specific 
antibodies, we demonstrate that TH2BS11ph histone 
mark is densely localised in the unsynapsed axes of the 
XY body in pachytene spermatocytes. Genome-wide 
occupancy of TH2BS11ph histone mark as determined 
by ChIP sequencing assays further confirmed the locali-
sation of this modification in the X and Y chromo-
somes. Apart from this, TH2BS11ph is also associated 
with H3K4me3-containing TSS-associated chromatin 
domains in P20 (pachytene) and P12 (leptotene) mouse 
testicular cells. Mass spectrometric analysis of proteins 
revealed various key proteins linked to functions of the 
XY body and transcription associated with TH2BS11ph-
containing mononucleosomes.

Materials and methods
Materials
All fine chemicals were obtained from Sigma Chemicals 
(USA) unless mentioned otherwise. Synthetic peptides 
were outsourced from Stork Bio Laboratories (Estonia). 
The secondary antibodies Donkey anti-mouse, Goat anti-
rabbit, Goat anti-rabbit conjugated to Alexa dyes were 
obtained from Invitrogen (USA). Male Wistar rats and 
C57BL6 mice were obtained from the Animal Facility, 
JNCASR. All procedures for handling animals have been 
approved by the animal ethics committee of the Centre.

Generation of TH2B‑containing nucleosome model
The nucleosome models have been taken from the previ-
ous work of our lab by Pentakota et al. [16].

Purification of in vivo TH2B protein
Histones were isolated from 30- to 35-day-old rat testes 
by acid extraction method. In vivo TH2B were purified by 
RP-HPLC technique using the published protocol [16].
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Mass spectrometry for identification of posttranslational 
modifications on TH2B
In‑gel digestion
Gel bands were cut into one-mm3 pieces and washed 
twice with MilliQ water. The gel was destained using 1:1 
methanol: 50-mM ammonium bicarbonate for 1  min, 
twice. The gel pieces were dehydrated for 5 min using 1:1 
acetonitrile: 50-mM ammonium bicarbonate followed by 
acetonitrile for 30 s. The gel pieces were dried in a speed-
vac (Thermo Savant) for 10  min. The gel pieces were 
rehydrated in 25-mM dithiothreitol, 50-mM ammonium 
bicarbonate and incubated at 56 °C for 20 min. After dis-
carding the supernatant, the gel pieces were incubated in 
55-mM iodoacetamide at RT for 20 min in the dark and 
subsequently were washed twice with water, dehydrated 
and dried as before. The dried gel pieces were rehydrated 
in 50-mM ammonium bicarbonate containing 250 ng of 
mass spectrometry grade trypsin (Promega) and incu-
bated overnight at 37  °C. Following digestion, the reac-
tion mixture was acidified with 1% acetic acid and dried 
in a speed-vac to reduce the volume to 5  µl, to which 
10 µl of mobile phase A was added for direct loading for 
LC–MS/MS analysis.

Liquid chromatography–tandem mass spectrometry
Each reaction mixture was analysed by LC–MS/MS. 
LC was performed on a Easy nanoLC II HPLC system 
(Thermo Fisher Scientific). Mobile phase A was 94.5% 
MilliQ water, 5% acetonitrile, 0.5% acetic acid. Mobile 
phase B was 80% acetonitrile, 19.5% MilliQ water, 0.5% 
acetic acid. The 120-min LC gradient ran from 2% B to 
35% B over 90  min, with the remaining time used for 
sample loading and column regeneration. Samples were 
loaded to a 2  cm × 100  μm I.D. trap column positioned 
on an actuated valve (Rheodyne). The column was 
13 cm × 100 μm I.D. fused silica with a pulled tip emit-
ter. Both trap and analytical columns were packed with 
3.5 µm C18 resin (Zorbax SB, Agilent). The LC was inter-
faced to a dual pressure linear ion-trap mass spectrom-
eter (LTQ Velos, Thermo Fisher) via nano-electrospray 
ionisation. An electrospray voltage of 1.8 kV was applied 
to a pre-column tee. The mass spectrometer was pro-
grammed to acquire, by data-dependent acquisition, tan-
dem mass spectra from the top 15 ions in the full scan 
from 400 to 1400 m/z. Dynamic exclusion was set to 30 s.

Data processing and library searching
Mass spectrometer RAW data files were converted 
into MGF format using msconvert. Detailed search 
parameters are printed in the search output XML files. 
Briefly, all searches required strict tryptic cleavage, 0 
or 1 missed cleavages, fixed modification of cysteine 

alkylation, variable modification of methionine oxidation 
and expectation value scores of 0.01 or lower. MGF files 
were searched using X! Hunter against the latest library 
available on the GPM at the time. Other searches used 
the cRAP contaminant library from the GPM and librar-
ies constructed from the most recent ENSEMBL release 
available at the time. MGF files were searched using X!! 
Tandem using both the native and k-score5 scoring algo-
rithms and by OMSSA. All searches were performed on 
Amazon Web Services-based cluster compute instances 
using the Proteome Cluster interface. XML output files 
were parsed, and non-redundant protein sets determined 
using in-house scripts. Proteins were required to have 
2 or unique peptides with E-value scores of 0.01 or less, 
0.001 for X!Hunter and protein E-value scores of 0.0001 
or less.

Alignment of the amino acid sequences
Multiple sequence alignment (MSA) was performed for 
TH2B of selected mammals to elucidate the sequence 
conservation across species.

Antibody generation
Peptides corresponding to TH2BS11ph modifica-
tion (CKGTTI(pS)KKGFK), H2B(KSRPAPKKGSK) 
were injected into rabbits, and the 14-day cycle of anti-
body generation was followed. Immunoglobulins were 
purified by caprylic acid based purification. Peptide-
affinity-based purification with the Sulfolink columns 
containing immobilised peptides was used to purify the 
TH2BS11ph- and H2B-specific antibodies. The TH2B-
S11ph antibody was outsourced from Abgenex company.

Preparation of nuclear lysates
Nuclear lysates were prepared by the method described 
previously with modifications [72]. Briefly, testes were 
dissected in cytoplasmic lysis buffer (10-mM HEPES pH 
7.5, 50-mM NaCl, 0.5-M sucrose, 0.5% Triton-X-100, 
0.1-mM EDTA, 1-mM DTT, protease inhibitor cocktail), 
incubated on ice for 15 min and centrifuged at 1500g for 
7 min. The nuclear pellet was resuspended in Buffer B1 
(10-mM HEPES pH 7.5, 500-mM NaCl, 0.1-mM EDTA, 
1-mM DTT, 0.5% NP-40, protease inhibitor cocktail) to 
obtain nuclear lysates or Buffer B2 (10-mM HEPES, 200-
mM NaCl, 1-mM EDTA, 0.5% NP-40, protease inhibitor 
cocktail) for isolation of chromatin. The nuclear lysates 
were clarified by centrifugation at 15,100×g for 10 min.

ELISA
Peptides were used at 200 ng per well. The pre-bleed and 
immune sera were used at 1:5000 dilution. Goat anti-rab-
bit HRP were used as the secondary antibody at 1:5000 
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dilution. TMB (3,3′,5,5′-tetramethylbenzidine) was used 
as the substrate for the reaction. After 3 min of enzyme–
substrate reaction, the plate was read at 450 nm.

Preparation of meiotic spreads
Meiotic spreads were prepared using the published pro-
tocol [73]. Briefly, testes were decapsulated and chopped 
in PBS solution (pH 7.4). The cell pellet was resuspended 
in hypotonic buffer (30-mM Tris, 17-mM sodium citrate, 
50-mM sucrose, 5-mM EDTA, 0.5-mM DTT, protease 
inhibitor cocktail) and incubated for 30  min. The pellet 
was resuspended in 100-mM sucrose solution, and the 
nuclei were spread onto PFA-coated slides. The slides 
were kept for drying at room temperature for 2  h and 
proceeded for immunofluorescence studies.

Immunofluorescence
The slides were kept in blocking solution (3% BSA solu-
tion in PBS) for 1  h at room temperature; then treated 
with primary antibody overnight in the cold room, 
washed with 0.1% PBST solution and then incubated 
with secondary antibody for 1  h at room temperature. 
Next, washes were given with PBST solution and the 
smears were mounted using DAPI solution. Images were 
acquired by Zeiss confocal laser scanning microscope 
(LSM880 or LSM510). Zen software was used for image 
analysis. Pearson Correlation Coefficient was computed 
to determine the overlap between the two channels. To 
evaluate specific colocalization, using ImageJ (Fiji) soft-
ware, we rotated the red channel in the images by 90° in 
the anticlockwise direction in the XY plane. Pearson Cor-
relation Coefficient was computed to evaluate colocali-
zation percentages upon rotation of images captured in 
the red channel [74, 75]. Colocalization percentages were 
calculated multiplying the Pearson Correlation Coeffi-
cient by 100. All data were confirmed with at least three 
independent mice and rats.

Isolation of mononucleosomes
Immunoprecipitation using mononucleosomes was car-
ried out as described [12]. Briefly, mouse testes were 
dissected and homogenised in lysis buffer (60-mM KCl, 
15-mM NaCl, 15-mM Tris–HCl, 0.03% Triton-X-100, 
0.34-M Sucrose, 2-mM EDTA, 0.5-mM EGTA, 0.65-
mM spermidine, 1-mM DTT, 1% glycerol, protease and 
phosphatase inhibitor cocktail), centrifuged at 650×g 
for 10  min at 4  °C. The pellet was washed with wash 
buffer containing 60-mM KCl, 15-mM NaCl, 15-mM 
Tris–HCl, 0.34-M Sucrose, 0.5-mM EGTA, 1-mM DTT, 
0.5-mM PMSF and protease and phosphatase inhibitor 
cocktail. The pellet was resuspended in MNase buffer 
(10-mM Tris–HCl, 10-mM KCl, and 2-mM  CaCl2). The 

nucleosome fraction was isolated by centrifugation at 
650×g for 10  min at 4  °C, mixed with LSDB250 buffer 
(20% glycerol, 50-mM HEPES, 3-mM  MgCl2, 250-mM 
KCl, protease and phosphatase inhibitor cocktail) and 
proceeded with the immunoprecipitation protocol.

ChIP sequencing of TH2BS11ph modification‑associated 
chromatin in P20 and P12 mouse testicular cells
DNA was isolated from TH2BS11ph immunoprecipi-
tated mononucleosomes by phenol–chloroform method. 
The quality control of the DNA samples was done using 
the Qubit and Tapestation methods. The libraries were 
subjected for 40 million depth paired-end (100  bp ×  2) 
sequencing that was carried using Illumina HiSeq 2500. 
FASTQ files were obtained and data analyses were car-
ried out further.

Data analysis
FASTQ files were aligned to mm10 genome assembly 
using Bowtie2 [76]. While aligning, unpaired and dis-
cordant reads were removed. The aligned files were 
sorted and indexed accordingly, and also made free 
from PCR duplicates.  On average for all samples, read-
alignment rate appeared to be higher than 70%. Principal 
Component Analysis (PCA) was performed to evalu-
ate the correlation between the aligned samples of each 
condition.  The sorted aligned  replicates  of  background 
TH2B  and antibody-treated (IP) TH2BS11ph were 
merged, respectively, using Samtools Merge [70]. Unique 
peaks were obtained by performing the peak calling of 
TH2BS11ph data against the published backbone TH2B 
ChIP seq data. The peaks were called between the control 
and IP files using SICER 1.1 Version [77]  with the follow-
ing parameters—Redundancy threshold: 1; Window size: 
200  bp; Fragment size: 150  bp; Gap size: 600  bp; FDR: 
0.01. The final peaks were shortlisted giving the cutoff 
of > 1.5 fold change.

Aggregation plot (NGS plot)
ngs.plot.r [78] was used to plot read count per mil-
lion mapped reads for each ChIP samples (P20 
TH2BS11ph, background TH2B, P12 TH2BS11ph)indi-
vidually against the genome-wide coordinates of the fol-
lowing datasets—total H3K4me3, common H3K4me3, 
transcription-specific H3K4me3, TSS, and Total hot-
spots.  Furthermore,  ngs.plot.r  was also used to plot 
log2(Fold change vs. Control) of in-house ChIP-seq 
sample (P20 TH2BS11ph) over the background TH2B 
dataset for each of the following  genome-wide coordi-
nates of Total H3K4me3, common H3K4me3, transcrip-
tion-specific H3K4me3 (H3K4me3 common), TSS, and 
Total DSB hotspots.
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Primer design for ChIP‑PCR studies
Peak summits corresponding to high TH2BS11ph occu-
pancy were chosen for experimental validation using 
ChIP-PCR. To maintain the rigour of primer design, 
primers were designed using the Primer BLAST and 
primer 3 tools and were also verified computationally 
using NCBI Primer Blast and UCSC In-silico PCR. Veri-
fication of primer-dimer formation was also considered 
during the design (Additional file 6: Table S1).

Immunoprecipitation and quantitative PCR
The mononucleosome fraction was incubated with either 
anti-γH2AX (Upsate, 05-636) or anti-H3K4me3 (Abcam, 
ab12209) or anti-TH2BS11ph for overnight at 4  °C. Pro-
tein A or Protein G dynabeads were added the next day. 
LSDB250 buffer was used as the wash buffer for immu-
noprecipitation studies with mononucleosomes. After 
the washes, the beads were either proceeded with DNA 
extraction for PCR analysis or boiled in 5× SDS dye for 
western blotting. After washing of beads, DNA was eluted 
from the beads as follows—210 µl of the elution buffer was 
added, incubated at 65  °C overnight for de-crosslinking. 
200 µl of TE buffer was added the next day, subjected for 
RNase (final; 40 µg/ml) and proteinase K (Final; 100 µg/
ml) treatment and DNA were extracted by phenol–chlo-
roform method. DNA that was purified from TH2BS11ph 
ChIP was proceeded for ChIP-seq analyses. SYBR kit 
from TAKARA was used to set up quantitative PCR reac-
tions. PCR was carried out for 40 cycles and was followed 
by melt curve analyses before recording the raw Ct values. 
The fold enrichment values were calculated over input 
taking the percentage of input used for the ChIP proce-
dure and the Ct values obtained for the target genomic 
region from Input and ChIP DNA. PCR was carried out in 
duplicates for each of the three biological replicates.

Mass spectrometric identification of interacting protein 
partners of TH2BS11ph‑containing mononucleosomes
Immunoprecipitation of TH2BS11ph-containing pro-
teins were carried out and the proteins were extracted 
from the beads using the elution buffer of the Pierce 
co-IP kit. The eluted proteins were resolved on 15% SDS 
gel and the gel was subjected to Coomassie staining. The 
stained wells corresponding to the IgG and IP lanes were 
outsourced for mass spectrometry to identify the inter-
acting proteins.

Methods for protein sequence analysis by LC–MS/MS
Excised gel bands were cut into approximately 1-mm3 
pieces. Gel pieces were then subjected to a modified 

Fold Enrichment over Input

= % of Input × 2[Ct(Input)−Ct(ChIP)]

in-gel trypsin digestion procedure [79]. Gel pieces were 
washed and dehydrated with acetonitrile for 10 min. fol-
lowed by removal of acetonitrile. Pieces were then com-
pletely dried in a speed-vac. Rehydration of the gel pieces 
was with 50-mM ammonium bicarbonate solution con-
taining 12.5  ng/µl modified sequencing-grade trypsin 
(Promega, Madison, WI) at 4 °C. After 45 min., the excess 
trypsin solution was removed and replaced with 50-mM 
ammonium bicarbonate solution to just cover the gel 
pieces. Samples were then placed in a 37  °C room over-
night. Peptides were later extracted by removing the 
ammonium bicarbonate solution, followed by one wash 
with a solution containing 50% acetonitrile and 1% formic 
acid. The extracts were then dried in a speed-vac (~ 1 h). 
The samples were then stored at 4 °C until analysis.

On the day of analysis the samples were reconstituted 
in 5–10  µl of HPLC solvent A (2.5% acetonitrile, 0.1% 
formic acid). A nano-scale reverse-phase HPLC capillary 
column was created by packing 2.6 µm C18 spherical sil-
ica beads into a fused silica capillary (100 µm inner diam-
eter × ~ 30 cm length) with a flame-drawn tip [80]. After 
equilibrating the column, each sample was loaded via a 
Famos auto sampler (LC Packings, San Francisco CA) 
onto the column. A gradient was formed and peptides 
were eluted with increasing concentrations of solvent B 
(97.5% acetonitrile, 0.1% formic acid).

As peptides eluted, they were subjected to electro-
spray ionisation and then entered into an LTQ Orbitrap 
Velos Pro ion-trap mass spectrometer (Thermo Fisher 
Scientific, Waltham, MA). Peptides were detected, iso-
lated, and fragmented to produce a tandem mass spec-
trum of specific fragment ions for each peptide. Peptide 
sequences (and hence protein identity) were determined 
by matching protein databases with the acquired frag-
mentation pattern by the software programme, Sequest 
(Thermo Fisher Scientific, Waltham, MA) [81]. All data-
bases include a reversed version of all the sequences and 
the data was filtered to between a one and two percent 
peptide false discovery rate along with filter to being set 
to at least 1 unique peptide per protein (Additional file 7: 
Table S2).

Dot‑blot analysis
Two µg of peptides corresponding to TH2B (CKGTTISK-
KGFK), TH2BS11ph (CKGTTI(pS)KKGFK),H2B(KSRPA
PKKGSK),H2BS14ph(SRPAPKKG(pS)KKC) was applied 
as separate spots on the nitrocellulose membrane. After 
drying, the blot was subjected to steps of western blotting 
with the TH2BS11ph antibody.

Western blot analysis
For western blot, proteins were resolved by SDS-
PAGE gel electrophoresis and then transferred onto 
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a nitrocellulose membrane using the semi-dry trans-
fer technique. The membrane was blocked using 5% 
skimmed milk or 3% BSA (diluted in TBS) for 1 h at room 
temperature, then incubated with the specific primary 
antibody for 1 h at room temperature or overnight at 4 °C. 
The blots were given multiple washes with 0.1% PBST or 
TBST for 10 min each. Next, the blot was incubated with 
the secondary antibody (anti-rabbit/anti-mouse) for 1  h 
at room temperature. Membranes were washed exten-
sively with 0.1% PBST or TBST and developed using the 
ECL kit (Thermo Scientific). For the peptide competition 
assay, 50-fold molar excess of the modified and unmodi-
fied peptides were added to the antibody solution and 
mixed for 3 h at 4 °C before the addition to the blot.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1307 2-019-0300-y.

Additional file 1: Figure S1. Validation of H2B-specific antibody. H2B anti-
body was successfully generated in rabbits and the staining pattern was 
found to not coincide with the XY body in the pachytene spermatocyte. 
A Fragmentation table for the PTM serine 11 phosphorylation obtained 
on TH2B. B Dot-blot assay demonstrating the specificity of TH2BS11ph 
antibody wherein we show the specificity of the antibody towards the 
serine 11 phosphopeptide but does not cross-react with backbone TH2B, 
backbone H2B or H2B Serine 14 phospho peptide. C Specificity of the 
commercial H2BS14ph antibody as shown by immunoblotting against 
liver histones, testis histones and HPLC-purified in vivo TH2B (labelled ‘in 
vivo TH2B’). This antibody cross-reacts with TH2B as can be seen by its 
reactivity towards testis nuclear lysates and in vivo TH2B. D Validation of 
H2B antibody by dot-blot [first panel]; the first lane represents reactiv-
ity of the H2B with the non-phosphorylated H2B peptide, second lane 
represents reactivity with the serine 14 phosphorylated H2B peptide. 
Immunoblotting of H2B antibody against liver histones, testis histones 
and in vivo TH2B [Second panel]. E Immunostaining of anti-H2B and anti-
Scp3 antibodies across the three stages of meiotic prophase I-leptotene, 
zygotene and pachytene intervals. Nuclei were visualised by DAPI staining, 
Scale bars, 10 µm. 

Additional file 2: Figure S2. Colocalization studies of TH2BS11ph with 
Scp3, γH2AX, Rad51, pATM and Spo11 in rat pachytene spermatocytes. 
TH2BS11ph colocalizes with Scp3, γH2AX, Spo11, Rad51 and pATM in rat 
pachytene spermatocytes, a clear colocalization seen in axes of the XY 
body. A Colocalization studies of TH2BS11ph with Scp3 across leptotene 
(1st panel), zygotene (2nd panel) and pachytene (3rd panel) intervals in 
meiotic spreads in rats. B Colocalization studies of TH2BS11ph with γH2AX 
in rat spermatocytes in pachytene spermatocytes in rat meiotic spreads. 
C Colocalization studies of TH2BS11ph with Rad51 in pachytene stage of 
rat spermatocytes. D Immunofluorescence studies of TH2BS11ph with 
pATM in pachytene spermatocyte of rat. E Immunofluorescence studies 
of TH2BS11ph with Spo11 in pachytene spermatocyte of rat. The inset in 
all the figures shows the XY body in all the pachytene cells. All data were 
confirmed with at least three independent rats. Nuclei were visualised by 
DAPI staining, Scale bars, 10 µm. 

Additional file 3: Figure S3. Read distribution of TH2BS11ph histone 
mark at TSS and recombination hotspots in mouse P20 testicular cells. 
Read Profile of TH2BS11ph at TSS and recombination hotspots in P20 tes-
ticular cells. Read distribution of TH2BS11ph at A Centre of total H3K4me3 
marks; B DSB hotspots; C TSS-associated H3K4me3, D Total TSS of mouse 
obtained from UCSC; E Chromosome X-specific H3K4me3;. The read distri-
bution was plotted in terms of aggregation plots (first panels in Fig (A–D) 

and heat maps (second panels in Fig (A–D). X-axis in all the aggregation 
plots represents read count per million mapped reads whereas Y-axis 
represents the distance from the centre of the reference peak in kilobase 
pairs (kb). 

Additional file 4: Figure S4. Read distribution of TH2BS11ph histone 
mark at TSS and recombination hotspots in mouse P12 testicular cells. 
Genome-wide occupancy of TH2BS11ph modification in P12 testicu-
lar cells. A Aggregation plot and Heat map for analysis of overlap of 
TH2BS11ph with Total H3K4me3; B Aggregation plot and Heat map for 
determining localisation of TH2BS11ph at DSB hotspots; C Aggregation 
plot and Heat map for analysis of overlap of TH2BS11ph at H3K4me3 
associated TSS, D Aggregation plot and Heat map for analysis of associa-
tion of TH2BS11ph at Transcription Start Sites (TSS) of mouse. X-axis in all 
the aggregation plots represents read count per million mapped reads 
whereas Y-axis represents the distance from the centre of the reference 
peak in kilobase pairs (kb). 

Additional file 5: Figure S5. Pattern of digestion of DNA fragments 
obtained after MNase digestion of chromatin of mouse testicular cells. A 
Profile of chromatin fragments obtained after MNase digestion for various 
time points in mouse testes; B Specificity of TH2BS11ph antibody in the 
immunoprecipitation reaction—the first lane refers to input fraction, the 
second lane refers to IP with non-specific rabbit IgG; the third lane refers 
to the TH2BS11ph containing ChIP fraction whereas the fourth lane refers 
to TH2BS11ph IP carried out along with the addition of competing TH2B 
serine 11 phosphopeptide. 

Additional file 6: Table S1. Table of primer sequences.

Additional file 7: Table S2. Table of Mass spectrometry dataset. 

Additional file 8: Table S2. ChIP-seq dataset [P20]. TH2BS11ph ChIP 
sequencing peaks (called over TH2B dataset) in P20 mouse testicular cells.

Additional file 9: Table S3. ChIP-seq dataset [P12]. TH2BS11ph ChIP 
sequencing peaks (called over TH2B dataset) in P12 mouse testicular cells.

Abbreviations
DDR: DNA damage response; ATM: ataxia-telangiectasia-mutated; ATR : ataxia 
telangiectasia and Rad3-related; PRDM9: PR domain-containing protein 9; 
Smarca5: SWI/SNF-related, matrix-associated, actin-dependent regulator of 
chromatin, subfamily A, member 5; Scml2: sex comb on midleg-like protein 
2; Mre11: meiotic recombination 11; Cbx1: chromobox protein homolog 1; 
HORMAD1: HORMA (Hop1, Rev7 and Mad2) domain-containing protein 1; 
Brdt: bromodomain, testis-specific.

Acknowledgements
We thank Dr. Brian Balgely of Bioproximity for mass spectrometry. We acknowl-
edge Dr. R.G Prakash of the Animal Facility and Suma B.S with Sunil Kumar 
of the Confocal Imaging Facility at JNCASR. We also thank members of the 
Imgenex facility for carrying out the antibody generation project. We also 
thank Tomaino Ross of TAPLIN Mass spectrometry facility at Harvard for mass 
spectrometry-based identification of interacting proteins.

Authors’ contributions
IAM, SP, RR performed the experiments. IAM, SP and MRS designed the 
experiments and wrote the manuscript. UB performed the computational 
data analysis associated with the ChIP seq datasets. All authors discussed the 
results. All authors read and approved the final manuscript.

Funding
M.R.S. Rao thanks Department of Science and Technology, Government of 
India for SERB Distinguished Fellowship and this work was financially sup-
ported by Department of Biotechnology, Govt. of India (Grant Numbers: 
BT/01/COE/07/09 and DBT/INF/22/SP27679/2018).

Availability of data and materials
The ChIP-sequencing dataset containing the raw and processed files have 
been deposited in the Gene Expression Omnibus (Accession Number—
GSE135209) (Additional file 8: Table S3 and Additional file 9: Table S4).

https://doi.org/10.1186/s13072-019-0300-y
https://doi.org/10.1186/s13072-019-0300-y


Page 22 of 23Mahadevan et al. Epigenetics & Chromatin           (2019) 12:53 

Ethics approval and consent to participate
This work was approved by the Animal Ethics Committee of JNCASR, Banga-
lore, India.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Molecular Biology and Genetics Unit, Jawaharlal Nehru Centre for Advanced 
Scientific Research, Jakkur PO., Bangalore 560064, India. 2 Novo Nordisk Foun-
dation Center for Protein Research, Faculty of Health and Medical Sciences, 
University of Copenhagen, Blegdamsvej 3B, 2200 Copenhagen, Denmark. 
3 The Graduate School of the Stowers Institute for Medical Research, 1000E. 
50th St., Kansas City, MO 64110, USA. 

Received: 26 May 2019   Accepted: 22 August 2019

References
 1. Rao MRS, Rao BJ, Ganguly J. Localization of testis-variant histones in rat 

testis chromatin. Biochem J. 1982;205:15–21.
 2. Sassone-corsi P. Unique chromatin remodeling and transcriptional regu-

lation in spermatogenesis. Science. 2002;296:2176–8.
 3. Govin J, Caron C, Lestrat C, Rousseaux S, Khochbin S. The role of histones 

in chromatin remodelling during mammalian spermiogenesis. Eur J 
Biochem. 2004;271:3459–69.

 4. Pradeepa MM, Rao MR. Chromatin remodeling during mammalian 
spermatogenesis: role of testis specific histone variants and transition 
proteins. Soc Reprod Fertil Suppl. 2007;63:1–10.

 5. Kwak H, Dohmae N. Proteomic characterization of histone variants in 
the mouse testis by mass spectrometry-based top-down analysis. BioSci 
Trends. 2016;10:357–64.

 6. Hoghoughi N, Barral S, Varghas A, Rousseaux S, Khochbin S. Histone 
variants: essential actors in male genome programming. J Biochem. 
2018;163:97–103.

 7. Ueda J, Harada A, Urahama T, Machida S, Maehara K, Hada M, Makino 
Y, Nogami J, Horikoshi N, Osakabe A, et al. Testis-specific histone 
variant H3t gene is essential for entry into spermatogenesis. Cell Rep. 
2017;18:593–600.

 8. Shinagawa T, Huynh LM, Takagi T, Tsukamoto D, Tomaru C, Kwag HG, 
Dohmae N, Noguchi J, Ishii S. Disruption of Th2a and Th2b genes causes 
defects in spermatogenesis. Development. 2015;142:1287–92.

 9. Talbert PB, Ahmad K, Almouzni G, Ausio J, Berger F, Bhalla PL, Bonner WM, 
Cande WZ, Chadwick BP, et al. A unified phylogeny-based nomenclature 
for histone variants. Epigenet Chromatin. 2012;5:7.

 10. Kumaroo KK, Jahnke G, Irvin JL. Changes in basic chromosomal proteins 
during spermatogenesis in the mature rat. Arch Biochem Biophys. 
1975;168:413–24.

 11. Meistrich ML, Bucci LR, Trostle-Weige PK, Brock WA. Histone variants in rat 
spermatogonia and primary spermatocytes. Dev Biol. 1985;112:230–40.

 12. Montellier E, Boussouar F, Rousseaux S, Montellier E, Rousseaux S, Zhang 
K, Buchou T, et al. Chromatin-to-nucleoprotamine transition is controlled 
by the histone H2B variant TH2B. Genes Dev. 2013;27:1680–92.

 13. Rao BJ, Brahmachari SK, Rao MR. Structural organization of the meiotic 
prophase chromatin in the rat testis. J Biol Chem. 1983;258:13478–85.

 14. Rao BJ, Rao MRS. DNase I site mapping and micrococcal nuclease diges-
tion of pachytene chromatin reveal novel structural features. J Biol Chem. 
1987;262:4472–6.

 15. Li A, Maffey AH, Abbott WD, Conde e Silva N, Prunell A, Siino J, Churikov 
D, Zalensky AO, Ausio J. Characterization of nucleosomes consisting of 
the human testis/sperm-specific histone H2B variant (hTSH2B). Biochem-
istry. 2005;44:2529–35.

 16. Pentakota SK, Sandhya S, Sikarwar AP, Chandra N, Rao MRS. Mapping 
post-translational modifications of mammalian testicular specific 
histone variant TH2B in tetraploid and haploid germ cells and their 

implications on the dynamics of nucleosome structure. J Proteome Res. 
2014;13:5603–17.

 17. Strahl BD, Allis CD. The language of covalent histone modifications. 
Nature. 2000;403:41–5.

 18. Kouzarides T. Chromatin modifications and their function. Cell. 
2007;128:693–705.

 19. Lu S, Xie YM, Li X, Luo J, Shi XQ, Hong X, Pan YH, Ma X. Mass spectrometry 
analysis of dynamic post-translational modifications of TH2B during 
spermatogenesis. Mol Hum Reprod. 2009;15:373–8.

 20. Gupta N, Madapura MP, Bhat UA, Rao MR. Mapping of post-translational 
modifications of transition proteins TP1 and TP2 and identification of 
protein arginine methyltransferase 4 and lysine methyltransferase 7 as 
methyltransferase for TP2. J Biol Chem. 2015;290:12101–22.

 21. Mishra LN, Gupta N, Rao SM. Mapping of post-translational modifications 
of spermatid-specific linker histone H1-like protein, HILS1. J Proteomics. 
2015;128:218–30.

 22. Neale MJ, Pan J, Keeney S. Endonucleolytic processing of covalent 
protein-linked DNA double-strand breaks. Nature. 2005;436:1053–7.

 23. Boateng KA, Bellani MA, Gregoretti IV, Pratto F, Camerini-Otero RD. 
Homologous pairing preceding SPO11 mediated double-strand breaks in 
mice. Dev Cell. 2013;24:196–205.

 24. Chen BP, Murphy M, Kurimasa A, Chen DJ. ATM phosphorylates 
histone H2AX in response to DNA double-strand breaks. J Biol Chem. 
2001;276:42462–7.

 25. Lange J, Pan J, Cole F, Thelen MP, Jasin M, Keeney S. ATM controls meiotic 
double-strand-break formation. Nature. 2011;479:237–40.

 26. Bellani MA, Romanienko PJ, Cairatti DA, Camerini-Otero RD. SPO11 is 
required for sex-body formation, and Spo11 heterozygosity rescues the 
prophase arrest of Atm−/− spermatocytes. J Cell Sci. 2005;118:3233–45.

 27. Broering TJ, Alavattam KG, Sadreyev RI, Ichijima Y, Kato Y, Hasegawa K, 
Camerini-Otero RD, Lee JT, Andreassen PR, Namekawa SH. BRCA1 estab-
lishes DNA damage signaling and pericentric heterochromatin of the X 
chromosome in male meiosis. J Cell Biol. 2014;205:663–75.

 28. Turner JMA, Aprelikova O, Xu X, Wang R, Kim S, Chandramouli GVR, Barrett 
JC, Burgoyne PS, Deng C. Male meiotic sex chromosome inactivation. 
Curr Biol. 2004;14:2135–42.

 29. Royo H, Prosser H, Ruzankina Y, Mahadevaiah SK, Cloutier JM, Baumann 
M, Fukuda T, Hoog C, Toth A, de Rooji DG, Bradley A, Brown EJ, Turner JM. 
ATR acts stage specifically to regulate multiple aspects of mammalian 
meiotic silencing. Genes Dev. 2013;27:1484–94.

 30. Baudat F, Imai Y, de Massy B. Meiotic recombination in mammals: localiza-
tion and regulation. Nat Rev Genet. 2013;14:794–806.

 31. Kauppi L, Barchi M, Baudat F, Romanienko JP, Keeney S, Jasin M. Distinct 
properties of the XY pseudoautosomal region crucial for male meiosis. 
Science. 2011;331:916–20.

 32. Lange J, Yamada S, Tischfield SE, Pan J, Kim S, Zhu X, Socci ND, Jasin M, 
Keeney S. The landscape of mouse meiotic double-strand break forma-
tion, processing, and repair. Cell. 2016;167:695–708.

 33. Turner JMA, Mahadevaiah SK, Fernandez-Capetillo O, Nussenzweig A, Xu 
X, Deng CX, Burgoyne PS. Silencing of unsynapsed meiotic chromosomes 
in the mouse. Nat Genet. 2005;37:41–7.

 34. Turner JMA. Meiotic sex chromosome inactivation. Development. 
2007;134:1823–31.

 35. Guillon H, de Massy B. An initiation site for meiotic crossing-over and 
gene conversion in the mouse. Nat Genet. 2002;32:296–9.

 36. Luense LJ, Wang X, Schon SB, Weller AH, Lin Shiao E, Bryant JM, Barto-
lomei MS, Coutifaris C, Garcia BA, Berger SL. Comprehensive analysis of 
histone post-translational modifications in mouse and human male germ 
cells. Epigenet Chromatin. 2016;9:24.

 37. Turner BM. Reading signals on the nucleosome with a new nomenclature 
for modified histones. Nat Struct Mol Biol. 2005;12:110–2.

 38. Paull TT, Rogakou EP, Yamazaki V, Kirchgessner CU, Gellert M, Bonner WM. 
A critical role for histone H2AX in recruitment of repair factors to nuclear 
foci after DNA damage. Curr Biol. 2000;10:886–95.

 39. Park C, Kim K. Apoptotic phosphorylation of histone H3 on Ser-10 
by protein kinase Cδ. PLoS ONE. 2012. https ://doi.org/10.1371/journ 
al.pone.00443 07.

 40. Fernandez-Capetillo O, Allis CD, Nussenzweig A. Phosphorylation of 
histone H2B at DNA double-strand breaks. J Exp Med. 2004;199:1671–7.

https://doi.org/10.1371/journal.pone.0044307
https://doi.org/10.1371/journal.pone.0044307


Page 23 of 23Mahadevan et al. Epigenetics & Chromatin           (2019) 12:53 

 41. Chi YH, Cheng LI, Myers T, Ward JM, Williams E, Su Q, Faucette L, Wang JY, 
Jeang KT. Requirement for Sun1 in the expression of meiotic reproduc-
tive genes and piRNA. Development. 2009;136:965–73.

 42. Fernandez-Capetillo O, Mahadevaiah SK, Celeste A, Romanienko PJ, 
Camerini-Otero RD, Bonner WM, Manova K, Burgoyne P, Nussenzweig 
A. H2AX is required for chromatin remodeling and inactivation of sex 
chromosomes in male mouse meiosis. Dev Cell. 2003;4:497–508.

 43. Lu LY, Xiong Y, Kuang H, Korakavi G, Yu X. Regulation of the DNA damage 
response on male meiotic sex chromosomes. Nat Commun. 2013. https 
://doi.org/10.1038/ncomm s3105 .

 44. Grey C, Clément JA, Buard J, Leblanc B, Gut I, Gut M, Duret L, de Massy 
B. In vivo binding of PRDM9 reveals interactions with noncanonical 
genomic sites. Genome Res. 2017;27:580–90.

 45. Brick K, Smalgulova F, Khil P, Camerini-Otero RD, Petukhova GV. Genetic 
recombination is directed away from functional genomic elements in 
mice. Nature. 2012;485:642–5.

 46. Tischfield SE, Keeney S. Scale matters: the spatial correlation of yeast 
meiotic DNA breaks with histone H3 trimethylation is driven largely by 
independent colocalization at promoters. Cell Cycle. 2012;11:1496–503.

 47. Smagulova F, Gregoretti IV, Brick K, Khil P, Camerini-Otero RD, Petukhova 
GV. Genome-wide analysis reveals features of mouse recombination 
hotspots. Nature. 2011;472:375–8.

 48. Broering TJ, Wang YL, Pandey RN, Hegde RS, Wang SC, Namekawa SH. 
BAZ1B is dispensable for H2AX phosphorylation on tyrosine 142 during 
spermatogenesis. Biol Open. 2015;4:873–84.

 49. Hasegawa K, Sin HS, Maezawa S, Broering TJ, Kartashov AV, Alavattam KG, 
Ichijima Y, Zhang F, Bacon WC, Greis KD, Andreassen PR, Barski A, Name-
kawa SH. SCML2 establishes the male germline epigenome through 
regulation of histone H2A ubiquitination. Dev Cell. 2015;32:574–88.

 50. Maezawa S, Hasegawa K, Alavattam KG, Funakoshi M, Sato T, Barski A, 
Namekawa SH. SCML2 promotes heterochromatin organization in late 
spermatogenesis. J Cell Sci. 2018. https ://doi.org/10.1242/jcs.21712 5.

 51. van der Heijden GW, Derijck AA, Posfai E, Giele M, Pelczar P, Ramos L, 
Wansink DG, van der Vlag J, Peters AH, de Boer P. Chromosome-wide 
nucleosome replacement and H3.3 incorporation during mammalian 
meiotic sex chromosome inactivation. Nat Genet. 2007;39:251–8.

 52. Handel MA. The XY body: a specialized meiotic chromatin domain. Exp 
Cell Res. 2004;296:57–63.

 53. Metzler-Guillemain C, Luciani J, Depetris D, Guichaoua MR, Mattei MG. 
HP1beta and HP1gamma, but not HP1alpha, decorate the entire XY body 
during human male meiosis. Chromosome Res. 2003;11:73–81.

 54. Richler C, Dhara SK, Wahrman J. Histone macroH2A1.2 is concentrated in 
the XY compartment of mammalian male meiotic nuclei. Cytogenet Cell 
Genet. 2000;89:118–20.

 55. Shin YH, Choi Y, Erdin SU, Yatsenko SA, Kloc M, Yang F, Wang PJ, Meistrich 
ML, Rajkovic A. Hormad1 mutation disrupts synaptonemal complex 
formation, recombination, and chromosome segregation in mammalian 
meiosis. PLoS Genet. 2010. https ://doi.org/10.1371/journ al.pgen.10011 90.

 56. Fukuda T, Daniel K, Wojtasz L, Toth A, Hoog C. A novel mammalian 
HORMA domain-containing protein, HORMAD1, preferentially associates 
with unsynapsed meiotic chromosomes. Exp Cell Res. 2010;316:158–71.

 57. Turner JM, Burgoyne PS, Singh PB. M31 and macroH2A1.2 colocalise 
at the pseudoautosomal region during mouse meiosis. J Cell Sci. 
2001;114:3367–75.

 58. Soboleva TA, Nekrasov M, Pahwa A, Williams R, Huttley GA, Tremethick 
DJ. A unique H2A histone variant occupies the transcriptional start site of 
active genes. Nat Struct Mol Biol. 2011;19:25–30.

 59. Ollinger R, Alsheimer M, Benavente R. Mammalian protein SCP1 forms 
synaptonemal complex-like structures in the absence of meiotic chromo-
somes. Mol Biol Cell. 2005;16:212–7.

 60. Meuwissen RLJ, Offenberg HH, Dietrich AJ, Riesewijk A, van Iersel M, 
Heyting C. A coiled-coil related protein specific for synapsed regions of 
meiotic prophase chromosomes. EMBO J. 1992;1:5091–100.

 61. Offenberg HH, Schalk JA, Meuwissen RL, van Aalderen M, Kester HA, 
Dietrich AJ, Heyting C. SCP2: a major protein component of the axial 
elements of synaptonemal complexes of the rat. Nucleic Acids Res. 
1998;26:2572–9.

 62. Schramm S, Fraune J, Naumann R, Hernandez-Hernandez A, Hoog C, 
Cooke HJ, Alsheimer M, Benavente R. A novel mouse synaptonemal 
complex protein is essential for loading of central element proteins, 
recombination, and fertility. PLoS Genet. 2011. https ://doi.org/10.1371/
journ al.pgen.10020 88.

 63. Winkel K, Alsheimer M, Öllinger R, Benavente R. Protein SYCP2 provides 
a link between transverse filaments and lateral elements of mammalian 
synaptonemal complexes. Chromosoma. 2009;118:259–67.

 64. Yang F, De La Fuente R, Leu NA, Baumann C, Mclaughlin KJ, Wang PJ. 
Mouse SYCP2 is required for synaptonemal complex assembly and chro-
mosomal synapsis during male meiosis. J Cell Biol. 2006;173:497–507.

 65. Yuan L, Pelttari J, Brundell E, Bjorkroth B, Zhao J, Liu JG, Brismar H, 
Daneholt B, Hoog C. The synaptonemal complex protein SCP3 can form 
multistranded, cross-striated fibers in vivo. J Cell Biol. 1998;142:331–9.

 66. Kobayashi W, Hosoya N, Machida S, Miyagawa K, Kurumizaka H. SYCP3 
regulates strand invasion activities of RAD51 and DMC1. Genes Cells. 
2017;22:799–809.

 67. Wang L, Wolgemuth DJ. BET protein BRDT complexes with HDAC1, 
PRMT5 and TRIM28 and functions in transcriptional repression during 
spermatogenesis. J Cell Biochem. 2016;117:1429–38.

 68. Ausio J, Dong F, van Holde KE. Use of selectively trypsinized nucleosome 
core particles to analyze the role of the histone ‘tails’ in the stabilization of 
the nucleosome. J Mol Biol. 1989;206:451–63.

 69. Polach KJ, Lowary PT, Widom J. Effects of core histone tail domains on the 
equilibrium constants for dynamic DNA site accessibility in nucleosomes. 
J Mol Biol. 2000;298:211–23.

 70. Powers NR, Parvanov ED, Baker CL, Walker M, Petkov PM, Paigen K. The 
meiotic recombination activator PRDM9 trimethylates both H3K36 and 
H3K4 at recombination hotspots in vivo. PLoS Genet. 2016;12:1–24.

 71. Parra MA, Kerr D, Fahy D, Pouchnik DJ, Wyrick JJ. Deciphering the roles of 
the histone H2B N-terminal domain in genome-wide transcription. Mol 
Cell Biol. 2006;26:3842–52.

 72. Somyajit K, Basavaraju S, Scully R, Nagaraju G. ATM- and ATR-mediated 
phosphorylation of XRCC3 regulates DNA double-strand break-induced 
checkpoint activation and repair. Mol Cell Biol. 2013;33:1830–44.

 73. Peters AH, Plug AW, van Vugt MJ, de Boer P. A drying-down technique 
for the spreading of mammalian meiocytes from the male and female 
germline. Chromosome Res. 1997;5:66–8.

 74. Parvanov ED, Tian H, Billings T, Saxl RL, Spruce C, Aithal R, Krejci L, Paigen 
K, Petkov PM. PRDM9 interactions with other proteins provide a link 
between recombination hotspots and the chromosomal axis in meiosis. 
Mol Biol Cell. 2017;28:488–99.

 75. Dunn KW, Kamocka MM, McDonald JH. A practical guide to evaluat-
ing colocalization in biological microscopy. Am J Physiol Cell Physiol. 
2011;300:723-742

 76. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie2. Nat 
Methods. 2012;9:357–60.

 77. Xu S, Grullon S, Ge K, Peng W. Spatial clustering of identification of ChIP-
enriched regions (SICER) to map regions of histone methylation patterns 
in embryonic stem cells. Methods Mol Biol. 2014;1150:97–111.

 78. Shen L, Shao N, Liu X, Nestler E. ngs.plot: quick mining and visualization 
of next-generation sequencing data by integrating genomic databases. 
BMC Genomics. 2014;15:284.

 79. Shevchenko A, Wilm M, Vorm O, Mann M. Mass spectrometric sequenc-
ing of proteins from silver-stained polyacrylamide gels. Anal Chem. 
1996;68:850–8.

 80. Peng J, Gygi SP. Proteomics: the move to mixtures. J Mass Spectrom. 
2001;36:1083–91.

 81. Eng JK, McCormack AL, Yates JR. An approach to correlate tandem mass 
spectral data of peptides with amino acid sequences in a protein data-
base. J Am Soc Mass Spectrom. 1994;5:976–89.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/ncomms3105
https://doi.org/10.1038/ncomms3105
https://doi.org/10.1242/jcs.217125
https://doi.org/10.1371/journal.pgen.1001190
https://doi.org/10.1371/journal.pgen.1002088
https://doi.org/10.1371/journal.pgen.1002088

	TH2BS11ph histone mark is enriched in the unsynapsed axes of the XY body and predominantly associates with H3K4me3-containing genomic regions in mammalian spermatocytes
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	TH2B serine 11 phosphorylation (TH2BS11ph) is a novel histone modification detected in mammalian spermatocytes
	TH2BS11ph modification is densely localised in the axes of the XY body during the pachytene stage of meiosis prophase I
	TH2BS11ph modification is enriched in the unsynapsed axes and associated with recombination-related kinases like pATM and ATR in the XY body of the pachytene spermatocyte
	TH2BS11ph modification is predominantly associated with H3K4me3-containing genomic regions in spermatocytes
	TH2B is depleted from active TSS and present at background levels at recombination hotspots in mouse spermatocytes
	Validation of the ChIP sequencing dataset by ChIP-PCR
	TH2BS11ph modification is associated with key proteins related to XY body and transcription

	Discussion
	TH2BS11ph and the XY body
	TH2BS11ph and transcription

	Conclusions
	Materials and methods
	Materials
	Generation of TH2B-containing nucleosome model
	Purification of in vivo TH2B protein
	Mass spectrometry for identification of posttranslational modifications on TH2B
	In-gel digestion
	Liquid chromatography–tandem mass spectrometry
	Data processing and library searching

	Alignment of the amino acid sequences
	Antibody generation
	Preparation of nuclear lysates
	ELISA
	Preparation of meiotic spreads
	Immunofluorescence
	Isolation of mononucleosomes
	ChIP sequencing of TH2BS11ph modification-associated chromatin in P20 and P12 mouse testicular cells
	Data analysis
	Aggregation plot (NGS plot)
	Primer design for ChIP-PCR studies
	Immunoprecipitation and quantitative PCR
	Mass spectrometric identification of interacting protein partners of TH2BS11ph-containing mononucleosomes
	Methods for protein sequence analysis by LC–MSMS

	Dot-blot analysis
	Western blot analysis

	Acknowledgements
	References




