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Chapter 1: Introduction



Introduction

1.1. Nucleosome structure

The nucleosome is the basic fundamental subunit of chromatin. It consists of 146bp of DNA,
corresponding to 1.75 turns of DNA wrapped around an octamer of histone proteins (single

tetramer of H3-H4 and two H2A-H2B dimers). The nucleosome of chromatin is thought of as
a ‘beads on a string’ structurel. Each neighboring nucleosome is separated by a stretch of

linker DNA containing histone H1. Nucleosomes are folded through a series of successively
higher order structures eventually forming the chromosome and which ultimately regulates

gene expression.

The primary level of chromatin compaction is the 11 nm fiber which is formed by multiple
nucleosomes present in a row. The 11 nm fiber further folds upon itself to produce the 30 nm
chromatin fiber forming a two helix structure which is the secondary level of compaction.
There are two models to explain the structure of the 30 nm fiber at the molecular level- zig
zag and the solenoid model. The zig zag model implies interactions between alternate
nucleosomes. The solenoid model is characterized by interactions between consecutive
nucleosomes. The tertiary level of compaction is formed by the further twisting of the 30 nm
fiber to form the fiber which has loops and some of them which are attached to a protein

scaffold. The quaternary level of chromatin structure is the three-dimensional arrangement of
chromosomes inside the nucleus®. The structural force to bring about the kinks in the DNA is

brought about by a large number of hydrogen bonds by masking the negative charge on the

phosphate groups of DNA.
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Fig 1: Basic nucleosome structure and higher order chromatin structure-A) Nucleosome core patrticle: ribbon
traces for the 146-bp DNA phosphodiester backbones (brown and turquoise) and eight histone protein main chains
(blue: H3; green: H4; yellow: H2A; red: H2B) B) Hierarchy of formation of the higher order chromatin structures
(Adapted from Luger. K. et al. Nature (1997), Alberts Molecular Biology of the Cell, 5 Edition)

1.2. Histone variants in spermatogenesis

Histone variants are non-canonical (non-allelic) variants of the histones, representing one or
a few amino acid differences and are usually expressed at very low levels compared with
their conventional counterparts. They are deposited throughout the cell cycle. Till date,
histone variants of all the core histones (except H4) and the linker histone H1 have been
discovered>. The histone variants play various roles like regulating gene expression (H2AZ),
in DNA repair and recombination (H2AX), kinetochore assembly (CENP-A), etc. For
example, yH2AX which is a variant of the canonical histone H2A plays a role in DNA repair
and recombination. For example, CENP-A which is a variant of H3 is present in the
centromere region and serves as a platform for the assembly of kinetochore proteins. CENP-
A is targeted to the centromere by its conserved histone fold domain and it differs greatly
from other H3 variants in the N-terminal tails®. Such specialized functions carried out by the

histone variants is due to the combination of differences in amino acid sequences and their

specific chaperone proteins that deposit them at their unique locations.
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Fig 2: Various histone variants- The various histone variants and their roles. The major core histones
contain a conserved histone-fold domain (HFD). In addition, they contain N- and C-terminal tails that harbour
sites for various post-translational modifications. (Adapted from Sarma and Reinberg, Nature Reviews
Molecular Cell Biology (2005))

Mammalian spermatogenesis is an excellent model for studying histone variants because it
has been shown that the testis expresses both core and linker histone variants in a stage-

specific manner. TH2B, the testis-specific variant of the canonical histone H2B, replaces
almost 85% of H2B in spermatocyteslS. In pachytene spermatocytes, about 55% of the
linker histone H1 is replaced by the variant H1t which is present until elongating

spermatidsS. Also, another linker histone variant HILS1 which has been detected in mouse
and human, is expressed in the later stages of spermatogenesiss. Variants of H3 and H2A

5
are also present™.
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Fig 3: Histone variants in spermatogenesis- Unique chromatin remodelling during the development of male germ
cells. Spermatogonia generate preleptotene spermatocytes, which enter meiosis. Next, round spermatids enter the
spermiogenic phase. Germ cells contain many histone variants, which are expressed at different stages of male
germ cell development. During the last phase of spermiogenesis, chromatin is highly compacted, a process that
includes the replacement of most histones with sperm-specific transition proteins (TPs), which are subsequently
replaced by protamines. The various histone variants that are expressed in the various stages are shown. (Adapted
from Sarah Kimminutes & Paolo Sassone-Corsi, Nature (2005))

1.3. Spermatogenesis

Spermatogenesis is the generation of a transportable male genome placed in the nucleus of
spermatozoa, which is capable of leaving and surviving the parent organism. This process is
characterized by three main distinct stages: premeiotic, meiotic and postmeiotic stages.
The premeiotic stage is characterized by the division of spermatogonial cells that undergoes
DNA replication and extensive differentiation to give rise to tetraploid pre-leptotene
spermatocytes. In the next stage i.e meiotic stage, the spermatocytes produced from
spermatogonia undergo meiosis | to yield secondary spermatocytes, which rapidly
undergoes meiosis Il to generate round, haploid spermatids. The third and the final stage i.e.
postmeiotic stage is where the maturation of the spermatids occurs. There occurs a global
nuclear remodeling where most of the histones are first replaced by Transition Proteins
(TPs), which are finally replaced by highly basic proteins known as protamines in the

process known as spermiogenesis where extensive chromatin remodeling and the formation

of mature spermatozoa take pIaceG. Although the majority of the histones are replaced by



protamines in the mature spermatozoa, there still exists some histone-bound DNA which is

required for activation of genes required for early development7.
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Fig 4: Various stages of spermatogenesis- The different stages of spermatogenesis and sperm maturation. Active
transcription and storage of RNA is ongoing through the spermatogonium, spermatocyte and spermatid stages. In the
final stages of sperm maturation transcription is halted and most of the histones are replaced by protamines.
(Adapted from Tracy L. Bale, Nature Reviews Neuroscience (2015))

1.4. Meiotic recombination

Meiosis is the process of formation of haploid gametes which are required for sexual
reproduction. It is characterized by various stages of which the most important is Prophase I.
It is the longest process that occurs during the meiotic stage, leading to diversity of alleles in
the offspring. It is characterized by the stages Prophase |, Metaphase |, Anaphase | and
Telophase |. Prophase | is further divided into leptotene, zygotene, pachytene, diplotene,

and diakinesis. Homologous pairing, meiotic recombination, and active transcription are the
. . . 8 o
main processes that occur during this phase . Proper chromosome segregation is also an

essential process to give rise to viable gametes. Prophase | is a tightly regulated process

involving various protein complexes.
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Fig 5: Various stages of meiotic recombination- Meiotic recombination starts with the formation of double-strand breaks
(DSBs) at leptonema and is completed before the end of pachynema. Synapsis is initiated at zygonema (both chromosome
ends are attached to the nuclear envelope at this stage). The bottom half of the figure shows immunofluorescence staining of
synaptonemal complex protein 3 (SYCP3) and stage-specific signals on mouse spermatocyte spreads. a | Meiosis-specific
protein MEI4-homologue (MEI4) localizes with SYCP3 at leptonema. b | H2AX is phosphorylated (yH2AX) by ataxia
telangiectasia mutated (ATM) following DSB formation at leptonema. ¢ | DNA recombinases DMC1 (meiotic recombination
protein DMC1/LIM15 homologue) and RAD51 are localized at DSB repair sites at zygonema. d | MutL protein homologue 1
(MLH1) localizing at DSB sites are repaired by the interfering crossover pathway at pachynema. e | yH2AX is observed on sex
body at diplonema. (Adapted from Baudat, F., Imai, Y. & de Massy, B. Nature Reviews Genetics (2013))

Meiotic recombination is initiated by the formation of programmed DNA DSBs catalyzed by
Spoll and other accessory proteins at the leptotene stageg. Upon the induction of DNA

DSBs, H2AX becomes phosphorylated as serine 139 to become yH2AX, which signals the

downstream processes for recombination. This phosphorylation is catalyzed by ATM
kinase™ . After this first level of phosphorylation of H2AX, recombination is further amplified

in zygotene by the MRN (MRE11-Rad50-NBS1) complex. This complex further activates
ATM kinase which in turn phosphorylates more H2AX, generating a positive feedback loop.

There are multiple phosphatases which have been identified that negatively regulate this
processll. Also, strand invasion takes place in zygotene which is mediated by Rad51 and

Dmclg. During pachytene, H2AX is phosphorylated at serine 139 by another PI3K kinase,
ATR. This phosphorylation of H2AX by ATR kinase takes place in a specialized region

known as the XY body. Due to less region of homology between X and Y chromosomes,
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recombination is delayed and occurs only at specialized regions known as
“Pseudoautosomal Region” or PAR™. The non-PAR is transcriptionally inactive. ATM-

dependent phosphorylation of H2AX is a hallmark for autosomal recombination whereas
ATR-dependent phosphorylation is unique to the XY body. In diplotene, the crossover and

9
the non-crossover products get resolved .

H2AX, the histone variant of the canonical histone H2A, plays a crucial role in the initiation of
meiotic recombination and in the formation of XY body. Spoll, which induces DSBs and
initiates meiotic recombination, is also shown to be required for XY body formation as

Spoll-null mice fail to form yH2AX foci in the XY body ultimately leading to failure of meiosis

.o 13,14
and male sterility.™ .
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Fig 6: Formation of the XY body- A) Schematic representation of the XY body formation at various stages of meiotic
Prophase | B) a | A pachytene spermatocyte stained for the chromosomeaxial element marker SYCP3 and for the
phosphorylated form of the histone variant H2AX (yH2AX), which marks the transcriptionally silenced XY chromatin domain
(the sex body). b | At the beginning of zygotene the DNA damage response protein BRcAl and the checkpoint kinase ATR
are already present at the sites of all meiotic double-stranded breaks (DSBs), including those on the unpaired X axis. At the
zygotene/pachytene transition there is further DSB-independent recruitment of BRCAL to the asynapsed X and Y axes,
which in turn recruits additional ATR; ATR then spreads into the chromatin loops that are associated with the asynapsed X
and Y axes and phosphorylates H2AX, triggering the chromatin changes that lead to transcriptional silencing. (Adapted
from Kato et al., Hum Mol Genet. (2015), Burgoyne et.al, Nature Reviews Genetics (2009))

Recombination-induced DSBs do not occur randomly in the nucleus. They are localized to

specialized chromatin regions called the recombination hotspots. About 94% of
recombination hotspots are enriched in histone modification H3K4me3'. H3K4me3

associated transcription marks are distinct from the recombination related H3K4me3
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Fig 7: Specific H3K4me3 marks are associated with DSB hotspots- The vast majority of DSB hotspots overlap
H3K4me3 marks, most of which are testis specific. DSB hotspots are associated with a set of H3K4me3 marks that
are distinct from those at transcription start sites (TSSs) (Adapted from Smagulova F. et al., Nature (2011))

H3K4me3 formation is carried out by a specific methyltransferase, PRDM9, which mark the
initiation sites of homologous recombination™>. PRDM binds to recombination hotspots and
reorganizes nucleosomes into a symmetrical pattern creating a nucleosome-depleted

region17. Recently, reports have shown that along with H3K4me3, H3K36me3 also marks

recombination hotspots, catalyzed by PRDM9™®. This is the first report showing that a known

epigenetic enzyme has both H3K4 and H3K36 trimethylation activity.
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Fig 8: Model for the role of PRDM9 in meiotic DSB localisation- PRDM9 binds to a specific DNA motif (brown
squares) through its C2H2 zinc finger array (blue oblong). Subsequently, the PR/SET domain (PRDI-BF1 and RIZ
homologous region, a subclass of SET domains; green oblong) promotes histone H3 lysine 4 trimethylation (H3K4me3;
green spheres) on adjacent nucleosomes. The Kriippel-associated box (KRAB) domain might carry out interactions with
other recombination-related proteins. (Adapted from Baudat, F., Imai, Y. & de Massy, B. Nature Reviews Genetics
(2013))

1.5. Posttranslational modifications of histones

Histone posttranslational modifications are one of the most crucial processes essential for
providing dynamics to chromatin structure. Histones are usually modified at their flexible N-
terminal tail which protrudes out from the octamer. A large number of histone
posttranslational modifications have been identified which includes methylation, acetylation,
phosphorylation, ubiquitinylation, etc™®. which are carried out by respective enzymes.
Histone posttranslational modifications bring about changes in the chromatin structure by
disrupting DNA-histone interactions and by recruiting various reader proteins that carry out
specialized functions. For example, histone acetylation for most of the cases is associated
with transcriptionally active genes, whereas histone methylation is associated with both
transcriptionally active genes (H3K36me3) and transcriptionally repressed genes
(H3K27me3). Crosstalk between histone modifications i.e. the modification of one residue
altering the ability of the second residue to be modified by its modification enzymes is said to
occur®. Combinatorial patterns of histone modifications termed as ‘Histone Code’ has been
suggested to specify distinct biological processes in terms of recruitment of specialized

reader and effector molecules. The histone code is believed to be read by cellular machinery

to regulate the biological functions and accessibility of chromatin DNAZL,

10




Table 1. Different Classes of Modifications ldentified on Histones

Chromatin Modifications Residues Modified Functions Regulated

Acetylation K-ac Transcription, Repair, Replication, Condensation
Methylation (h=ines) K-ma1 K-me2 K-ma3 Transcription, Repair

Methylation (arginines) R-ma1 R-meZa R-me2s Transcription

Phosphorylation S-ph T-ph Transcription, Repair, Condensation
Ubiguitylation K-ub Transcription, Repair

Sumoylation K-su Transcription

ADP ribosylation E-ar Transcription

Deimination R= Cit Transcription

Proline Isomerzation P-cis > P-trans Transcription

Fig 9: Histone posttranslational modifications and their roles- Overview of different classes of modification
identified on histones. The functions that have been associated with each modification are shown. (Adapted
from Tony Kouzarides, Cell (2007))

1.6. TESTIS-SPECIFIC H2B VARIANT TH2B

TH2B, the testicular histone variant of somatic H2B was first identified in 1975. It replaces
80-85 % of the somatic H2B in spermatocytes and in spermatidszz.The synthesis of TH2B
occurs in a replication-independent manner. Both TH2B and TH2A genes share a common
bidirectional promoter23. The amino acid sequence of TH2B is 85% similar to H2B, the

variation lies only in the N-terminal residues of TH2B. It has also been previously shown
from our laboratory that nucleosomes containing TH2B are less compact and exhibit lower

stability than H2B containing nucleosomes. TH2B-containing nucleosomes are much more

. . : . 24,25
susceptible to Micrococcal nuclease digestion .
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TH2B MPEVSAKGT|TISKKGFKKAVTKTQKKEGRKRKRCRKESYSIYIYKVLKQV 50
H2B MPE-PAKSRPAPKKGSKKAVTKAQKKDGKERKRSRKESYSVYVYKVLKOV 49
Helix 1
TH2B HPDTGISSKAMSIMNSFVTDIFERIAGEASRLAHYNKRSTITSREIQTAV 100
HoB HPDTGISSKAMGIMNSFVNDIFERIAGE-RRLAHYNKRSTITSREIQTAV 98
Helix 2 Helix 3

TH2B RLLLPGELAKHAVSEGTKAVTKYTSSK 127
H2B RLLLPGELAKHAVSEGTKAVTKYTSSK 125
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Fig 10: Testis-specific histone variant TH2B- A) Common bidirectional promoter of TH2A and TH2B genes B) Multiple
sequence alignment of rat TH2B and H2B proteins, showing the different helix. The right figure shows the secondary
structure of TH2B (Adapted from Pentakota et.al, Journal of Proteome Research (2014))

It has been experimentally shown that TH2B directs the histone to protamine transition in a
stepwise manner’. The loss of TH2B cause increased expression of H2B and compensatory

modifications on H3 and H4 to complement the function of TH2B and hence restoring normal
sperm development. TH2B was found not be expressed exclusively in the testis. Shinagawa
et al (26) showed that it is also enriched in the oocytes and it plays a role in reprogramming
to induced pluripotent stem cells both in mouse26 and human327.

We believed that histone PTMs could modulate the function of the testis-specific histone

variants in germ cells. Various studies have focussed on understanding the post-

translational modifications on testis-specific histone variants like TH2B, TP128, TP229,

HILS1% etc. In this direction, Pentakota et al identified several PTMs on TH2B across the
spermatocyte and spermatid stage using mass spectrometry. A computational 3D model of
nucleosome containing TH2B was derived to study the spatial orientation of the PTMs and
their effect on histone-histone and histone-NA contacts31. Also, the model revealed that the

amino acid differences in the N-terminal tail and the posttranslational maodifications acquired

by some of the residues cause the destabilization of the nucleosome.

TH2B histone variant harbors various posttranslational modifications across the
spermatocyte (meiotic) and the spermatid stages (post meiotic) of Rat testis. We
hypothesized that the posttranslational modifications acquired by some of the residues in the

amino terminal tail could contribute to the unique functions of TH2B compared to H2B in

12



spermatocytes. We chose Serine 12 phosphorylation of TH2B (will be referred to as
TH2BS12P) for our study which was identified by Mass spectrometric analysis. The
corresponding phosphorylation (Serine 14) on H2B has been shown to be involved in DNA
repair in somatic cells. So we wanted to find out the biological role of Serine 12
phosphorylation. Previous studies from our lab have shown that in Rats TH2BS12P is
enriched in XY body and it colocalizes with various proteins like Scp3, Spoll, Rad51 and
YH2AX (partially) involved in recombination and which correspond to the unsynapsed axes
of the XY body (Unpublished Data).

DAPI Scp3 TH2BS12P DAPI YH2AX  TH2BS12P

Fig 11: Earlier studies done on Rats- Immunofluorescence images of meiotic spreads showing the staining of
TH2BS12P at various stages of meiotic prophase | (L-Leptotene, Z-Zygotene, P-Pachytene) with Scp3 and yH2AX,
and the localisation of the modification to the XY body during Pachytene. Scale bars indicate 10 pm.

1.7. Objectives

TH2BS12P has been shown to interact with proteins related to meiotic recombination and
also coexist with histone marks in mononucleosomes. We wanted to understand the role of

this modification in mouse, looking whether the function of TH2BS12P is conserved. Since it

13



has been seen in rats that TH2BS12P plays a role in meiotic recombination and coexists
with various recombination associated histone marks, we wanted to see whether this
interaction occurs at the meiotic recombination hotspots. We chose Mouse as the model to

study the phenomenon, as the recombination hotspots sequences are well studied and

32,33, 34

characterized in mouse . The objectives of the present study are:

1. Detection of TH2BS12P by Western Blotting and Immunofluorescence studies of this
modification with various recombination-related proteins at various stages of Meiotic
Prophase I.

Enrichment of TH2S12P at various recombination hotspots.
Purification of meiotic cells of various stages from adult mouse testes and study the

dynamicity of TH2S12P at various stages of meiotic recombination.
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MATERIALS AND METHODS

2.1. Isolation of histones from adult mouse testis

Histones were isolated from adult C57BL/6J mice testis according to the protocol of
Shechter et.al (35). Briefly, tissues were extracted from testis and were washed with 1X
PBS. To the cell pellet Hypotonic buffer (10 mM Tris-Cl Ph 8.0, 1 mM KCI, 1.5 mM MgCl,, 1
mM DTT, 1X mPIC) was added and was incubated for 30 minutes in cold room. Nuclei were
pelleted at 10,000g for 10 minutes at 4°C and were resuspended in 0.4 N H,SO, overnight.
After overnight incubation, centrifugation was done at 16,000g for 10 minutes at 4°C.
Histones were extracted from nuclei using Trichloroacetic acid (TCA) precipitation for 30
minutes on ice. The histones were pelleted at 16,000g for 10 minutes at 4°C and were
washed with ice-cold Acetone. After washing, the histone pellets were dissolved in 50 pl
Autoclaved MilliQ water. The extracted histones were analysed on 15 % SDS-PAGE and the
concentrations were determined with respect to BSA.

2.2. Western blotting

The proteins were separated by 15% SDS-PAGE gel electrophoresis and were transferred
onto a nitrocellulose membrane using semi-dry transfer technique. The membrane was
stained with Ponceau and its image was taken for reference. The membrane was blocked
using 3 % BSA made in 1X TBS for 1 hour at room temperature. After blocking, the blots
were incubated with the primary antibody of specified dilutions in 1 % BSA for overnight in
cold room on a shaker. The blots were washed twice with 0.3% TBST for 5 minutes each.
The blots were then incubated with HRP-conjugated secondary antibody, diluted in 1 % BSA
made in 1X TBS, for 1hr at room temperature on a shaker. Blots were subjected to extensive

washing with 0.3% TBST and they were developed using the ECL kit (Thermo Scientific).

2.3. Preparation of Meiotic spreads and Immunofluorescence

22-25 day C57BL/6J mice testes were decapsulated in 1X PBS. Tissue was pelleted at 1000
rpm for 7 minutes. Hypotonic buffer (17 mM Sodium citrate, 50 mM Sucrose, 30 mM Tris-cl
pH 8.2) treatment was given for 30 minutes at room temperature in shaking conditions. The
cell suspension was filtered using double layer cheese cloth and it was centrifuged at 1000
rpm for 7 minutes. The pellet obtained was dissolved in 100 mM Sucrose of appropriate
volume and was incubated on ice for 5 minutes. The lysate was applied to
Paraformaldehyde-coated slides containing 0.15 % Triton-X-100 and was kept in a

humidified chamber for 2 hours.
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The smears were rehydrated prior to blocking using 1X PBS for 10minutes. After
rehydration, the slides were kept for blocking using 3% BSA 1 hour at room temperature in

shaking conditions.

After blocking, the slides were incubated with TH2S12P (Rabbit) at a particular dilution
prepared in 0.1% BSA. The slides were incubated in a humidified chamber overnight in cold
room. After incubation with the first primary antibody, the slides were washed once with 1X
PBS for 5 minutes. The slides were then incubated with second primary antibody (Mouse
Scp3, Mouse YH2AX and Goat Spoll) for 1 hour at room temperature in a humidified
chamber. 0.1 % PBST washes were given to the slides for 10 minutes. Depending on the
host species of the primary antibody, the slides were incubated with Anti rabbit-568 Alexa
Fluor secondary antibody for 1hr at room temperature. The slides were then washed with 1X
PBS for 5 minutes and were incubated with the second secondary antibody Anti mouse-488
Alexa Fluor. Washes were given with 0.1 % PBST for 10 minutes. The slides were mounted
with DAPI and the images were obtained by Zeiss confocal laser scanning microscope.

2.4. Isolation of Mononucleosomes from adult C57BL/6J mice testes

Mononucleosomes were isolated from mice testis according to the protocol by Montellier
et.al. Briefly, 22-25 day old mice testes were decapsulated, homogenised in Lysis buffer (60
mM KCI, 15 mM NaCl, 15 mM Tris-Cl pH 8.0, 0.03 % Triton-X-100, 340 mM Sucrose, 2 mM
EDTA, 0.5 mM EGTA, 1 mM DTT, 1X mPIC) and were incubated on ice for 10 minutes. The
nuclei which were obtained after centrifugation at 1500 rpm for 10 minutes were washed with
the Wash buffer (60 mM KCI, 15 mM NaCl, 15 mM Tris-Cl pH 8.0, 340 mM Sucrose, 1 mM
DTT, 0.5 mM PMSF, 1X mPIC) and were centrifuged. Nuclei were resuspended in
appropriate volume of MNase buffer (10 mM Tris-Cl pH 8.0, 10 mM KCI, 2 mM CacCl,) and
digestion was carried out at 37°C with 5 units of MNase (Sigma). At various time points,
aliquots were taken and digestion was stopped by immediate chilling and addition of 5mM
EGTA. After digestion, centrifugation was performed at 2500 rpm for 10 minutes. The nuclei
fraction isolated was resuspended in LSDB 250 buffer containing 20 % Glycerol, 50 mM
HEPES, 3 mM MgCl,, 250 mM KCI to which Proteinase K (20 mg/ml) was added and was
kept at 55°C overnight. After overnight incubation, samples were centrifuged at 20,0009
10minutes at 4°C and supernatant was loaded on 1 % agarose gel to check the extent of

MNase digestion.

2.5. Immunoprecipitation

For immunoprecipitation studies, 100pg of mononucleosomes was used for each IP

reaction. 5% of the sample was used as input. The extracts were incubated with 4-5ug of the
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following antibodies TH2BS12P (Rabbit), yH2AX (Mouse) overnight and this was the ‘IP’
sample. The corresponding pre-immune IgG was also added. This was taken as the
negative control. Both the IP and the PIS samples were incubated at 4°C overnight in
shaking conditions. The beads were added on the next day. Protein G Dynabeads beads
and Protein A Dynabeads beads were used for mouse and rabbit antibodies respectively.
The lysate in both IP and PIS samples were added to the beads and were incubated at 4°C
for 2.5 hours in shaking conditions. Extensive washes with LSDB 250 buffer were given to
the beads and DNA was extracted from them.

2.6. Isolation of DNA from immunoprecipitated mononucleosomes and Real-time PCR

Briefly, Elution buffer (50 mM Tris-Cl pH 8.0, 10 mM EDTA, 1 % SDS) was added to the
beads and was incubated at 65°C for 30 minutes. The supernatant was collected and was
centrifuged at 20,000g for 5 minutes. The samples were left for de-crosslinking overnight at
65°C. The samples were treated with RNase A (40 pg/ml) for 1 hour at 37°C and Proteinase
K (200 pg/ml) for 2 hours at 55°C, after which Phenol/Chloroform extraction was carried out.
The hydrophilic portion was collected after centrifugation at 20,000g for 5 minutes. To the
hydrophilic portion, 3 M Sodium acetate (pH 5.2), Glycogen and 100 % Ethanol were added
and were incubated at -20°C overnight. The samples were then centrifuged at 20,0009 for 30
minutes at 4°C and the supernatant was discarded. The pellet was washed with 80 %
Ethanol and was centrifuged at 20,000g for 5 minutes at 4°C. The supernatant was
discarded and the pellets were left for drying. The pellets were then dissolved in an
appropriate volume of MilliQ water and were kept at 65°C for 10 minutes to resolve the

pellet.

To check for enrichment of the modification TH2BS12P across the recombination hotspots,
primers were designed against selected hotspots. The sequence for the hotspots was
obtained by aligning the ChIP-Seq reads (obtained from ENCODE/LICR) of H3K4me3,
H3K36me3 and Dmcl. 30 ng of DNA was used for each reaction.

2.7. Flow cytometry purification of meiotic cells from adult mice testes

FACS purification of meiotic cells was carried out by the protocol given in Getun et.al. (36)
Briefly, decapsulated testes obtained from adult C57BL/6J mice were placed in GBSS
(Gey’s Balanced Salt Solution) containing 120 U/ml Collagenase Type | and 10 ul DNase |
(2 mg/ml stock). The solution was shaken vigorously by hand until the testicular tubules start
dissociating. It was then kept at 120 rpm for 15 minutes at 33°C and the solution was
decanted to remove the supernatant. After repeating this step gain, 50 pl of 50 mg/mi

Trypsin (resuspended in 1 mM HCI) and 10 pl DNase | (1 mg/ml) was added to the cells
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contained in GBSS and was shaken vigorously. Incubation was done at 120 rpm for 15

minutes at 33°C, followed by gentle pipetting with Pasteur pipette. 40 pl Hoechst 33342 (10

mg/ml, resuspended in DMSO) was added to the cells along with 30 pl Trypsin and 10 pl

DNase | (1 mg/ml) and was incubated at 120 rpm for 15 minutes at 33°C. Foetal Bovine

Serum (FBS) was added after this to inactivate Trypsin and final staining was performed with

50 pl Hoechst 33342 along with 10 pl DNase | (1 mg/ml). Final incubation was performed at

120 rpm for 15 minutes at 33°C, followed by which the samples are passed through two 40

pm GBSS pre-wetted filters and Propidium iodide (PI) was added to the solution. Flow

cytometry analysis was performed immediately after this in BD FACS Aria lll.

Four samples were processed for the analysis, namely, “Stained”,

LI T] LT

Unstained”, “Hoechst

stained” and “PI stained”. The sample in the “Stained” tube was processed as given above.

To the samples containing in “Hoechst stained” and “PI stained” either of the two dyes was

added. The samples in the “Unstained” tube were devoid of both the dyes. Just prior to

adding Pl to the tube labelled “Pl stained” a small aliquot of the sample was taken and was

boiled at 65°C for 10 minutes to kill the cells. After killing the cells, they were dispensed back

into the tube.

e THE LISTS OF COMMERCIAL ANTIBODIES USED ARE GIVEN

FOLLOWING TABLE:

IN THE

Antibody Manufacturer Catalogue number
Anti-Scp3 Abcam ab97672

Anti-yH2AX Millipore 05-636
Anti-Spoll Santa Cruz Biotechnology SC-22476

Anti-TH2BS12P

Imgenex

e THE LISTS OF PRIMERS USED FOR REAL-TIME PCR ARE GIVEN IN THE
FOLLOWING TABLE:

Region Forward Primer Reverse Primer
PAR Region 1 5 GCCCAGACATCTAGAGTTTTC 3 | 5 GCCACGATCTTCTGGAGTG 3

H3K36me3 PAR

5 CAGGGAAATGCAAATCAGAAC 3

5 GCTTCTTGACGGGATGCATTG 3

Pbx1 Peak 5 ATACAGCTGGCTTGCTTGGT 3’ 5 CCCCCTTCCCCATAATACTG 3’
HIx1 Peak 5 GGTCGGTGTGAGTATTAGACG 3’ | 5GGCTACTATACCTTATGCTCTG 3
Chrl Peak 5 CCCACAGTTTCCTTCCGTCTT 3 | 5 CCTCTGTATTTCCTAGAACATG &
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Chapter 3: Results and Discussions
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RESULTS and DISCUSSIONS

3.1 TH2BS12P is present in the adult mice testes

TH2BS12P was found to be present in mice testes as observed from Western blotting done
with histones isolated from mice testes.

¢ ¢ o 2
OFo¥ SN

TH2B————> - -

<—TH2BS12P

25 kDa 25 kDa

20 kDa 20 kDa

Ponceau

17 kDa 17 kDa

11 kDa 11 kDa

Fig 1: TH2BS12P is present in the mouse testis- Western blot images showing presence of TH2B and TH2BS12P in

adult mice histones isolated from the testis. Lanes 1 and 2 indicate the two different histone concentrations.

Since the expression of TH2BS12P was confirmed in mice, we went forward to check for the
localization of this modification at the various stages of Meiotic Prophase | with respect to

various recombination-related proteins.

3.2. TH2BS12P shows the same localization pattern as in rats at various stages of
meiotic recombination

Immunofluorescence studies of TH2BS12P were carried out to check whether the
phenomenon that was seen in rats, was also conserved in the mice. Scp3 staining was used
to differentiate the various stages of Meiotic Prophase |. Scp3 is a component of the
axial/lateral element of the Synaptonemal Complex. It was interesting to observe that similar
in rats, TH2BS12P was enriched in the axes of the XY body of mouse spermatocytes during
Pachytene as colocalisation with Scp3 could be observed. This modification was also

observed in the Leptotene and the Zygotene stages.
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TH2BS12P

Fig 2: Immunofluorescence images of mice meiotic spreads Colocalisation studies showing TH2BS12P staining
across various stages of Meiotic Prophase | with Scp3; L-Leptotene, Z-Zygotene, P-Pachytene. Arrows indicate the XY
body. Scale bars indicate 10 pm.
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As mentioned in the introduction, various recombination-related proteins such as yH2AX
(marker for DSB) and Spoll (forms DSB) play a role in the formation of XY body and

becomes localized there during the pachytene stage. Spoll is responsible for the formation

of yH2AX which leads to the formation of XY body, loss of which leads to sterilityls’ 14 So

we went ahead and carried out immunofluorescence studies with TH2BS12P, yH2AX and
Spoll. We found out that TH2BS12P showed colocalisation with both yH2AX and Spo11
corresponding to the axes of the XY body during the pachytene stage.

A)

DAPI YH2AX TH2BS12P
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B)

DAPI Spoll TH2BS12P

L/Z

Fig 3: Immunofluorescence images of mice meiotic spreads Colocalisation studies showing TH2BS12P staining
across various stages of Meiotic Prophase | A) With yH2AX, and B) With Spoll; L-Leptotene, Z-Zygotene, P-
Pachytene. Arrows indicate the XY body. Scale bars indicate 10 um.

Immunofluorescence studies led us to the conclusion that the role of TH2BS12P is
conserved in the axes of the XY body as shown from the colocalisation with major players in
meiotic recombination. As we can observe that the phenomenon is conserved in both rats
and mice, we went ahead to see what is the status of TH2BS12P at the genomic level i.e. at

the recombination hotspots.

3.3. Enrichment of TH2BS12P across various meiotic recombination hotspots

As mentioned earlier in the introduction, recombination happens in certain regions of the
genome known as ‘recombination hotspots”. PRDM9, a SET domain-containing
methyltransferase, defines these hotspots by trimethylating H3 at Lysine 4 and Lysine 36
respectively. Also, PRDM9 binding creates Nucleosome-depleted Region (NDR) known as
“Valleys” and creating a symmetrical pattern of nucleosomes on either side of valleys known

as “Peaks™®. For our present study, primers were designed against the peak regions.

Numerous studies on recombination hotspots have been done with mouse as the model,
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. i : . 32,
since the recombination sequences are very well known and characterized in the mouse

3, 34. So we were interested in knowing the localization of TH2BS12P at various

recombination hotspots, both on the autosomes and on the Pseudoautosomal Region

(PAR), after confirming that indeed this modification is conserved in both rats and mice.

We chose three autosomal hotspots (Pbx1l, HIx1, and Chrl) and a hotspot in the
Pseudoautosomal region which is the small region of homology between X and Y
chromosomes. We wanted to check the enrichment level of TH2BS12P at these chosen
hotspots by ChIP-PCR. As mentioned earlier, hotspot regions were chosen by aligning ChiP-
seq reads of H3K4me3, H3K36me3 and Dmcl.

A)

Peak

-

Signa

oo

Valley

|

Primers were designed against
Peaks and Valleys

|

ChIP-PCR

25



B)

¢hri (oFS)

I G 1 R e

Stale

105315~

H3Kdme3
RPM

H3K36me)
RPM

DMCI
Reads

) | :
CRG Align 100

i,

L7804

chexe 166,375, 006 166,900, 00] 166,305, 008] 166,90, 006 166,395, 060l 166,400, 000 166,405, 000

2 1o | w3
1 1
166,410,000 166,415, 0001 166,40, 006 166,425, 006 166,430,006 166,435, 0ed|
6 Hofned Merge chrt

PAR
Begins

Encp_Merge chr

86 01 Suolel chrX

166,440, 006 166,445, 000 166

1 IUAWRRRY

Al ignati ity of |dbneNoall GEN fron ENCODE/CRG(0uic0)

Fig 4: Meiotic Recombination Hotspots studies- A) Strategy of primer designing B) Selection of recombination
hotspot sequences by aligning ChiP-seq reads of H3K4me3, H3K36me3 and Dmcl. (Adapted from Baker, C. L.,

Walker,

M., Kajita, S., Petkov, P. M. & Paigen,

K. Genome Res.(2014),

https://[genome.ucsc.edu/cgi-

bin/hgTrackUi?hgsid=580163559_xTef7U0bWuP331T205gdIQZB6y4r&c=chr3&g=wgEncodeLicrHistone)

TH2BS12P containing nucleosomes were isolated by Native ChlIP to isolate the DNA bound

by TH2BS12P histone marks. PCR was carried out to check for the presence of this

modification at the PAR and autosomal recombination hotspots. Primers specific for the

hotspots were used and the fold enrichment over Input sample was calculated.
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Fig 5: ChIP-PCR analysis of TH2BS12P in meiotic recombination hotspots- (Left) Mononucleosome digestion
pattern. Lanes 1-6 indicate the various time points of digestion; (Right) Real-time PCR profile of TH2S12P enrichment
at various recombination hotspots. Fold enrichment was calculated over Input. (n=2)

From our ChIP-PCR analysis, it is evident that TH2BS12P is highly enriched in the PAR i.e.
the XY body. Also, we found enrichment of this modification at autosomal hotspots,
confirming the Immunofluorescence data which ultimately suggests that this modification is
involved with both recombination-related proteins and hotspot DNA. Since autosomal DSBs
occur mostly at the leptotene stage we need pure populations of cells from the leptotene,
zygotene, and pachytene stages to study PAR recombination or XY body formation.

3.4. FACS purification of meiotic cells from adult mice testes

To study the dynamics of TH2BS12P at the recombination hotspots at various stages of
Meiotic Prophase |, it is necessary to get pure populations of meiotic cells, from
spermatogonia to diplotene stage. Elutriation can achieve up to 70-75 % purity of meiotic
cells which is not suitable to study the dynamics at the recombination hotspots. Also, it is

very difficult to isolate preleptotene, leptotene, zygotene cell populations from elutriation.

FACS methodologysz’ 30 allows one to isolate meiotic fractions from adult mice to more than
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(x 1,000)

DAPI-A

95 % purity in a single experiment. This technique separates meiotic cells based on the
variations of size, chromatin structure and DNA content of the various meiotic cells. Two
dyes, Hoechst 33342 and Propidium lodide (Pl) are used in combination to distinguish
between dead and live cells respectively. Hoechst 33342 uptake depends on the chromatin

structure and DNA content of the cells and gives a clear picture of the different meiotic cell
population537. So we resorted to this technique to further explain the results obtained from

ChIP-PCR.

A) B)

Mouse Meotic cells_001-Hoechst+Pl_600+480+55 Mouse B2 days-Hoechst+Pl BO0+4590+550 003
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Fig 6: Flow cytometry analysis of mouse meiotic cells- Flow cytometry profile obtained from A) 30 days old mouse
testis; Sp-Spermatogonia, Pre-L-Preleptotene, L/Z-Leptotene-Zygotene B) 60 days old mouse testis; P6-
Spermatogonia, P5-Preleptotene, P7- Leptotene-Zygotene, P4-Pachytene, P3-Diplotene

FACS technique was found to work where we could visualize the various meiotic cell
populations. The less enrichment of pachytene and diplotene cells is due to the lower age of
the mouse whereby all the populations of meiotic cells are not developed yet. We plan to
carry out this methodology with older day mice (at least 10 weeks old) in order to see the

various meiotic cell populations at high enrichment.

To summarize, we have shown that TH2BS12P is conserved in both rat and mouse and
from our recombination studies we have shown that this modification is indeed present in
recombination hotspots where maximum enrichment was found to be in the axes of the XY
body. Since we had also found enrichment of TH2BS12P in some autosomal hotspots, we
used FACS to isolate pure populations of meiotic cells and we plan to perform ChiIP-seq

studies from the purified cell populations, as different processes occur at different stages of
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meiotic recombination. Also, pure cell populations obtained from FACS will help us better

understand TH2BS12P and its biological role in a homogenous population of cells.

3.5. EUTURE OBJECTIVES

1. Dynamics of TH2BS12P at various recombination hotspots using FACS-sorted
meiotic cell populations.
2. Purify TH2BS12P-containing nucleosomes and address the histone PTMs that occur

in those nucleosomes.
3. Carrying out ChiP-seq to better understand the ChIP-PCR results that we had

obtained.
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