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Abstract

Meiotic recombination involves the exchange of DNA between two

homologous chromosomes, forming cross-overs and gene conversion

events. The cross-over process is important for the proper segrega-

tion of chromosomes during meiosis, and drives genetic diversity. Hu-

man hotspots are enriched for a 13-bp motif, CCNCCNTNNCCNC;

a close match to this motif occurs in about 40% of our cross-over

hotspots. A DNA binding protein called PRDM9, having histone

trimethyltransferase (H3K4me3) activity, binds the motif and is be-

coming established as a major determinant of recombination hotspots

(narrow regions with high cross-over activity). This research aimed

to understand the mechanisms involved in promoting PRDM9 bind-

ing to its target sites, and subsequently, initiating cross-over hotspot

activity.

We first explored the relationship between PRDM9 binding and DNA

sequence, to directly confirm whether PRDM9 binds to the 13-bp

hotspot motif using in-vitro gel-shift assays, and found that it does

bind sequence specifically to the canonical 13-mer motif. PRDM9 is

able to bind the motif in a highly selective manner, with certain single

base pair changes abolishing binding. However, we observe that it is

also able to tolerate degeneracy in its binding sites, as demonstrated

by strong in-vitro binding to degenerate versions of the 13-bp motif.

Hence, these results confirmed that PRDM9 is able to directly bind

to the 13-bp hotspot motifs, and given that it can also tolerate de-

generacy, this raised the question of why PRDM9 is able to bind only

a subset of all such potential binding sites in the genome.



To address this, a ChIP-seq analysis was performed to identify genome

wide binding sites for PRDM9. This information also helped us to

characterise binding sites and investigate if factors such as the local

chromatin environment play a role in specifying PRDM9 binding tar-

gets and hotspot formation. We were able to identify over 170,000

PRDM9 binding sites in the genome. Surprisingly, these binding sites

were also enriched in promoter regions, however, bound sites in these

regulatory regions showed low recombination activity. We found that

PRDM9 is able to confer the H3K4me3 mark on all bound sites, even

those without a pre-existing H3K4me2 mark. We also investigated

the role of other chromatin related marks on PRDM9 binding and

found that binding occurs in chromatin accessible, but nucleosome

rich regions, whereas heterochromatin regions tend to inhibit bind-

ing. Further, for hotspot formation, it was seen that less chromatin

accessible, nucleosome dense regions away from transcribed sites, are

preferred. Hotspots tend to avoid regions marked by transcription ac-

tivating histone modifications, however, these regions do not appear

to inhibit PRDM9 binding itself. These results show how PRDM9

binding in the genome is dependent on both primary DNA sequence

and the surrounding epigenetic factors. Together these factors pro-

mote binding and, with additional downstream factors, positioning of

hotspot locations in the human genome.
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Chapter 1

Introduction

1.1 Meiotic Cell Division: A brief overview

It was the insightful experiments of Robert Brown followed by Schwann and

Schleiden in the early 1800s which showed that plant and animal tissues are

made of numerous cells, each containing a circular structure called a nucleus [1].

Rudolph Virchow and Robert Remak in the mid 1800s demonstrated the ability

of cells to reproduce by cell division, an observation that marked a cell as the

functional unit of life [2, 3]. The work of Walther Flemming in the late 1800s

further explained the process of cell division. Using an aniline dye to stain the

cells of a tadpole’s tail, known to divide rapidly, he identified structures called

chromosomes which distributed equally between two dividing cells- a cell division

process which he called as Mitosis [4].

At around about the same time, Gregor Mendel showed the inheritance pat-

terns of traits explaining variability and evolution in pea plants [5]. By the late

19th century, the process of fertilisation by union of sex cells (sperm and eggs)

had been described, but how these cells contributed to forming new life remained

unknown. Edouard Van Beneden had observed that all cells of a species of round

worm contained four chromosomes (diploid), but its sex cells contained half that

number (haploid) [6]. What led these germ cells to contain only half the num-

ber of chromosomes? August Weismann, in 1890, explained this by reporting
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that two cell divisions are required to transform diploid cells into haploid cells

[7]. This process of reduction division was later named as Meiosis. Further,

Thomas Morgan in the early 20th century first observed the process of cross-

ing over in Drosophila Melanogaster, and presented the chromosome theory of

heredity, which explained that genes are transmitted on chromosomes [8].

1.1.1 Meiosis

Meiosis is an essential process for sexual reproduction in eukaryotes which creates

new combinations of genetic material, leading to variations in each generation [9].

This is a highly regulated process during which chromosomes undergo a round of

replication, followed by the first nuclear division (Meiosis I or reduction division)

where homologous chromosomes segregate and move to opposite poles, and finally

a second nuclear division (Meiosis II) where sister chromatids segregate yielding

four haploid gametes [10]. The timing of meiosis in mammals di↵ers in males

and females. In males, the spermatogonia (male germ cells) enter meiosis after

puberty. Whereas in females, the oogonia (females germ cells) initiate meiosis

within the fetal ovary, forming oocytes, which later develop into eggs; meiosis

does not complete until fertilisation. [11, 12].

Initially the germ cell is diploid (containing pairs of homologous chromosomes)

and before entering meiosis the DNA replicates, leading to four copies of DNA

(i.e. two almost identical sister chromatids for each chromosome). This is the S

(Synthesis) phase of Meiosis, after which the cell enters the phase of Meiosis I.

Meiosis I begins with Prophase I, divided into the Leptotene, Zygotene, Pachytene

and Diplotene phases. During Prophase, the chromosomes first appear within the

nuclear envelope with tightly bound sister chromatids [13, 11]. Next, joining of

homologous chromosomes occurs, after which sister chromatids separate but non-

sister chromatids remain attached as they undergo recombination or exchange of

genetic material, and finally non-sister chromatids or homologs begin to separate

[13]. The recombination process will be described in more detail in the next sec-

tion (1.2). During Metaphase I, homologous chromosomes align at the metaphase

plate (mid way of opposite poles of the cell), spindle fibres attach to kinetochores
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such that the sister chromatids face the same poles (an important feature as it

allows the chromatids of each homologous chromosome pair to separate). During

Anaphase I the cell lengthens and homologous chromosomes separate, with the

help of microtubules and spindle fibre. Telophase I leads to division of the parent

cell into two daughter cells, which then prepare for the second meiotic division.

This time, the cells enter Prophase II without the replication step, and continue

on to produce the final products i.e., four haploid cells, each cell containing a

single copy of the chromosomes [13, 14, 12].

1.2 Initiation of meiotic recombination in mam-

mals

Proper meiotic division depends upon complex interactions between homologous

(parental) chromosomes during the first meiotic Prophase. These interactions

take place through recombination, a process during which an exchange of genetic

material takes place [15]. This exchange is an important feature as it enables

connections (or chiasmata) between homologous chromosomes, leading to proper

alignment on the spindle and accurate segregation of homologous chromosomes

[16]. Hence, recombination has two important mechanistic roles: 1) In the early

stages of meiosis, it helps to search for homologs leading to synapsis (explained

in section 1.2.2), and 2) Later in meiosis, when this exchange of genetic material

binds non-sister chromatids, together providing the resistance required for the

spindle to pull chromatids to their respective poles. In the absence of this ten-

sion, i.e. without at least one cross-over event within each chromosome, proper

segregation of chromosomes does not occur leading to detrimental consequences

for gamete formation [15, 17].

Recombination initiates with double strand break (DSB) formation, a process

considered to be a universal feature for meiotic recombination which occurs at

the Leptotene stage of Prophase I, after which the DSB is marked for DNA repair.

In the zygotene stage there is a search for homologous chromosomes along with

a process called synapsis, which aids in DSB repair. In meiotic recombination,
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DNA is repaired using an intact homolog as template, contrary to somatic recom-

bination, in which the sister chromatid in used for repair. Finally, the exchange

of genetic material is initiated in the zygotene stage and continues on into the

diplotene stage. This process terminates in desynapsis along the length of the

homologs, other than the points where reciprocal exchange had occurred [12, 15].

1.2.1 SPO11 forms double strand breaks

As mentioned previously, the formation of programmed DSBs marks the initiation

of recombination. In meiotic cells these DSBs are essential for proper synapsis or

pairing of homologous chromosomes. An evolutionarily conserved protein called

SPO11 is required to make these DSBs. SPO11 cleaves double stranded DNA

through an attack mediated by its tyrosine side chain on the phosphodiester

backbone of DNA, forming a phosphodiester bond between SPO11 and the 5’

end, and creating a free 3’ single stranded DNA overhang [18, 19] (Figure 1.1

a). There are about 200-250 DSbs per nucleus on average, based on RAD51

and DMC1 foci, with about 300 DSBs reported for females and about half the

number (150) reported in males (as shown by immunoflorescent experiments) [15].

The specificity of SPO11 in directing DSB formation can be highlighted by the

fact that Keeney et al. performed site directed mutagenesis of the Spo11 gene

and were able to see a decrease in cleavage specificity, and also reported these

mutations to have caused changes in DSB patterns at a recombination hotspot

[19, 15]. Also, in Yeast, spo11 null mutations lead to loss of DSB formation,

along with defects in synapsis [15]. Further, experiments by Camerini Otero et

al. showed that both male and female Spo11 knockout mice (Spo11-/-) are in-

fertile. In mice spermatocytes arrest and enter apoptosis before the pachytene

stage of meiotic Prophase I [19]. One study in humans has shown that a SNP in

the SPO11 gene a↵ects DSB formation in male reproduction [20], however more

research in the area is needed to confirm these associations.

SPO11 interacts with other proteins to form DSBs, using its non-conserved N

and C- terminals [15]. RAD50 and MRE11, two important proteins of the MRN
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complex, a complex which serves to stabilise DSBs by forming a sca↵old like

structure, have been suggested to work with SPO11 for double strand break for-

mation [21]. It is also reported that these proteins are involved in the initial steps

of DSB repair, as MRE11 makes the cleavage for end resection, resulting in 3’

ssDNA which is then utilised in the repair process. Failure of SPO11 to interact

with these proteins, and mutations in these proteins, have been shown to reduce

DSB formation and in some cases cause infertility [22, 15].

After the formation of DSBs, SPO11 attached to the 5’ end of DNA is removed by

an endonucleolytic cleavage, cleaving several bases downstream of 5’ end [23] to

produce 3’ end overhangs. This asymmetric cleavage is suggested to di↵erentiate

the two ends of a DSB for strand invasion and DNA repair, the next steps of

meiotic recombination [24, 25].

1.2.2 Synapsis and DSB repair

DSB repair in meiosis is accompanied by the progression of synapsis (pairing

of homologous chromosomes). The formation and repair of DSBs plays an im-

portant role in achieving chromosome pairing, which is evident from reports of

abnormalities in synapsis in mice lacking SPO11, or having mutant DNA repair

genes (Dmc1 and Rad51C ) [26, 27, 28]. Synapsis is a process where two homolo-

gous chromosomes are connected together along their entire length and form the

lateral elements of a zipper like proteinaceous structure, called the Synaptonemal

Complex (SC) The SC, discovered over 40 years ago, is composed of two lateral

elements which are cohesin based homolog axes, and a central element with trans-

verse filaments. Cohesin, a multi-subunit complex comprising of SMC1, SMC3

and (in meiosis) REC8 proteins [29], is shown to be important for the assembly

of SC.

DSB repair begins with the single stranded 3’ ends generated by DSBs, being

bound by RAD51 and DMC1 proteins. These proteins together form nucleopro-

tein filaments that aim to identify a complementary sequence on the homologous

chromosome. This helps to initiate a process called strand invasion (Figure 1.1
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b) where one single stranded end interacts with a homologous chromatid, and as

a result the unpaired strand forms a D-loop structure (Figure 1.1 c). Following

strand invasion and synthesis the DSB can be repaired in two possible ways: by

the DSBR (Double strand break repair) pathway [30] or the SDSA (synthesis

dependant strand annealing) pathway. In case of the DSBR pathway, the second

DSB resected end is captured which in turn forms two Holliday Junctions (Figure

1.1d), this structure can then be resolved as a cross over (figure 1.1d top; with

one horizontal and one vertical resolution), or as a non cross-over event (figure

1.1d bottom; with two horizontal resolutions). Repair by the SDSA takes place

by strand displacement and annealing of extended end to the DNA on the other

break end; products of the SDSA pathway are always non cross-overs (Figure 1.1

e) [30, 31, 32, 33].

1.2.3 Gene Conversion or Non-Crossovers

Gene conversion or Non-Crossover events are the most common outcome of ho-

mologous recombination. During gene conversion, genetic information is trans-

ferred from the intact homologous sequence to the homolog containing the DSB,

as gene conversion e�ciency depends upon homology of interacting regions [34].

In other words, this is a nonreciprocal transfer of sequence information from one

homolog to another. This process can occur between both homologous chromo-

somes and sister chromatids [35, 36]. When the transfer occurs between identical

sister chromatids, there is no impact on genetic variation the o↵spring, so such

events are di�cult to detect. Cross-overs, on the contrary, involve a reciprocal

exchange of both DNA strands between two homologous chromosomes. Non-

reciprocal gene conversion still occurs near the DSB site, and thus accompanies

the cross-over. The cytological manifestation of cross-overs is called Chiasma.

Non-Crossover events are the more dominant form with a frequency of about

90% as opposed to 10% for crossovers in humans [37, 38].
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d e 

Figure 1.1: Meiotic Recombination. A diagrammatic representation of the recom-
bination pathway. [Figure adapted from Sung and Klein [39]]
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1.2.4 Crossovers

Crossovers, as mentioned previously, aid the correct orientation of homologous

chromosomes, and their subsequent migration to opposite poles of the spindle fi-

bre. Crossover is important not only due to its critical mechanical role in meiosis,

but also because of its role in evolution, since it produces genetic variation by

breaking haplotypes and reshu✏ing alleles [37, 40, 41]. Lack of crossovers results

in incorrect segregation of homologous chromosomes, leading to aneuploidy [15].

Studies have shown a significantly reduced rate of recombination and synapsis

in infertile men, and reduction in recombination has been shown to be a strong

risk factor in the formation of aneuploid gametes [42, 43, 44]. These imbalanced

gametes, if fertilised, may either lead to early embryonic death or pregnancy loss,

or produce an o↵spring with chromosome imbalance and developmental issues

e.g. Trisomy 21 [45, 42]. In addition, if the meiotic recombination genetic ma-

chinery is faulty, this can lead to infertility by activating meiotic checkpoints and

triggering apoptosis [22].

The number of crossover events in spermatocytes or oocytes is variable, and

can be measured using microscopy by counting the number of MLH1 foci (MLH1

is a DNA repair protein which repairs mismatches, and has been shown to be

involved in recombination) [46]. In humans, there are about 200-400 DSBs that

occur in each meiosis, and of those only 25% resolve as cross-overs. Studying

MLH1 foci in humans has shown about 50 cross-overs occur per cell. In females

the level of crossing over has been shown to be about 1.4 times greater than males

[47, 48, 20].

1.2.5 Recombination rates in the genome

The variation in recombination activity in expressed as cM/Mb, where cM (cen-

tiMorgan) is the unit of genetic distance and Mb (one million base pairs) is the

unit of physical distance. This recombination intensity can be used to identify

hotspots and coldspots (i.e. regions of low recombination activity) e.g. by look-

ing at the deviation that comes from comparing recombination intensity in a

certain region to the intensity of the whole genome, or by comparing it to ad-
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jacent regions i.e. if the recombination intensity of a region is higher than its

surroundings, it would be marked as a cross-over hotspot [41, 49]. The average

cross-over frequency is reported as 1.1cM/Mb in humans and 0.5cM/Mb in mice

[40, 50, 51]. Sex averaged crossover rates are seen to be higher towards telom-

eres and lower near the centromeres, with these rates being strongly associated

with features including gene density and GC content [41]. It is interesting to

note that diversity within humans, and between humans and other species, tends

to increase with broad scale recombination rates [49]. In females, chromosomes

have longer genetic maps, lower crossover rates at telomeres and higher rates near

centromeres compared to males. Crossovers are not randomly scattered at fine

scales, however, but rather tend to be very strongly clustered into 1-2kb regions

of the genomes, called as recombination hotspots [41, 49, 52].

Hotspots in humans occur at a higher rate near genes, but preferentially out-

side transcribed regions [37, 53, 54]. Both hotspot density and recombination

intensity is greater in telomeric regions, compared to centromeric regions [55].

Although recombination is a process involving extensive DNA repair, it has been

shown by fine mapping that exchange points of crossovers are precise to the base

pair [37, 56].

1.3 Recombination Hotspots

In mammals, the first recombination hotspot was discovered in the MHC region

in mice, on chromosome 17 [57]. A few years later, while analyzing familial

inheritance patterns, the first hotspots in humans were discovered, in the beta-

globin and insulin regions. The number of hotspots identified in humans gradually

grew further over the following 25 years [37].

1.3.1 Methods to detect Recombination Hotspots

The three main approaches that have been used to identify human meiotic re-

combination hotspots are 1) The use of pedigree analysis 2) Statistical analysis

using data for genetic variations and 3) Sperm typing [58, 41, 37], and we briefly
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discuss these here.

Pedigree analysis in humans is used to identify currently active hotspots, and

involves mapping cross-over events among o↵springs of families in the pedigree

at high resolution. The drawback of this method is the cost associated with the

collection and genotyping of thousands of samples [59, 60, 50]. This approach

has historically been used only for broad-scale rates, and has only recently been

applied to find hotspots.

The statistical approach uses the fact that adjacent SNPs form haplotype blocks

(or clusters of SNPs) of about 10-100kb and within each of these blocks, most

SNPs are in linkage disequilibrium (LD) i.e. allelic types are associated with

those nearby SNPs, therefore, positions in the genome when association breaks

down often correspond to cross-over recombination hotspots, because recombina-

tion is the only genetic force that can break down association between markers,

provided (as in humans) repeat mutation events occur only rarely [37]. With the

help of coalescence based statistical models, LD data can be used to infer loca-

tions where boundaries of haplotypes mark historical hotspots. This approach has

been very valuable in identifying recombination events distributed in the human

genome, and has also been applied in other species [60]. The LD based hotspots

identified by this method have been validated by the sperm-typing approach,

and known hotspots in humans identified by sperm-typing, conversely, have also

been discovered by the LD based methods. Therefore, this approach is a power-

ful tool to determine broad scale and high resolution recombination rates [61, 60].

Sperm typing uses pools of sperm drawn from one or more men, and uses allele-

specific PCR to selectively amplify recombinant sperm, which can then be fully

sequenced [62]. Sperm typing has almost always been used to investigate individ-

ual hotspots, and enables to define hotspots at a width of 1-2kb, while identifying

hotspot centres within tens of bases. It has helped to identify SNPs that influ-

ence the initiation role at specific hotspots, and also allowed us to explore the

variability in hotspot intensity among individual men [63, 64]. Sperm typing has

allowed exquisite precision of inference of cross-over, and non-cross-over patterns
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at about 40 human hotspots [62, 58]. This approach, however, is very challenging

(as these are expensive and technically demanding experiments) to extend to the

whole genome. More recently, whole genome sequencing of individual sperm has

been attempted [65], with future possibilities of learning genome-wide maps for

individual humans. We will study 10 hotspots characterised by sperm-typing in

chapter 2.

1.4 What determines the location of mammalian

recombination hotspots?

The factors that determine the location of recombination hotspots are only be-

ginning to become clear. From ongoing research in this area, there is evidence of

both cis and trans-acting factors are known to play roles in determining hotspot

activity [37]. A number of very important discoveries have been made over the

last few years that have greatly contributed to this field of research. I describe

below some of these notable experiments and their findings that aimed to inves-

tigate these questions in detail.

In 2005, Myers et al. [66] constructed the first high-resolution cross-over map

in humans using genetic variation data, and identified around 35,000 recombi-

nation hotspots [55]. Recombination hotspots were identified using a method

called LDhot, while recombination rates were estimated using the program LD-

hat. LDhat was applied to an existing data on genetic diversity which included

1.6 million SNPs from three human populations (set of 24 European Americans,

23 African Americans and 24 Han Chinese). This map revealed that recombi-

nation hotspots at about 50kb intervals throughout the human genome tend to

occur outside transcribed regions [66, 67].

1.4.1 Sequence association with Hotspots

Myers et al. also investigated whether factors including genomic repeats or spe-

cific sequence motifs, are associated with human recombination hotspots. Among

repeats, they showed that long terminal repeats of two retrovirus-like retrotrans-
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Figure 1.2: Predicted PRDM9 binding site and flanking sequence. a) Role
of flanking sequence and motif degeneracy on LD based hotspot activity. The motif
is shown in red/orange letters. Vertical dotted lines spaced at 3-bp intervals show pe-
riodicity of strongly signaled bases, while bases showing evidence of association with
recombination rate suggest a 36bp binding motif, highly degenerate at many sites. b)
Degeneracy within the core 13-bp motif estimated by comparing counts of each mo-
tif mismatching exactly 1 bp of the 13-bp core CCTCCCTNNCCAC in hotspots and
matched coldspots [reproduced from Myers et al. [68]]

posons, THE1A and THE1B, are strongly associated with hotspots [68]. On

further investigation, a 7-nucleotide motif CCTCCCT was found to be enriched

5-fold in those repeats within hotspots, relative to other THE1A/B repeats that

did not mark hotspots. Computational analysis revealed that if this motif occurs

within the THE1A/B repeat background, it results in an identified hotspot 60%

of the time [55]. Further, results from sperm typing studies showed that disrupt-

ing this 7-mer could directly reduce rates at hotspot DNA2 on chromosome 6.

This implied the role of a distinct sequence feature in recombination activation.

In addition, the identical 7-bp motif was found to mark hotspot locations even

outside these repeat regions [55].
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This analysis was further refined by using greater hotspot resolution available

with the HapMap data [68]. Taking the previously identified 7-mer (CCTCCCT)

in non-repeat DNA, Myers et al. identified 50 bases flanking the region that con-

tributes to marking the presence of hotspots (figure 1.2a). This analysis revealed

an additional 4bp sequence, CCAC, just two bases downstream of the 7-mer.

The new extended 13-bp “core” motif “CCTCCCTNNCCAC” (figure 1.2b) was

strongly correlated with hotspot activity, when it occurs in both repeat and non-

repeat DNA [68].

The core 13-mer motif showed degeneracy at five positions: 3, 6, 8, 9 and

12. Mismatches at positions 3, 6 and 12 of the core motif still showed some level

of hotspot activity. The consensus sequence, after accounting for degeneracy at

those positions, is referred to in this thesis as the 13-mer “degenerate” motif:

“CCNCCNTNNCCNC” (see figure 1.2). This degenerate 13-mer motif marks

the location of at least 40% of all human hotspots identified by LD, with notable

variation in motif penetrance across di↵erent genetic backgrounds e.g. In THE1A

elements, this motif makes a hotspot 73% of the time [68]. This motif is similarly

present near the centre of most of the hotspots identified by sperm-typing e.g.

DNA2, DNA3, MS32, DMB2 [69, 70, 71], and is now to play a functional role

specifying human hotspot location (see below).

This 13-bp motif, however, on its own is not su�cient to confer hotspot ac-

tivity, as this sequence can also be found in non-hotspot regions. As stated above

the motif is also not found in about 60% of the hotspots so is apparently not

necessary for hotspot activity. Together these facts raise raise the question: Are

there other cis or trans-acting factors in the genome that play a role, together

with the motif, in marking the location of human recombination hotspots?

Suggested cis-acting factors, other than the 13-mer motif sequence, include GC

content, repeat elements, methylation marks, gene density and sequence varia-

tion [69, 70]. For example, sequence di↵erences in mouse strains at two hotspots,

Psmb9 and Hlx1, are seen to a↵ect the recombination rates [72]. Initial evidence
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of trans-acting features being associated with recombination hotspots came from

Shiroishi et al. in 1991, who showed that sequences flanking the Psmb9 hotspot

in mice a↵ect both sex-specific and absolute recombination activity [73]. Similar

evidence in humans was reported by Neumann et al. in 2006, who showed that

although a 10kb sequence around the MSTM1b hotspots was exactly the same

in sampled men, hotspot activity at these hotspots di↵ered significantly. This

pointed to a potential role for external factors that may be responsible for regu-

lating hotspots [74, 37].

Smagulova et al. looked at other genomic features that might influence hotspot

locations, and reported some interesting findings. They noted that sequences 5’

of the centre of hotspots tend to be rich in purines, but this bias changes in the

centre of the hotspots where the 3’ sequences tend to be rich in pyrimidines [75].

This purine-pyrimidine skew, observed in both mice and humans, has been noted

previously in other functional elements such as transcription start sites or origin

of replication [76, 34].

1.4.2 PRDM9 marks mammlian hotspot location

In 2010, PRDM9, a trimethyl transferase, was reported to be associated with

hotspot activity in both humans and mice, by three independent groups [53, 77,

78]. The role of PRDM9 in hotspot specification has since then been established

by many groups [79, 80, 81, 82].

Myers et al. on further exploring the function of the 13-mer motif [68], observed

a pattern of threefold periodicity within and outside the 13-mer motif. As it was

unlikely for this to be driven by coding sequence, given hotspots are located away

from transcribed regions, this suggested a role of a trans-regulatory DNA motif

binding protein [68].

They next aimed to determine potential candidate proteins that may bind to the

13-mer hotspot motif, thereby directly or indirectly influencing crossover activity.

Based on the 3-bp periodicity observation and the longer sequence (over 30bp; fig-
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CCNCCNTNNCCNC 13‐bp hotspot mo,f 

Predicted binding  

consensus  for PRDM9 

DNA contac,ng amino 

Acids for 13 znfs 

Figure 1.3: PRDM9 binds the 13-mer motif. a) Predicted binding sequence of
PRDM9, aligned to 13-mer hotspot motif. Red letters in the 13-bp motif indicate non-
degenerate bases, black letters indicate degenerate bases. Below the 13-mer motif, is the
PRDM9 predicted binding sequence; the logo plot is aligned to positions of the motif with
vertical blue lines (the height of letters in the logo plot indicate estimated probability of
hotspot activity). Lastly, below the PRDM9 binding consensus are 13 ovals indicating
the 13 zinc fingers of PRDM9, with lines showing their predicted base contacts within
the 13-mer motif; the letters in the ovals are the DNA contacting amino acid residues
of each zinc finger used to make the binding target prediction [Figure from Myers et al.
[53]].
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ure 1.2) containing the motif, they guessed the binding protein to be a zinc finger

protein with at least 12 zinc fingers. Possible zinc finger proteins were explored,

with the condition that candidates should have a region with predicted sequence

specificity matching the degenerate 13-mer motif. On examining the predicted

consensus binding targets for all of the 691 human C2H2 zinc finger proteins, this

motif was present within the predicted binding sequence of five proteins. Fur-

ther, comparing the predicted motif degeneracy of each candidate protein with

degeneracy patterns in the 13-mer motif, PRDM9 was the sole candidate whose

prediction exactly matched observed degeneracy at positions 3,6,8,9, and 12 of

the 13-mer motif [68] (see figure 1.3).

In parallel, two additional lines of evidence supporting the role of PRDM9 in

recombination came from experimental approaches reported by Baudat et al.

and Parvanov et al. [77, 78]. Baudat et al. examined the Dsbc locus on chr 17,

which has been shown to regulate the distribution of crossovers in several regions

on di↵erent chromosomes, partly by regulating recombination at the initial steps

of DNA double-strand break formation [16, 83]. On further fine-mapping the

Dsbc1 locus, Baudat et al. observed that this region contains only the Prdm9

gene [77].

As earlier findings had shown that a high level of H3K4me3 is associated with

recombination at the psmb9 and Hlx1 hotspots, and also that di↵erent Dsbc1 al-

leles exhibit varying levels of H3K4me3 at these hotspots [84], Baudat et al. were

able to hypothesise that the Prdm9 gene, known to encode for histone methyl-

transferase [85], was the most likely potential candidate causing the Dsbc1 e↵ect,

and that Prdm9 zinc fingers could bind specific targeted areas in the genome.

Firstly, they noted that polymorphisms in the DNA binding zinc finger region of

Prdm9 are associated with di↵erences in hotspot usage in two mouse strains. Sec-

ondly, they confirmed through an in-vitro experiment, that the human PRDM9

reference allele is able to recognise the 13-mer motif enriched in hotspots. This

suggested the role of PRDM9 might be conserved between species, which led them

to sequence PRDM9 in humans, revealing variations in the zinc finger array which

they found to associate with di↵erences in hotspot usage in humans. These ob-
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servations established that PRDM9 binding to specific sequences is associated

with recombination hotspots in humans and mice [77].

1.4.3 Properties of PRDM9

The above mentioned evidence confirms a role for PRDM9 as a trans-regulatory

factor involved in specifying hotspot location [53, 77, 78, 79, 80]. The features of

this protein add insights into this role. PRDM9 is a Histone 3 Lysine 4 trimethyl

transferase (H3K4me3) and is expressed solely during prophase in meiosis [86].

It contains at least 6 separate domains: KRAB domain, which is likely to serve

for protein-protein binding, a PR/SET domain responsible for the trimethylation

activity, a zinc knuckle, an upstream zinc finger, an SSX domain and an array of

Cys2-His2 zinc fingers for DNA binding [87, 86]. Based on the canonical model of

how C2H2 zinc fingers bind DNA, within the zinc finger array each zinc finger is

predicted to bind trinucleotides of DNA sequence targets (figure 1.4). In humans,

the reference PRDM9 allele contains 13 zinc fingers [87, 86]. The PRDM9 zinc

finger array is encoded by a minisatellite sequence, where 28 amino acids code

for each zinc finger [88]. The C2H2 zinc fingers each have a �-hairpin, unusu-

ally, followed by a single ↵-helix. The amino acids of the N-terminal of the helix

are the ones that come in contact with the major groove of the double stranded

DNA. Relative to the first amino acid of the ↵-helix (taken as position 1), the

three amino acids at positions -1, 3 and 6 are the ones that contact DNA and

bind to three DNA bases sequentially [86], while base 2 is involved in contacting

a base overlapping the target of the adjacent zinc finger. Zinc finger repeats are

almost identical in sequence, except at positions which encode for amino acids at

coordinates -1, 3, 6 of zinc finger alpha helices [87, 86, 89].

The zinc finger array of PRDM9 shows extremely rapid evolution in mam-

mals [86], and di↵ers between humans and chimpanzees [54]. This explains the

fact that despite 99% sequence identity between the two species, the 13-bp motif

is not associated with hotspot activity in chimpanzee, and more generally, hu-

mans and chimps do not share hotspot locations [54][53]. Myers et al. looked at

22 human hotspot regions that contained the 13-mer motif in both humans and
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Figure 1.4: A subset of PRDM9 Domains. N-Terminal KRAB and SET domains
and C-terminal zinc fingers. Figure adapted from Sgurel et al. [90]

chimps, and observed that no hotspot was conserved between the species [53].

The di↵erences between humans and chimps in PRDM9 are concentrated in the

DNA-contacting residues within the zinc finger regions. In another study Auton

et al. [54] sequenced 48 western chimpanzee PRDM9 haplotypes and showed

PRDM9 to have extensive variation within western chimpanzee. Variation was

found in both the number of zinc fingers (the most common PRDM9 alleles con-

tain 6,16 and 18 zinc fingers) and the type of DNA contacting residues within

zinc fingers [54, 91].

Loss of PRDM9 produces total sterility, with an inability to repair meiotic DSBs

and pachytene arrest in both sexes [92]. PRDM9 has been suggested to play a

role in male sterility in both mouse and humans [87, 93, 94]. Given its important

function, it is interesting that this protein does not appear to exist in the genomes

of dogs (where it is apparently a pseudogene), birds and fruit flies [87, 86, 95, 96].

The PRDM9 zinc finger array is also variable in human populations [79]. Ancient

hotspot activity appears to be strongly associated with the common (or similar)

versions of PRDM9 alleles [37, 90], which are very similar to the reference se-

quence allele whose properties we explore in this thesis. Intriguingly PRDM9 is

the only known speciation gene in vertebrates [87, 86].

1.4.4 PRDM9 variation influences hotspot activity

The property of PRDM9 variants to a↵ect hotspot activity was shown by Baudat

et al. and Berg et al.[79, 77]. Baudat et al. showed that in humans, hotspot

usage (fraction of crossovers that occur in recombination hotspots based on LD

data, which are expected from above to mainly reflect particular PRDM9 alleles)
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varies with the variation of PRDM9 alleles. On sequencing and genotyping the

zinc finger arrays from individuals of European ancestory in a Hutterite popu-

lation, a number of PRDM9 alleles di↵ering in both the number and sequence

of zinc finger repeats were identified. The major allele found was the “A” allele,

which is similar to the reference “B” allele (the di↵erence being at the one amino

acid in the 6th zinc finger). Other alleles found were called C, D, E, K and I.

Three of these alleles, allele “A” , “B” (reference allele) and “I” occurred at 94%,

4% and 2% frequencies, respectively. Allele “I” had amino acid changes in the

zinc finger array which do not predict the 13-mer motif to be this allele’s binding

site. On testing interactions of PRDM9 A and I allelic variants with their respec-

tive predicted binding motifs in-vitro, Baudat et al. were able to confirm that

the A allele had high binding a�nity to the 13-mer DNA motif; whereas binding

of the I allele was specific to its own predicted motif and this allele had a lower

a�nity for the 13-mer motif, as expected [77].

The role of PRDM9 further investigated by Berg et al. who aimed to explore

the impact of PRDM9 allelic variation on crossover activity at hotspots with

and without 13-mer motif [79]. They hypothesised that recombination activity

would be high in sperm samples carrying PRDM9 alleles that bind the 13-mer

motif as opposed to males lacking these alleles. They typed PRDM9 zinc finger

alleles in European and African individuals, and found a diversity of alleles which

ranged from having 8 to 18 zinc fingers (see figure 1.5). They selected ten active

hotspots, five containing a central 13-mer motif match, and five without a clear

motif match. For each of these hotspots, semen donors were identified carrying

either A/A, A/N or N/N PRDM9 alleles, N alleles being defined as non-A alle-

les. On comparing crossover frequencies in men of these three genotypes, they

observed that all N/N men tested (with one exception) showed crossover activity

of less than 5% the activity in AA individuals. Interestingly, this pattern was

observed at all hotspots i.e., even those that do not contain clear motifs. These re-

sults support the previous findings which suggest PRDM9 as a major regulator of

hotspot activity. These findings were not however able to establish a relationship

between the activating allelic versions of PRDM9 and presence of the 13-mer

sequence motif, except for an over-representation of this motif in the hotspots
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Figure 1.5: PRDM9 Alleles: Variation in PRDM9 alleles activating or not activat-
ing 10 tested hotspots. Figure adapted from berg et al. [79]. Only the A and B alleles
activate these hotspots; entries in the table show number of men tested.
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tested [79]. Hence, they determined that PRDM9 on its own has a strong e↵ect

on recombination activity in sperm, irrespective of the presence of the 13-mer

hotspot motif, also finding that even small changes in the zinc finger array are

capable of creating hotspot activating, or non-activating, variants. Similarly, in

mouse Smagulova et al. have shown a mouse motif, and Brick et al. have further

demonstrated that the di↵erent PRDM9 alleles in mice change 99% of the DSB

sites [20, 75].

1.4.5 PRDM9 variation produces hotspots of high activ-

ity in African populations

Berg et al. tested whether PRDM9 variants are able to activate a di↵erent set

of hotspots more common in Africans [80]. They observed that certain allelic

variants (Ct) were more commonly found in this population. Individuals with

these PRDM9 alleles were reported to be able to use a di↵erent set of hotspots.

Notably, although a number of PRDM9 variants are predicted to share similar

target motifs, these hotspots were shown to be activated only by distinct PRDM9

variants, further implying complex interplay between the zinc finger binding re-

gions and hotspots [80].

In another study, Hinch et al. mapped genome-wide di↵erences in recombina-

tion landscape between African American individuals and Europeans [82], and

found about 2500 hotspots active only in African Americans but not Europeans.

On mapping variants genome-wide they found that only PRDM9 type reflected

which landscape an individual used, with Ct type alleles as a group largely pre-

dicting the landscape in African Americans. This implies a dominant role for

PRDM9 in hotspot landscape di↵erences among humans. Strikingly, the authors

found that individuals carrying only Ct alleles did not use any of the European

hotspots, implying PRDM9 controls all, or almost all, human autosomal hotspots.

This also agrees well with the findings that PRDM9 controls almost all hotspots

in mouse [20, 75].
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1.5 Epigenetic marks associated with hotspots

The discussion in the earlier sections highlights some important research findings,

implying that PRDM9 has a central role in defining the location of recombina-

tion hotspots. But a key question that remains is what genomic features set

the stage for PRDM9 to bind targeted regions of the genome, causing them sub-

sequently to become hotspots? We know that 13-mer motifs are enriched in

hotspots. However, there are over 300,000 such words in the human genome [90],

and only a fraction of them produce recombination hotspots (i.e. around 40%

of the hotspots contain these motifs [68]). Motifs occurring in THE1A/B repeat

elements in humans almost always make hotspots, implying a role for additional

sequence features, whereas mouse hotspots also appear to be associated with re-

peat elements and GC rich regions, but these cases only contribute to a fraction

of the total hotspots [68, 75].

This implies that the sequence motif itself, is not necessary or su�cient to make

hotspots. What other factors could be involved? Although not much is known at

present, there have been reports pointing in the direction of additional genomic

factors, such as epigenetic marks, that can serve as predictors for recombination

activity. This evidence comes from studies done in yeast, mouse and humans

[75, 97, 12]. Research from these di↵erent model organisms points to an inde-

pendent or collaborative role of primary sequence, chromatin accessibility, higher

order chromosome structure, nucleosome occupancy, histone modification marks

and transcription factors in generating a conducive environment for DSBs and

meiotic recombination to occur [97, 12]. In the next few sections, I will describe

in more detail what each of these factors are, and how they may contribute to

marking hotspot locations.

1.5.1 Chromatin accessibility

The structure of chromatin only started to be understood in the 1970s with the

finding that chromatin is built with nucleosomes [98]. Later on, in the 1980s

it was found that chromatin structure plays a role in regulating genes and that
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active genes tend to have a more open or accessible chromatin structure. In gen-

eral, it was observed that the regulatory regions of genomes tend to be associated

with open chromatin and nucleosome free regions, and these regions were later

referred to as DNase I hypersensitive regions (DHSs) [99].

Chromatin accessibility is suggested to be an important factor in determining the

location of recombination hotspots. There have not been many studies aiming to

look at this association directly. However, the ones that have been reported agree

with the idea that accessible chromatin serves as a background that promotes mei-

otic recombination. In yeast, studies have provided evidence that recombination

sites have open chromatin structure [100, 101, 102, 103]. For example, Ohta et

al. reported that in budding yeast, DSB variability and recombination frequen-

cies were found to correspond with modifications in chromatin structure. It was

seen that hypersensitivity to DNase increased at hotspots earlier on in meiotic

prophase i.e. before the formation of DSBs. One interpretation for this was given

by Bergerat et al. [104], suggesting that a chromatin modification is necessary

early in meiosis which serves as a substrate for DSB inducing enzyme SPO11.

Another explanation was given by Kleckner et al., who suggested that change

in chromatin accessibility could be the result of a recombination complex that

assembles at the given site before a DSB is formed [18].

Wu and Lichten presented the evidence for an association between DNase hyper-

sensitive sites and DSB sites. However, they also noted that accessible chromatin

is necessary but not su�cient to generate DSBs, as regions with lower DSB fre-

quency at the two promoter regions tested retained their chromatin accessible

patterns, and deletions that increased the frequency of DSBs at these sites did

not alter DNase accessibility [105].

In mammals, evidence for a similar association has been reported by a few stud-

ies. Shenkar et al. tested if an increase in recombination activity results from

increased DNA accessibility. They looked at a well established meiotic recombi-

nation hotspot in mice and found a DNase hypersensitive site in this region, near

which they located binding sites for three Transcription Factors (TFs). This led
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them to conclude that binding of TFs may contribute to increase in recombina-

tion activity by modifying chromatin structure making it more accessible for the

recombination machinery [106]. However in humans and mice (unlike in yeast)

few, if any, hotspots are found at DNase accessible promoter regions. Interest-

ingly, Smagulova et al. [75] found that in Prdm9-/- mice DSBs re-localised to

H3k4me3 peaks, often at promoters, which suggests that PRDM9 may actually

play a role in keeping DSBs away from promoters and DNase hypersensitive sites

if marked by H3K4me3. A resolution to these di↵erences has not yet been found.

1.5.2 Nucleosomes

Chromatin by nature is not accessible and normally occurs as repressed by nu-

cleosomes [107, 108]. Nucleosomes contain about 147bp of DNA wrapped around

a histone ocatmer. The histone octamer contains two copies of the core histone

proteins H3A, H2B, H3 and H4 [107]. The nucleosomes are separated by about

20 base pairs of DNA, which is referred to as the linker region [109, 110].

The genome contains binding sites for TFs, whose recruitment or assembly leads

to a change in chromatin conformation. Since the mid 90s there has been a lot of

research in the area of chromatin modifications and modifying enzymes. There is

now considerable information on the specific kinds of modifications found at pro-

moters, genic regions, intron and exon boundaries etc. Recent studies [111, 112]

exhibit evidence of a positive association between nucleosomes and recombina-

tion hotspots. Castro et al. [113] generated a genome-wide nucleosome profile for

fission yeast, and noted that there was a significant amount (over 80%) of colo-

calization between the origin of replication and DSBs in intergenic regions [113].

They also reported that the nucleosome depleted regions were the only common

feature that was shared by all meiotic recombination hotspots in the fission yeast

[111, 114, 113].

Getun et al. looked at nucleosome profiles at four recombination hotspots in mice

and their findings suggested that nucleosome occupancy appears to direct recom-
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Figure 1.6: Model for PRDM9 mediating meiotic recombination. PRDM9
may potentially be recruited to recombination hotspot sites by existing favourable histone
modifications (white circles) or other chromatin related factors. It makes an H3K4me3
mark and modifies chromatin. This chromatin modification triggers SPO11 activity to
produce double strand breaks. Figure adapted from Satya et al. [115]
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bination activity. They observed that the centres of these hotspots were mainly

DNase accessible, but interestingly, at sites within the hotspot centre where nu-

cleosomes occurred, these sites showed little or no cross-over activity [112]. On

the contrary, Smagulova et al. reported that higher nucleosome occupancy was

associated with recombination hotspots in mice, and hypothesized that hotspots

may be involved in nucleosome positioning [75]. There is still, therefore, much

about the mechanics of this association (and that of histone modifications) that

remains to be understood (see figure 1.6 for one possible model).

Another interesting recent finding by Smagulova et al. [20] was that the H3K4me3

marks at mouse hotspots are specific to hotspots i.e. recombination sites were

seen to be associated with testis specific H3K4me3, and were distinctly di↵erent

compared to the H3K4me3 marks at transcription sites.

1.5.3 Histone modifications

Histones are able to undergo a number of modifications, made by histone modify-

ing enzymes, which correlate with cellular processes like transcription activation

and repression. To date over 100 such modifications have been reported. For ex-

ample, histone marks associated with transcription activation include H3K4me3,

H3K36me3, H3K9ac, H3K14ac, H4K12ac whereas transcription repressing marks

include H3K27me3, H3K9me2, H3K9me3 etc. [116, 117, 118].

In non-mammalian species a number of mutations in enzymes that have a role in

post translational histone modifications have been reported to reduce DSB activ-

ity, which is suggestive of an association between these histone modifications and

DSB formation or recombination activity. In yeast, Yamada et al. and others

noted that the H3K4me3 mark occurs at meiotic DSB sites [119, 120]. DSBs are

reduced in the absence of H3K4 methyltransferase enzyme, Set1, in yeast [121].

Borde et al. [84] showed that in yeast, H3K4me3 is enriched at DSB sites, in-

dependently of gene transcript levels. They also showed that in the absence of

Set1, DSB formation dropped at 84% of the hotspots.
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De Massy et al. [122] examined the relationship between post-translational hi-

stone modifications and the psmb9 recombination hotspot in mice, aiming to

di↵erentiate between marks that occur before recombination activity and ones

that occur after. They showed that there were a number of histone modification

marks that were enriched at the hotspot. H3K4me3, H3K4me2 and H3K9ac were

enriched at the recombination initiating site and were also present in Spo11-/-

mice, suggesting that these precede the initiation of recombination at the psmb9

hotspot. They also noted that hyperacetylation of H3K4 was enriched at both

recombining chromatids, implying their increase is a result of DSB formation.

These features were also common to another mouse hotspot Hlx1 [85].

1.5.4 Transcription Factors

Evidence for non-histone (other than PRDM9 and other known parts of the re-

combination machinery) proteins interacting with recombination hotspots to me-

diate their activity has been supported by a number of groups. In E.coli, an

enzyme called RecBCD was reported to interact with a particular motif called

Chi, to increase recombination [123, 124]. In yeast, White et al. performed an

experiment to show that the binding of transcription factors is able to stimulate

recombination activity at the HIS4 hotspot. They noted that the HIS4 hotspot

contains binding sites for transcription factors Rap1p, Gcn4p, Bas1p and Bas2p

and mutations that abolish the binding sites for Rap1p or Bas2p can eliminate

hotspot activity at this site. This implies that transcription factor binding and

recombination appear to be associated. However, the authors noted that removal

of the TATA sequence which is required for HIS4 expression does not alter re-

combination activity [125, 126, 127].

Kirkpatrick et al. further followed up the findings of White et al.[125] and re-

ported that HIS4 hotspot activity is dependent on Rap1p transcription activators,

but transcription at HIS4 is not associated with recombination activity. However,

they noted that this recombination inducing activity of Rap1p does require the
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transcription activation domain. They showed that a hybrid protein containing

the Gal4p-DNA binding domain with Rap1p transcription activation domain is

capable of stimulating recombination by binding to the Gal4 binding site up-

stream of the HIS4 region. The authors termed hotspots in yeast cells that are

transcription factor dependant as “alpha hotspots” and those not requiring tran-

scription factors as “beta” hotspots [126].

In yeast, Kon et al. studying the M26 hotspot, established that the Mst1/Mst2

heterodimer is important for the activity of M26 hotspot. Other similar studies

have reported that this heterodimer is also responsible for regulating the timing

along with activation of many additional hotspots. This finding again provides

evidence that specific transcription factors may be required to bind cis-acting

sites to activate recombination hotspots [128]. Yamada et al. also showed the

role of histone acetyl transferases, coordinating with ATP-dependant chromatin

remodelling factors, in selective activation of transcription to mediate recombi-

nation activity at the M26 hotspot [129].

Together these findings indicate that a complex network of transcription factors

may be involved in activation of recombination hotspots. Possible mechanisms

that bring about this collaboration may be that 1) transcription factors are able

to interact with some other recombination initiating complexes to stimulate re-

combination (e.g. the activation domain of a TF may be able to help recruit

recombination machinery) or 2) binding of transcription factors may result in

modification of chromatin rendering the chromatin accessible, which may in turn

activate transcription and/or recombination [130, 131]. The next chapters will

describe in more detail about how we looked into the association of the epigenetic

marks mentioned above, and others, with recombination hotspots in humans. We

will also find evidence for interactions between TF binding and recombination ac-

tivity of PRDM9.
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1.6 Aims and objectives

In the light of recent findings, that have contributed to highlighting the role of

PRDM9 in hotspot regulation, broadly, this research work aims to address two

main questions: 1) Is PRDM9 able to directly bind exact matches to the 13bp

motifs, as well as the less exact, or degenerate versions of the motif in the genome?

and 2) What features determine PRDM9 binding at its target sites, and subse-

quent hotspot formation? To investigate this we will map PRDM9 binding sites

in the genome, and look at various epigenetic marks surrounding the binding sites

with an aim to understand the type of local chromatin environment that is likely

to be most favourable for PRDM9 binding and cross-over hotspot activity. To

answer these questions, we will use both in-vitro and in-vivo approaches.
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Chapter 2

PRDM9 sequence targets

in-Vitro

2.1 Introduction

We know that PRDM9 seems to contest all hotspots [79, 77, 53], however, no

identified motif targets are seen in 60% of the hotspots. This is highlighted by

Berg et al.’s work mentioned in the previous chapter, which tested PRDM9 activ-

ity at 10 hotspots, 5 of which contained the motif and 5 did not. We aimed to use

an experimental approach, electrophoretic mobility shift assays (EMSAs) [132],

described below, to ask if PRDM9 binding of specific targets could be confirmed

in these hotspots. We also aimed to understand PRDM9 binding to good or poor

motif matches. Hence, the primary aim of work described in this chapter was,

broadly, to address the following questions: 1) Is PRDM9 able to bind specifi-

cally to the 13-mer motif? and 2) Is it able to tolerate degeneracy by exhibiting

binding to more degenerate versions of the motif? We used an in-vitro approach

(EMSAs) to attempt to answer these questions.

The EMSA assay is a sensitive technique, which detects if the protein of interest

can interact with a chosen DNA sequence on a polyacrylamide gel. It makes use

of the fact that free running DNA will have a higher electrophoretic mobility than

that of a larger protein-DNA complex. Radioisotope labelled (32P) DNA probes
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are used, the mobility of which can be detected by autoradiography [132]. The

speed at which these complexes move through the gel is determined by features

including their size and charge. The control lane is run with the radiolabelled

“probe only” i.e. it is run without the protein present and will therefore con-

tain only the unbound DNA. In the lanes with both probe and protein, if the

protein is capable of binding to the DNA fragment, this lane will show a band

that represents the complex of DNA bound to protein. Additional lanes are run

with competitor probes to determine the most favorable binding sequence for

the protein in question. A competitor probe is not radiolabelled, and could be

a related (e.g. an identical “self” probe) or an unrelated sequence to the radi-

olabelled probe which contains the binding target for the protein. Competition

with related sequence should result in a decrease in band intensity, as less protein

is then available to bind to the radiolabelled probe. In contrast, an unrelated

competitor, which is not bound by the protein of interest is not expected to have

any a↵ect on band intensity, as the protein should only bind to the radiolabelled

probe being tested. These lanes can then confirm binding that is specific to the

sequence being tested. Further, a super-shift lane is able to recognise identity of

the protein binding the tested target sequence, using an antibody against it.

To apply this approach to study PRDM9 binding requires recombinant PRDM9,

or nuclear extracts with su�cient amount of PRDM9. Hence, we designed gel-

shift experiments with both commercially available testis nuclear extract, and

recombinant protein. The task of synthesizing recombinant PRDM9 was initially

assigned to a company (GenWay Bio); in the case they were unable to success-

fully deliver full-length purified protein, a parallel objective was to synthesize

full-length PRDM9, in collaboration with the Structural Biology Unit (STRUBI)

at the Wellcome Trust Centre for Human Genetics.

In the first section of this chapter I will discuss the initial experiments performed

using testis nuclear extract and company synthesized PRDM9, and the caveats

involved. These experiments were somewhat unsuccessful in expressing PRDM9,

though allowed us to optimize experimental conditions. In the later sections, I

will discuss our findings from the gel-shifts using full length PRDM9, that was
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synthesized in collaboration with STRUBI, and which did allow us to study bind-

ing properties of the protein.

2.2 Initial Gel-shift experiments

2.2.1 EMSAs with testis nuclear extract

In line with our primary objectives discussed above, we aimed to test PRDM9

binding to various motif-containing and non-motif containing DNA sequences.

We initiated a first set of gel-shift assays using commercially available human

testis nuclear extract. As the extract is composed of a mesh of cells at all stages

of the cell cycle, we may hope that PRDM9 is present in su�cient amounts to

be detectable by sensitive gel shift assays. We used two probes for the initial

experiments, referred to as: THE1 and Cold-1 (Table 2.1). The THE1 probe

contains the 13-bp core motif present in the THE1 repeat background sequence,

and is expected to bind PRDM9 based on LD predictions (THE1 repeat elements

have been reported to show elevated recombination rates in the presence of this

canonical motif [68], as discussed in more detail in chapter 1). Cold-1 probe is

a sequence from a random recombinationally inert region showing no evidence

of hotspot activity and is not expected to bind PRDM9. Further details of the

full list of probes tested for this and subsequent experiments are given in Table 2.1.

Supplementary figure 1 shows results from one of these experiments, which tests

binding of PRDM9 (potentially present) in the nuclear extract to THE1 labelled

probe. A DNA-protein complex was observed, which implied sequence specific

binding, as indicated by fainter bands when competed with 10 and 100 fold excess

of unlabeled THE1 oligos. On competing with an unrelated and unlabeled “cold”

competitor probe, we saw no di↵erence on binding a�nity, suggesting binding is

probe specific. However, we were not able to see a super-shift in the PRDM9

antibody lanes which aim to test if the complex is in fact bound by PRDM9.

The main concern with these initial experiments using testes nuclear extract was

the fact that PRDM9 is only expressed in the prophase stage of cells undergoing

32



Probes Sequence Description LD based 
predictions 

THE1 TGCCTTCCATCATGATTATGAGGCCTCCCTAGCCACATGTA Motif in THE1 repeat background Binds;  localizes LD 
based hotspots 

THE1_snp2 TGCCTTCCATCATGATTATGAGGCATCCCTAGCCACATGTA 
Targeted disruption in THE1 motif at 
position 2 

Does not bind 

THE1_snp5 TGCCTTCCATCATGATTATGAGGCCTCTCTAGCCACATGTA 
SNP in THE1 motif at non-degenerate 
position 5 

Does not bind 

L2 AATGTCACCTCCTCAGTGAGGCCCTCCCTGACCACCCAGTT Motif in L2 repeat background 
Binds; localizes LD 
based hotspots 

SNP2_L2 AATGTCACCTCCTCAGTGAGGCCTTCCCTGACCACCCAGTT 
SNP in L2 motif at non-degenerate 
position 2 

Does not bind; No 
hotspot in LD 

SNP12_L2 AATGTCACCTCCTCAGTGAGGCCCTCCCTGACCGCCCAGTT 
SNP in L2 motif at degenerate position 
12 

Binds 

THE1_perm CACCATCGTGTGCCAAAATGTTTTCTCTACCCGTCTCAAGG 
Permuted version of THE1 motif 
[Control: cold sequence] 

Does not bind 

In-Silico GAACACCAGACGACGAAGAAGAACCGCCGTAACCACCGAT In-silico sequence match, on comparing 
predicted motif degeneracy for PRDM9 
with degenerate patterns in 13-mer motif 

Binds 

LD_consensus TGCCAGCTTTCTTCTTAAGGCCTCCCTAACCACCCCTCT LD consensus sequence indicating the 
best binding sequence for PRDM9 

Binds 

Cold-1 CTCAAATGATCTGGCTGGCAGTGATCTCATGTGACCTGTCA Random cold DNA sequence 
Does not bind 

 Degenerate 13-mer motif: ‘CCNCCNTNNCCNC 
Core 13-mer motif: ‘CCTCCCTNNCCAC 

Table 2.1: Probes designed for gel shift assays. Sequences above the table are the core
and degenerate versions of the 13-mer motif, with N indicating degenerate positions.
The table provides oligo sequences with red letters indicating the location of the 13-mer
motif within each oligo sequence. The blue underlined letters indicate mismatches to
the core motif.
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meiosis. To ascertain if PRDM9 was present in the extract, would require one

to perform Western Blots to confirm, which in turn require a “good” antibody

against PRDM9; these confirmation experiments were not carried out at this

stage (given negative results in any case; Later we do perform such experiments).

The antibody requirement would also hold to carry out super-shifts in EMSAs to

ensure that the protein-DNA complex detected by these assays did in fact include

PRDM9. We initially used a commercially available PRDM9 antibody. However

at that stage, it was unknown how well the antibody could work under these

assay conditions. Another concern was that the protein-DNA complex observed

appeared to be moving very quickly through the gel, which implies the complex

is formed by a protein having a low molecular weight. We would expect this com-

plex to be higher up on the gel i.e. with lower mobility, owing to the fact that

PRDM9 is a large protein of predicted molecular weight around 100 KDa (see

later results). Therefore, at this point it seemed unlikely that we were observing

true PRDM9 binding to our probe, and we felt it was in any case di�cult to

validate results, given the issues listed above. The next set of experiments then

used the company synthesized PRDM9, which we hoped might provide greater

concentration and purity of protein.

2.2.2 EMSAs with company synthesized PRDM9

The next gel-shifts were performed using PRDM9 synthesized by GenWay Bio.

[Brief description of protocol: HEK293 cells had been transfected with vector

DNA encoding for Myc (C-terminal) and Flag (N-terminal) tagged PRDM9.

PRDM9 was provided in three batches. Batch 1 contained PRDM9 isolated from

cytosolic fraction, with additional protein contaminants (Western Blot showed

there was a contaminant band which was not recognized by MYC or FLAG

antibody). Batch 2 and 3 were described as containing PRDM9 isolated from cy-

tosolic and nuclear fraction respectively, with no additional protein contaminants

visible on SDS-PAGE].

Supplementary figure 2 shows results from one of the gel shift experiments using
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PRDM9 from Batch 1 (containing full length PRDM9 and also contaminant pro-

teins). We investigated PRDM9 binding with two probes: L2 and L2-snp2. Both

probes contain motifs, but incase of the latter a SNP at non-degenerate base 2 of

the motif, is expected to disrupt binding. A protein-DNA complex was seen in

both lanes with these probes. There is in-vivo evidence that a SNP at the second

non-degenerate base of the motif is expected to reduce binding activity. Myers et

al. [68] showed that the L2 repeat carrying either core or degenerate version of

13-bp motif showed a narrow peak in average recombination rate centered at the

motif. However, in the case where this motif in L2 repeat region was disrupted

at position 2 from “C” to “T”, there was no such peak observed indicating no

recombination activity as a result of this change. This evidence, however, appears

inconsistent with the band we observed in the L2-snp2 lane. Further, we looked

at PRDM9 binding with two cold probes i.e. THE1-perm and Cold-1, which do

not confer any hotspot activity. Again, both cold probes show the same pattern

of binding as seen in the case of the motif containing probe L2. Finally, an as-

sessment of all three batches of PRDM9 sent by the company showed that only

batch 1 shows binding with the motif containing THE1 probe, whereas batches

2 and 3 (containing truncated PRDM9) show no evidence of binding.

These equivocal results led to concerns about the quantity and quality of PRDM9

present in these batches. On further examination and discussion with company

researchers, we discovered that batch 1 was the only one containing full length

PRDM9, but was also the only batch with a contaminant protein. Batches 2

and 3 contained a truncated version of PRDM9 (about 50-60kDa in size). The

truncated protein was recognized by Flag antibody in western blots. Since the

Flag tag was attached to the N-terminal end of PRDM9, this meant the trun-

cated PRDM9 present in batches 2 and 3 did not contain the DNA binding zinc

finger domain. The company researchers were not able to see any positive re-

sults on western blot using Myc-antibody to detect the C-terminal myc tag of

PRDM9, which was quite concerning. Given these problems, it became very

unclear whether the DNA binding protein from batch 1 was actually full-length

PRDM9, or the contaminant protein. In light of the existing issues, to be able

to make any meaningful inferences from in-vitro experiments, it was decided to
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initiate synthesizing full-length PRDM9 protein, in collaboration with STRUBI

at the Wellcome Trust Centre.

2.3 Gel-shifts with full-length PRDM9

All subsequent gel-shift experiments were performed using the full length recom-

binant PRDM9. The full length protein was synthesized in four di↵erent versions,

with respect to tag type and the terminal to which it was attached. The four

constructs prepared were 1) PRDM9 with N-terminal His-tag, 2) PRDM9 with

C-terminal His-tag, 3) PRDM9 with N-terminal GFP-tag and 4) PRDM9 with

C-terminal GFP-tag. The reason for preparing these di↵erent constructs was to

ascertain that at least one would have stable conformation without compromising

functional changes owing to the presence of tags, and also to facilitate the ex-

traction/ purification process which may be more e�cient for proteins expressed

with tags at the N-terminal rather than the C-terminal, or vice-versa. In order to

express PRDM9, transfection was carried out in insect cells as opposed to mam-

malian cells, as in the latter these cells appeared to have a low rate of transfection

and expression, when tested, and so were not able to produce enough PRDM9

for purification.

2.4 Methods

2.4.1 DNA cloning

For expression in insect cells baculo virus expression system (pBacPak9) was used.

pBacPac9 can e�ciently produce a large amount of recombinant protein in insect

cells. Also, the post-translational processing of mammalian proteins expressed in

insect cells is similar to processing in mammalian cells, which makes the biolog-

ical activities of mammalian recombinant proteins similar to those expressed in

mammalian cells. Constructs were cloned into pBacPac9 vector using the cloning

plan (supplementary figures 3 and 4 ).
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2.4.2 Large Scale Transfection

Constructs were transfected into insect cells, and transfected cells were visualised

under the microscope. Figure 2.1 shows expressed Venus tagged PRDM9 localizes

inside the nucleus, which confirms that the protein functions as expected, as it is

able to be transported into the nucleus after post-translational modifications.

Figure 2.1: Image showing GFP-tagged PRDM9 expressed in the nucleus of insect
and mammalian COS7 cells.

2.4.3 Extraction/Purifiction of PRDM9

Cells were lysed with high salt lysis bu↵er and chromatin was sheared by son-

icating at 40% amplitude for 30 seconds with a total of 10 cycles on ice. The

supernatant, after spinning cells at 4000 rpm for 10 minutes and containing cy-

toplasmic material was discarded. The nuclear pellet was further treated with

extraction bu↵er, to extract nuclear proteins and was spun at 18000 rpm for

45 minutes. The supernatant from this spin containing nuclear extract was then

used for further purification. Partial purification of His-Tagged PRDM9 was done

using a column of cobalt-coated talon beads, which have a high a�nity for the

His tag. Briefly, the beads in column were first equilibrated with water. The
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supernatant was passed through the column (collected as flow through), the col-

umn was then washed with approximately 400ml of extraction bu↵er to remove

non-specifically bound proteins (collected as wash). Finally, beads attached with

proteins were eluted out with Imidazole bu↵ers of varying concentrations (20mM,

50mM, 250mM and 500mM), with higher concentrations aiming to elute more

tightly bound proteins. A western blot was run to determine which of these elu-

tions (if any) contained the His-tagged PRDM9. PRDM9 was eluted at 20mM

concentration of Imidazole (see figure 2.2). Eluted protein was aliquoted and

stored at �800, and later used to perform gel-shift assays.

Figure 2.2: Western blot results for PRDM9: A 100KDa band (indicated by arrow)
corresponding to molecular mass of full-length PRDM9, is observed at 20mM imidazole
elutions.

2.4.4 Labelling DNA probes for Gel-shift experiments

Oligos (designed with agct overhangs to facilitate labeling reaction) were first

annealed with NEB bu↵er 2 set in boiling water and left overnight to anneal.

The annealed oligos were incubated with dCTP, bu↵er, klenow enzyme and 32P

38



dCTP for 45 mins. The enzyme was deactivated at 650 for 10 mins. Reaction mix

was passed through a resin column and spun for 2 mins to remove any radioactive

nucleotides below 5bp in size. Probe radiation activity was then measured with

a scintillation counter as counts per minute. Finally, water was added to get a

final 6,667 cpm/ul for each probe. We used 3ul of this labeled probe for each

binding reaction in EMSA (i.e 20,000 cpm/ reaction or lane).

2.4.5 Binding reaction

Binding reactions were carried out by incubating recombinant protein in binding

bu↵er, dIdC, BSA and the radiolabelled probe for 15 minutes at room temper-

ature. Competition experiments were carried out as following: First, a 15-20

minute incubation of PRDM9 with unlabelled competitor (e.g. Anti-His Anti-

body for supershifts or related / un-related competitor at di↵erent dilutions) in

the binding bu↵er in cold room (40). The 2nd incubation was a 10-15 minute

incubation of PRDM9+unlabelled competitor mix with radiolabelled probe at

room temperature.

2.4.6 Preparing EMSA Gels

The reaction mix was then loaded on to a 5% polyacrylamide gel, which was set

at 40 and run at 200V for 3 hours. The gel was then dried on 3mm blotting paper

covered with saran film at 800 for 1 hour. The dried gel was then exposed to film

in a cassette overnight (⇠ 16-18 hours).

2.5 Results

2.5.1 PRDM9 binds the canonical 13-mer Hotspot Motif

The first set of gel shift assays were performed to test the concept that PRDM9

binds in-vitro to the 13-mer motif. As discussed previously, an LD based con-

sensus sequence, which we used to produce an “LD” probe, is predicted to be a

strong binding sequence for PRDM9 zinc fingers; this probe contains the stringent
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core (CCTCCCTNNCCNC) motif. This “core” motif was obtained by investi-

gating repeat (THE1A/B and L2 elements) and non-repeat DNA, for flanking

bases within 50 bp that are influential in determining hotspot occurrence. This

revealed the sequence “CCTCCCTNNCCAC” to be the strongest determinant

of hotspot occurrence. On further testing of motif occurrence outside repeat el-

ements, and mismatching a single base of the 13-bp core motif, an additional

degeneracy at positions 3, 6 and 12 within the motif was observed. Mismatches

at these positions still confer some level of hot-spot activity. The “degenerate”

consensus sequence was CCNCCNTNNCCNC. As the first exploratory experi-

ment, the LD probe was tested along with an in-silico sequence match to the

bioinformatically predicted PRDM9, containing the degenerate version (CCNC-

CNTNNCCAC) of the motif [68]. Figure 2.3 shows that PRDM9 binds strongly

with the LD probe; the unlabeled self competitor at 5 and 20 fold excess com-

petes with the labelled LD probe, while the 20-fold excess of an unrelated control

sequence does not compete, implying binding to the LD probe is sequence spe-

cific. The protein-DNA complex is recognized by the anti-His antibody, causing

a supershift, which confirms that it is in fact His-tagged PRDM9 that is bound

to the LD probe. A similar binding pattern with PRDM9 is seen for the in-silico

probe. The above mentioned motif containing probes are compared to a control,

the THE1-permuted probe, which shows no binding to PRDM9 and no supershift

with anti-His antibody, as expected.

Next, two more core motif containing probes were tested, whose sequence

comes from recombinationally active THE1B and L2 repeat backgrounds of DNA

as determined by LD predictions. Motifs in the THE1 background within the

human genome have been shown to result in hotspots 60% of the time, and are

predicted to have a two-fold greater level of recombination activity compared to

the L2 background. As both probes contain the stringent 13-mer motif and show

hotspot activity in humans, they would be expected to bind well with PRDM9,

with certain disruptions, specially in non-degerate positions of the motif sequence,

causing a disruption in binding. Figure 2.4 shows that THE1 probe binds to

PRDM9. With increasing concentrations of unlabeled THE1 probe, we see a

decrease in band intensity, implying competition is e↵ective. The unlabeled cold
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PRDM9           x       v      v     v                         x              x                     x                    x     

Competition  x        x         5x      20x    20xc   Ab           x     x       20xc     Ab            x         x      20xc     Ab  

                             LD                                   In-Silico                             THE1_Permuted            
                         

Figure 2.3: PRDM9 binding to LD and in-silico based consensus sequence containing
the 13-mer motif; Lane 1: LD probe only, Lane 2: LD probe and PRDM9, Lane 3:
LD probe with 5 fold excess of self unlabeled competitor, Lane 4: LD probe with 20 fold
excess of self unlabeled competitor, Lane 5: LD probe with 20 fold excess of unlabeled
THE1-permuted competitor, Lane 6: LD probe with PRDM9 super-shifted with anti-His
antibody, Lane 7 : In-silico probe only, Lane 8: In-silico probe and PRDM9, Lane 9:
In-silico probe with PRDM9 and 20 fold unlabeled THE1-permuted competitor, Lane
10: In-silico probe with PRDM9 super-shifted with anti-His antibody. Lane 11: THE1-
permuted probe only, Lane 12: THE1-permuted probe with PRDM9, Lane 13: THE1-
permuted probe with PRDM9 and 20 fold unlabeled Cold-1 competitor, Lane 14: THE1-
permuted probe with PRDM9 super-shifted with anti-His antibody.
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competitor, THE1-permuted probe is unable to compete with THE1, and finally

supershift with anti-His antibody confirms the band as a PRDM9 and THE1

probe complex.

2.5.2 Single base disruptions in the motif can abolish PRDM9

binding

Next, we performed targeted single base disruptions on THE1 motif to determine

if they have an impact on PRDM9 binding. Probes were designed so that in one

case the motif was changed at base 2 from C to A (probe: THE1-snp2), and in

another case there was a C to T change at position 5 (probe: THE1-snp5), i.e the

motif in both cases was disrupted at a non-degenerate position. It was observed

that PRDM9 binding was almost abolished with THE1-snp2, but retained in the

case of THE1-snp5, suggesting some (previously unknown) degeneracy at position

5 within the motif.

On referring to computational evidence [53] which provides the estimated

probability for each nucleotide at a given position in the motif, a possible expla-

nation for PRDM9 by retaining binding to the THE1-snp 5 probe may be that

while a T in place of C at position 5 is predicted to reduce activity by 5-fold on

average, this is also the most degenerate of all 8 non-degenerate bases.

Testing the L2 probe shows that it binds with PRDM9 as expected, approxi-

mately as strongly as the THE1 probe. Changes in the L2 probe were made at

base 2 (probe L2-snp2) and base 12 (probe L2-snp12) i.e at a non-degenerate and

degenerate position in the motif, respectively. PRDM9 binding was strongly dis-

rupted in both cases. Any changes at non-degenerate positions are not expected

to strongly influence PRDM9 binding, however going back to computational ev-

idence, it is seen that a G at base 12 is the least degenerate of all degenerate

changes. Additionally, there could be a role of nucleotide preference at certain

positions, which may be specific to a given background. There is convincing evi-

dence from these gel-shifts that a mutation at base 2 of the 13-mer motif (from

C to A or T), at least in the L2 and THE1 backgrounds, is likely to almost
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         1      2      3      4      5      6     7      8     9     10     11       12     13    14    15    16         17    18

                                      THE1                              L2                               THE1_snp2                L2_snp2              THE1_snp5        L2_snp12        

         x       x    20xc   Ab     x      x       20xc   Ab      x       x    20xc         x       x    20xc        x       x           x       x   

x x x x x x    PRDM9

   competition

Figure 2.4: PRDM9 binds to a probe containing the 13-mer motif within the THE1 and
L2 repeat backgrounds; Lane 1: THE1 probe only, Lane 2: THE1 probe and PRDM9,
Lane 3: THE1 probe with PRDM9 and 20 fold excess of THE1-permuted unlabeled
competitor, Lane 4: THE1 probe with PRDM9 super-shifted with anti-His antibody,
Lane 5: L2 probe only, Lane 6: L2 probe and PRDM9, Lane 7: L2 probe with PRDM9
and 20 fold excess of THE1-permuted unlabeled competitor, Lane 8: L2 probe with
PRDM9 super-shifted with anti-His antibody, Lane 9: THE1-snp2 probe only, Lane 10:
THE1-snp2 probe with PRDM9, Lane 11: THE1-snp2 probe with PRDM9 and 20 fold
excess of THE1-permuted unlabeled competitor, Lane 12: L2-snp2 probe only, Lane 13:
L2-snp2 probe with PRDM9, Lane 14: L2-snp2 probe with PRDM9 and 20 fold excess
of THE1-permuted unlabeled competitor, Lane 15: THE1-snp5 probe only, Lane 16:
THE1-snp5 probe with PRDM9, Lane 17: L2-snp12 probe only, Lane 18: L2-snp12
probe with PRDM9.
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completely abolish PRDM9 binding.

2.5.3 PRDM9 binds all recombination hotspots

With this first set of experiments, we are therefore able to conclude that we can

determine PRDM9 binding e�ciently through this in-vitro assay, and that this

binding is highly specific to target sequences of interest. Our next goal was to de-

termine if PRDM9 can bind only to the obvious 13-mer matching sites in hotspots

or to sequences within other recombination hotspots. As mentioned previously,

Berg et al. have shown that small allelic PRDM9 variations are su�cient to

trigger or turn o↵ hotspot activity, and that these changes a↵ect recombination

activity at both motif and non-motif containing hotspots [79]. To test the hy-

pothesis that PRDM9 can bind in the absence of clear motif occurrences, probes

were designed to test PRDM9 binding to all 10 of the hotspots examined using

sperm typing by Berg et al. (Table 2.2).

Of these ten hotspots F, K, CF, CG and PAR2 are motif containing, whereas

hotspots E, S, T, Q and U lack an obvious motif at the centre of the hotspot. To

design these probes, the following criteria was used: Berg et al. [79] had reported

matches to the 13-bp motif in their 10 selected hotspots (eg. 0-3 mismatches

with core motif; or 0-2 mismatches to the “degenerate” motif), located within

from the centre of hotspots. To construct our probes for each of the 10 hotspots,

we selected the closest motif match, by finding the 13-bp word that was located

within 50bp of the centre of these hotspots and was the closest match to the 13

bp motif, i.e. in the case of motif containing hotspots, the designed probes con-

tained 0 or 1 mismatches with the core or degenerate motif; whereas for hotspots

without a clear motif, the probes had 2 mismatches to the degenerate motif in all

5 cases. We then added 21 bases upstream and about 5 bases downstream of the

motif sequence to provide su�cient bases for PRDM9 to bind without any issues

of possible edge e↵ects, given the 13-mer occurs o↵ centre in the PRDM9 binding

target, as determined either in silico or based on LD patterns. Details of number

of mismatches for each of these probes is given in Table 2.2. PRDM9 showed

evidence of binding to probes taken from all five out of the five motif containing
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Table 2.2: Probes designed to test Berg et al.’s hotspots. The first five oligos are
sequences from hotspots containing central motifs, the next five oligos are sequences
from hotspots reported to lack a clear motif. Sequences above the table are of the core
and degenerate forms of the 13-mer motif, with the letters in grey indicating degenerate
positions. The table provides oligo sequences, with red letters indicating location of
approximate matches to the 13-mer motif within each oligo sequence. The blue letters
indicate bases not matching the consensus within the motif.

hotspots tested.

Interestingly, PRDM9 was also clearly seen to bind with all the five probes

with only a weak 13-mer motif. Figure 2.5 shows binding results for 5 of the

10 probes tested (F, K, S, T, E). The red X marked next to probes S, T and

E indicates probes that are the more degenerate versions of the canonical motif

(allowing for at most 2 mismatches within the degenerate motif). The two rows

below “PRDM9” and “Competition” are marked with checks and crosses to in-

dicate the presence or absence of each, respectively. For example, lane 1 contains

probe F only, which serves as a blank/control lane. Lane 2 contains probe and
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PRDM9           x       v      v     v             x      v         v     v         x                                  x                                    v 

Competition       x       x      Ab    20xc      x      x     Ab    20xc      x      x      Ab   20xc    x      x     Ab  20xc          x       x        Ab  20xc  

F                                 K                                S(X)                    T(X)                              E(X) 

         1      2     3      4      5      6     7      8     9      10    11   12     13    14   15   16     17    18    19    20

Figure 2.5: PRDM9 binding to sequence within Berg et al.’s hotspots. The X in red
next to hotspot names indicates the hotspots that are reported not to contain a match
to the motif by Berg et al.: Lane1: Probe F only, Lane 2: Probe F with PRDM9, Lane
3: Supershift with anti-His antibody, Lane 4: Probe F with 20 fold excess of unlabeled
THE1-permuted probe, Lane 5: Probe K only, Lane 6: Probe K with PRDM9, Lane
7: Supershift with anti-His antibody, Lane 8: Probe K with 20 fold excess of unlabeled
THE1-permuted probe, Lane 9: Probe S only, Lane 10: Probe S with PRDM9, Lane
11: Supershift with anti-His antibody, Lane 12: Probe S with 20 fold excess of unlabeled
THE1-permuted probe, Lane 13: Probe T only, Lane 14: Probe T with PRDM9, Lane
15: Supershift with anti-His antibody, Lane 16: Probe with 20 fold excess of unlabeled
THE1-permuted probe, Lane 17: Probe E only, Lane 18: Probe E with PRDM9, Lane
19: Supershift with anti-His antibody, Lane 20: Probe E with 20 fold excess of unlabeled
THE1-permuted probe.
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Figure 2.6: PRDM9 binding to sequences within Berg et al.’s hotspots (continued):
Lane1: Probe CF only, Lane 2: Probe CF with PRDM9, Lane 3: Supershift with anti-
His antibody, Lane 4: Probe CF with 20 fold excess of unlabeled THE1-permuted probe,
Lane 5: Probe CG only, Lane 6: Probe CG with PRDM9, Lane 7: Supershift with anti-
His antibody, Lane 8: Probe CG with 20 fold excess of unlabeled THE1-permuted probe,
Lane 9: Probe U only, Lane 10: Probe U with PRDM9, Lane 11: Supershift with anti-
His antibody, Lane 12: Probe U with 20 fold excess of unlabeled THE1-permuted probe,
Lane 13: Probe Q only, Lane 14: Probe Q with PRDM9, Lane 15: Supershift with anti-
His antibody, Lane 16: Probe Q with 20 fold excess of unlabeled THE1-permuted probe,
Lane 17: Probe PAR2 only, Lane 18: Probe PAR2 with PRDM9, Lane 19: Supershift
with anti-His antibody, Lane 20: Probe PAR2 with 20 fold excess of unlabeled THE1-
permuted probe.
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PRDM9; the strong band indicates PRDM9 is able to bind specifically to the

sequence in the F probe. Lane 3 contains the anti-his antibody as competitor,

the antibody is against the his-tag of PDM9, which in turn is bound to probe

F. Together, the antibody-protein-probe complex causes a “super-shift”. Finally,

lane 4 contains a cold and unrelated probe as a competitor. This sequence is not

recognised by PRDM9, which leaves the intensity of the protein-probe complex

una↵ected and is similar to that in lane 2. We were also able to see similar results

for the remaining 4 probes, i.e. even ones without a clear motif match (marked

with X in red) (figure 2.5, figure 2.6). Probe Q however in figure 2.6, appears

to have a very weak (and noisy) binding signal; this Probe had a caveat that it

contained two motif like sequences very close together on opposite strands, hence

this probe contains a shorter upstream sequence than in the other 9 cases. This

lack of sequence context may in turn, be influencing PRDM9 binding in-vitro.

These results provide overwhelming evidence of interaction between PRDM9 and

the 13-mer motif. As shown in figure 1.6, PRDM9 is suggested to be involved

in initiating recombination, by marking chromatin with the H3K4me3 mark. We

thus need to further understand details of where and how PRDM9 binds and the

consequences of such binding. It may bind at locations with additional sequence

or chromatin features that mark the position of hotspots.

2.6 Summary

Our goal was to determine if we can assess sequence specific binding of PRDM9 to

the 13-bp motif, and also examine degeneracy changes that disrupt this binding.

Using gel shift assays, we were able to determine that PRDM9 shows sequence

specific binding to the LD based consensus sequence containing a strong match

for zinc finger binding sites, with a similar binding pattern for other core motif

containing sequences in the THE1 and L2 backgrounds. A SNP or mismatch at

base 2 of the motif showed complete abolition of binding (as seen in the cases of

THE1-snp2 and L2-snp2 probes), a prediction which is supported by LD-based

evidence from recombination hotspots in the case of L2-snp2, as mentioned pre-
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viously. There were, however, also cases where a mismatch at a non-degenerate

position (THE1-snp5) or a mismatch at degerate position (L2-snp12) would re-

tain or abolish binding respectively, contrary to what we might previously have

expected. In such instances, there may be a more pronounced role of sequence

features within or flanking hotspot motifs, which remain unclear at this point

(In chapter 4, we further explore PRDM9 binding preferences via ChIP-seq). On

examining motif-like sequences at the hotspots investigated by Berg et al., we

were able to observe clear PRDM9 binding to motif sequences near the centre of

all hotspots tested. Even the 5 hotspots without a clear motif showed binding

by PRDM9; the sequences tested at these hotspots were 6/8 matches to the de-

generate 13-bp motif, placed at the centre of the hotspot in question. Together

the results from these binding assays suggest that although PRDM9 is able to

bind specifically to the 13-mer canonical motif, it is also able to tolerate a certain

level of degeneracy within the motif sequence. It is likely that there is nucleotide

preference for each position in the motif, as well as an interaction between bases,

to promote PRDM9 binding. Further, along with nucleotide preference, the back-

ground context surrounding the motif is also likely to play a strong role in PRDM9

binding and subsequent hotspot formation e.g. the local chromatin environment

and various epigenetic marks may influencing PRDM9 binding at recombination

hotspots. These features, in light of the 13-mer motif, will be explored in the

next chapter.
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Chapter 3

Exploring the Chromatin

Landscape around

Recombination Hotspots

3.1 Introduction

We know broadly, that a protein resembling a transcription factor, PRDM9, binds

the 13-bp motif, but we do not know why only some motifs are selectively bound

by PRDM9 to form crossover hotspots. In order to address this, we further ex-

plored motifs present within hotspots to get a better understanding of how these

motifs di↵er from other non-hotspot motifs in the genome. Chromatin is likely

to be an important factor in determining this di↵erence between hotspot and

non-hotspot motifs [133, 111, 83], and may act in two ways: either by allowing

or inhibiting PRDM9 binding, or by allowing or inhibiting subsequent crossover

hotspot formation.

Hence, following the in-vitro experiments that determined binding specificity of

PRDM9 with the canonical motif, we next aimed to computationally explore the

association of various chromatin related features (like DNase hypersensitivity, hi-

stone modification marks, transcription factor binding sites etc.) to provide clues

to factors involved in triggering crossover hotspot activity. In this chapter, we
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use public data to begin to learn about these chromatin features correlating with

whether a motif forms a hotspot. In the next chapter, we use PRDM9 binding

information to separate binding from hotspot formation.

Here, we will identify marks enriched around 13-mer motifs occurring within re-

combination hotspots, relative to motifs in recombinationally inert non-hotspot

regions (or coldspots) which we use as controls. Conversely, we also look for fea-

tures enriched in these coldspots, which would point towards factors that prevent

crossover formation. This investigation may enable us to make inferences about

possible biology underlying observed association and how they may play a role in

marking hotspot locations. We will revisit this topic in chapter 4, using PRDM9

binding sites identified using ChIP-seq.

We compared the presence of any enriched epigenetic marks (available from pub-

lic databases including the Encyclopedia of DNA Elements (ENCODE) [134],

which aim to identify functional elements in the human genome sequence) within

hotspots. The ENCODE project was initiated with the goal of cataloguing all

functional elements of the genome [134]. Using powerful sequencing technolo-

gies and precise analyses, ENCODE has proved to be a useful public resource

for exploring chromatin related factors through a wide range of experiments pro-

vided by participating labs. The experiments include data on various cell types

(lymphoblastoid, kidney embryonic etc.), and the types of data produced broadly

include data on chromatin accessibility (DNase1 hypersensitivity experiments),

nucleosome positions (MNase data), histone modifications and transcription fac-

tor binding sites (ChIP-seq) [134, 135]. For the analysis performed in this chapter,

we use data on chromatin accessibility, nucleosome positioning and transcription

factor binding generated by labs part of the ENCODE project. In addition, data

on nucleosome positioning and histone modifications was also taken from MNase-

seq and ChIP-seq experiments published by Schones and Barski et al. on CD4+

cells [136, 137].
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3.2 Defining hotspot and coldspot motifs

For our analysis in this chapter, we identified 13-bp motifs throughout the genome

(Build 36, hg18) by searching for exact matches to the degenerate motif (CCNC-

CNTNNCCNC) [68]. A total of 270,000 motifs were found of which 29,410 motifs

overlapped LD based crossover hotspots (n=34,137), whereas 246,393 motifs did

not overlap hotspots. A motif is annotated to overlap a hotspot, when the full

length of the 13-bp word is contained within hotspot boundaries. Conversely

motifs that are located outside hotspot boundaries are annotated as coldspots.

In addition to this full set of hotspot and coldspot motifs, we also created a

curated (or filtered) set of motifs. This carefully curated set of motifs was gener-

ated to ensure that in hotspot motif cases, each motif is the cause of the hotspots

it is present in, and that coldspot motifs are actually cold recombinationally inert

control regions [data provided by Simon Myers]. The newly curated set contained

1700 hotspot motif cases and about 23,000 controls. Both case and control motifs

were in non-repeat regions and were the only degenerate motifs occurring in a

given hotspot. All hotspot motif cases had estimated recombination crossover

intensity of at least 5cM/Mb over the 2kb surrounding the motif position and

all hotspots cases were equal to or lower than 5kb in width i.e. narrow hotspot

containing motifs in their central region (with at least 750bp from the ends for

3kb hotspots, and 1kb from the end for 4kb or 5kb hotspots). Coldspot motif

cases had estimated recombination crossover intensity at most 0.2cM/Mb over

the 2kb background (i.e. about 6-fold reduced, relative to the genome-wide aver-

age recombination rate).

Prior to investigating the association between various chromatin features and

13-mer motifs in hotspots, we used both “full motif set” and the “curated” motif

set to look at the overlap of hotspot and coldspot motif cases with promoter sites

surrounding transcription start sites (TSS), a basic marker of gene regulation.

This also helps us to gain an initial sense about the relationship between genes

and recombination. The locations for transcription start sites were taken from

the UCSC genome browser, and promoters were defined as regions within 2kb of

52



All Motifs
(N=275,801)

Curated Motifs
(N=24,582)

Overlap of hotspot 
motifs with 
promoters

4411 
(14%)

152 
(9%)

Overlap of 
coldspot motifs 
with promoters

51742
(21%)

5635 
(24%)

All c
oldspot m

otifs

All h
otsp

ot m
otifs

Filt
ere

d co
ldspot 

motifsFilt
ere

d hotsp
ot 

motifs
Genome

Overlap with promoters
Non-overlap with promoters

Fr
ac

tio
n 

of
 o

ve
rl

ap

Figure 3.1: Fraction of hotspot and coldspot motifs overlapping promoters.
Overlap of full set of hotspot and coldspot motifs (before curation) with promoters,
compared to overlap of curated motifs with promoters.

a transcription start site. Figure 3.1 shows the fraction of motifs overlapping or

not overlapping with promoters (motifs are annotated as overlapping a promoter

if they fall within 2kb from the start of a transcription start site), taking the “full

set” of hotspot and coldspot motifs, as well as motifs from the “filtered” data.

The fraction of overlapping and non overlapping motifs is similar in the case of

the full set of hotspot and coldspot motifs, but in the curated hotspots there is a

far smaller proportion of motifs overlapping promoters, whereas a higher fraction

of coldspot cases overlaps promoters.

These results strongly validate our filtering as helping to remove those motifs that

overlap hotspots, specially broader hotspots, purely by chance. It illustrates the

benefit of curation and shows a strong enrichment of coldspot motifs in promot-

ers. These results indicate that although motifs tend to be enriched in regions
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near transcription start sites, they seem not to cause hotspots there. This raises a

question, addressed later in chapter 4, of whether such motifs are actually bound

by PRDM9. We next proceeded to exploring the association between the canon-

ical motifs and various chromatin marks, using the curated set of hotspot and

coldspot motifs (which will be used for all subsequent analysis in this chapter,

unless stated otherwise).

3.3 Chromatin accessibility surrounding 13-mer

motifs

We first asked if chromatin accessibility plays a role in di↵erentiating motifs that

are able to form hotspots from those that do not. Chromatin accessible sites are

sensitive to cleavage by the nuclease enzymes like DNase1, and are therefore also

called DNAse hypersensitive sites. A hypersensitive site is a region of chromatin

accessibility (implying an active cis-regulatory sequence) where the nucleosome

structure may not be organised. Hence, using data on DNase hypersensitive sites

would help us to uncover the relationship between crossover hotspot motifs and

open chromatin regions [138, 139].

To investigate this, we used chromatin accessibility data produced by Boyle et al.

as part of the ENCODE project which was generated using Lymphoblastoid cell

lines. These cells were grown in accordance with ENCODE cell culture protocols

and were digested by DNase I. DNase cut fragments were isolated and fragment

ends were sequenced generating 27bp reads using the Solexa platform. Uniquely

mappable reads of high quality were mapped to the genome (hg18), with DNase I

hypersensitive site signal being reflected by raw tag intensity [140]. As mentioned

previously, ENCODE provides data on multiple cell lines. We examined the dis-

tribution of chromatin accessible sites surrounding our case and control motifs in

all available cell lines, and noted that the pattern of this distribution remained

similar across cell lines. This may be expected, given previous reports demon-

strating similarities in chromatin structure between various mitotic cell lines as

well as between mitotic and meiotic landscape [84, 141, 113, 142]. Our choice
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to use the lymphoblastoid cell lines was based on the fact that the DNase-seq

data was available on six similar Lymphoblastoid cell lines (gm12878, gm12891,

gm12892, gm19238, gm192878, gm19239) generated from the same lab, allowing

us to sum across these cell lines, thereby increasing power and resolution to detect

signals of association.

DNase hypersensitivity signals also tend to give us an idea as to the probable

positioning of nucleosomes. If we expect to see a hint of nucleosome signal, we

would see regions of low chromatin accessibility spread around 160-200 bp imply-

ing the presence of a nucleosome [143, 144, 145]. To understand if the DNase-seq

data has the power to establish this relationship, and also for the purpose of vali-

dating this data, we looked at a transcription factor, CTCF, for which the pattern

of chromatin and nucleosomes is established [140]. We examined the DNase-seq

signals around the CTCF binding motif. It is established that CTCF, an insu-

lator protein, is able to position an array of nucleosomes around it [137]. Using

DNase data summed across all 6 lymphoblastoid cell lines, and taking CTCF mo-

tifs (genome-wide positions taken from extracting the closest match to the 20bp

CTCF binding motif, from build 36, hg18), strand specific plots were generated.

Figure 3.2 shows that at long range distance there is an array of small peaks and

dips around the motif centre. The dips appear to be ⇠ 200bp in width indicat-

ing chromatin inaccessible regions and implying nucleosomes positioned upstream

and downstream of the CTCF motif centre. These results help to validate the

DNase hypersensitivity data and also show that it has the resolution to determine

nucleosome positioning.

3.3.1 Chromatin accessibility is enriched around recom-

bination hotspot motifs

After establishing the principle that our approach works, we next examined the

association between DNase hypersensitivity and our canonical motif. To get the

exact cutting positions by DNase I enzyme, read positions were used to assign

cut position and strand orientation. We looked at the distribution of DNase cuts

around the centre of 13-mer motifs after correcting for strand information. Plots
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Figure 3.2: Chromatin inaccessibility signals hint nucleosome positioning
around CTCF motifs. Dip in DNase hypersensitivity around CTCF motifs imply
chromatin inaccessible regions, which may be owing to nucleosomes positioned in those
regions.
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Figure 3.3: Chromatin accessibility compared across cell types. Distribution of
DNase cuts in 6 lymphoblastoid cell lines around the curated set of hotspot and coldspot
motifs (left and right plots).
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were produced by accounting for strand information at both the motifs and in

DNase cuts, so e.g. we can look at the plus strand cuts around plus strand motifs.

In this section, to look at chromatin accessibility around motifs, we use the full

set of hotspot and coldspot motifs, along with the curated set of motifs, to enable

comparison and determine if the curated motifs are able to exhibit clearer signals.

Looking at each of the six lymphoblastoid cell lines, we noted a strong enrichment

of DNase cuts around the curated set of coldspot motif cases, compared to the

much lower peak of DNase accessibility around hotspot motif cases (Figure 3.3).

To avoid artifacts due to genomic repeats, we next analysed the canonical 13-bp

motifs in the non-repeat genomic background. Figure 3.4 shows the distribution

of DNase hypersensitive sites around 13-mer motifs in hotspots and coldspots in

non-repeat regions. Plots account for strand, where the red line indicates plus

strand i.e. an aggregate of plus strand cuts on plus strand motifs (+m+c) and

minus strand cuts on minus strand motifs (-m-c), and the blue line indicates mi-

nus strand cuts i.e. the sum of plus strand cuts on minus strand motifs (-m+c)

and minus strand cuts on plus strand motifs (+m-c). On the x-axis, the centre

0, marks the middle base (T) of the 13-mer motif (CCNCCNTNNCCNC). Broad

scale distribution of DNase hypersensitive sites (on a 10kb and 500bp window)

appears to be similar around both hotspot and coldspot motif cases, with a longer

range e↵ect extending about 1000bp upstream and downstream from the centre,

and a strong spike localised within a few tens of bases of the motif centre. The

plus and minus strand distribution appears to agree closely at longer distances

from the motif, but there appears to be some local strand specific di↵erence about

200bp around the motif centre. It might be that this di↵erence in strands is at-

tributed to features of the DNase-seq assay, like mapability, sequencing biases

on the Solexa platform used, given the motif is GC rich, or the DNase1 enzyme

cutting preferentially at certain bases in the genome. In order to account for

bias introduced by mapability or nucleotide cutting preference, we normalised

the observed DNase cuts around 13-mer motifs by the estimated or predicted

cuts around the motifs.
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Figure 3.4: Chromatin accessibility (summed across 6 cell lines) around
recombination hotspot and coldspot motifs. Red line represents + strand (sum
of + strand DNase cuts on + strand motifs and - strand cuts on - strand motifs).
Blue line represents - strand (sum of +motif -cuts and - motifs +cuts). Top row:
Distribution of DNase hypersensitive sites around 13-bp motifs in hotspots and coldspots
(10kb window). Long range a↵ects extend beyond 2.5 kb observed in both hotspot and
coldspot motif cases, Bottom row: Zoomed in plots (500bp window) show strand specific
peaks within and around the centre of the motif.
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3.3.2 Normalizing DNase-seq Data by enzyme cutting pref-

erence and mapability

We aimed to normalize the DNase data by a normalising factor i.e. predicted

cuts based on mappable bases in the genome and DNase cut preference. To cal-

culate predicted cuts, we computed how often dinucleotides are cut by the DNase

1 enzyme. First, the Total number of mappable DNase cuts at each din-

ucleotide (e.g. cuts at AA, GG etc.) were counted, for both plus and minus

strands, through out the whole genome. Similarly, the Total number of cuts

at the Non-Repeat mappable bases were counted, giving e.g. for each strand

NAA+ or NGG+ etc. (i.e. 16 dinucleotide cut counts on the + strand and 16 dinu-

cleotide cut counts on the - strand). For counting dinucleotides corresponding to

+ strand cuts: the base at the read start position and one base upstream of that

position were taken, and the nucleotides at those two positions were noted as the

dinucleotide corresponding to a given cut; and for - strand cuts, the read start

position and a base downstream was taken. (For example: a DNase cut on plus

strand at position 237 corresponding to AA dinucleotide, means that there is a

base A at position 237 and a base A at position 236. Similarly an AA dinucleotide

cut on minus strand at position 81311 means that there is an A base at position

81311 and at 81312). Hence, in doing so we know exactly where the enzyme

made the cut, as the DNase would cut in between the two nucleotide positions.

We expect cut preferences to mirror each other on complimentary strands, so e.g.

the frequency of + strand TT cuts should be that of - strand AA cuts.

Next, we calculated the total number of mappable dinucleotides across the

whole genome, giving us for each strand TAA+ or TGG+ etc. With these numbers

we computed the average number of cuts per mappable base for each din-

ucleotide. By repeating across all dinucleotides, we got 16 estimates of cuttability

on plus strand and similarly 16 estimates for the minus strand. (As a check, on

comparing all complementary pairs e.g. PAA+ and PTT�, the numbers were nearly

identical, as expected). The average cuttability value was then computed as:

PAA = [NAA+ + NTT�]/[TAA+ + TTT�].
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Figure 3.5: Percentage of Mappable DNase cuts in the genome. Top: Counts
for mappable dinucleotides corresponding to DNase cuts on + and - strand. Bottom:
Distribution of DNase cuts corresponding to each dinucleotide combination, illustrating
a clear preference of DNase 1 enzyme to cut at CG dinucleotides.
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This estimate of cuttability does the strand averaging separately on top and

bottom of the equation, i.e. how often AA is cut on the plus strand, or equiv-

alently its compliment TT is cut on the minus strand (figure 3.5). It was noted

that dinucleotides had a big e↵ect on cut frequencies, with e.g. CC bases 4 times

more likely to be cut than TT bases, and CG bases up to 6-fold more likely to

be cut than AT pairs.

Creating strand-specific plots: Using the above numbers we then ad-

justed the DNase plots by our normalising factor (expected cuts, based on map-

pable bases and cuttability estimates). We, therefore, normalised our observed

values by how many values we would expect to see across the entire genome. To

make the chromatin accessibility plots for each position relative to the 13-mer

motifs in the non-repeat region of the genome (for which we also have strand

information for each motif occurrence), say, 500bp upstream and downstream,

we counted cuts on each strand. Hence, for each position i relative to the motif,

we had Ni cuts for a given strand, and this position had a mappable dinucleotide

Ai.

We then formed two sums given a set of 13-bp motifs. The first sum was the

total number of cuts seen at a position on a given strand relative to

the motif (
PM

i=1 Ni; where M is the total number of motifs and for a given

position the ith motif has N cuts relative to the motif). For each motif, we

then defined cuttability Ci, where Ci is equal to the average number of cuts per

mappable base seen given a certain dinucleotide Ai, i.e. Ci = PAi (Ci=0 if this

position is not mappable).

The second sum we needed to compute was the Total number of cuts that

we would expect at a position relative to the motif . We worked out

expected cuts for a given position relative to motifs as:
PM

i=1 Ci (Number of AA

mappable bases * P(AA bases cut)+Number of AC mappable bases * P(AC bases

cut)...Number of TT mappable bases * P(TT bases cut)).
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Figure 3.6: DNase Hypersensitivity around the 13-mer motif in hotspots
and coldspots normalised by enzyme cutting preference and mapability. Red
line represents + strand and blue line shows - strand cuts. The decay ap-
pears to diminish at a 500bp range after normalising; long-range e↵ects
still remain.

Finally, we normalised the first sum by the second sum (
PM

i=1 Ni/
PM

i=1 Ci),

thereby giving us the relative chromatin accessibility at a base. We could now

take this as a more robust estimate of accessibility as this averages over both

cuttability (or dinucleotide preference) and mapability. The above process was

repeated for all motif positions and the final normalised plus strand and minus

strand cutting plots were generated (Note that this process does not account for

sequencing biases, discussed below).

After getting the observed and predicted cuts, these were summed up across all six

lymphoblastoid cell lines to reduce noise, before computing the ratio of hotspots
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to coldspots. Figure 3.6 shows DNAse plots normalised by predicted cuts at a

500bp range. On a 500bp scale, it appears that the normalisation slightly adjusts

the decay, however, strand di↵erences and long range decay remain in case of

both 500bp and 10kb windows (data not shown), respectively. The strand di↵er-

ence is puzzling, and extends only a short distance 25bp around the motif. It

might mean that there are more reads containing the 13-mer, or part of it, than

expected. This might reflect sequencing preferences, e.g. if 13-mer occurrences

are more readily sequenced than other genomic regions, possibly due to their high

GC content. As observed, this e↵ect might be reduced by dinucleotide normali-

sation, but not eliminated, since it e↵ects all of the reads. Thus we are hesitant

in ascribing a biological meaning to this di↵erence.

Figure 3.7 shows DNase hypersensitivity in hotspots relative to coldspots, nor-

malised by mapability and cuttability and combined over strands. We would

expect that at big distances from the motif, the ratio would converge to 1 i.e. the

average expectation for the genome. This ratio is at long distances very close to

1, i.e. as expected, and there is a very localised signal (about 2-3 kb, roughly the

size of hotspots) for less DNase cutting in the hotspot motif cases. This appears

to demonstrate a hotspot-specific epigenetic e↵ect in humans, the first such yet

seen.

In Fig 3.7b, at fine scales, there is a hint of a very narrow region of open chro-

matin around the centre of the motif. This chromatin accessible region at the

motif seems plausible as being the site where PRDM9 is able to bind. Further,

there also appears to be a hint of a nucleosome signal, positioned immediately

downstream of the motif (⇠ 200 bp), and possibly also upstream of the motif.

This observation appears to be true for both the full set of motifs and the curated

set, as seen in figure 3.8. However, using the curated set, we note that even at

longer ranges, the normalised signal for chromatin accessibility around hotspots

is lower relative to coldspots. Similar to the full set of hotspot and coldspot motif

cases, this filtered set of motifs also shows a narrow region of chromatin acces-

sibility at the motif, and evidence of a nucleosome dense region upstream and

downstream of the motif centre.This suggests that hotspots are situated in much
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Figure 3.7: Chromatin accessibility is depleted in hotspots relative to
coldspots Distribution of chromatin accessible sites in: Top) a 10kb region around
the 13-mer motifs in hotspots relative to coldspots. Bottom) Zoomed in 500bp region
around the 13-mer motifs smoothed at 10bp, in hotspots relative to coldspots. This
reveals a narrow region of chromatin accessibility at the motif, and evidence of a nu-
cleosome dense region upstream and downstream of the motif centre.
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Figure 3.8: Chromatin accessibility around the curated set of hotspots rel-
ative to coldspots. a) Top left and top right plots show DNase hypersensitivity nor-
malised by mapability and cutability around the curated hotspot and coldspot motifs,
respectively, b) Distribution of chromatin accessible sites in a 10kb region around the
13-mer motifs in the curated hotspots relative to coldspots, c) Distribution of chromatin
accessible sites in a 500bp region around the 13-mer motifs smoothed at 10bp, in the
curated hotspots relative to coldspots.
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more chromatin inaccessible, or nucleosome rich regions relative to coldspots.

3.4 Nucleosomes

We next aimed to further explore the relationship between 13-mer motifs and

the positioning of nucleosomes around them. Following the DNase sensitivity

results suggesting inaccessible chromatin around hotspot motif sites, we aimed

to ask if hotspot motif sites are in fact rich in nucleosomes. We know that nu-

cleosomes play an important role in the regulation of transcription, specifically

transcription factor binding and histone modification marks [146]. In mouse

work, it has been shown that recombination hotspot motifs are preferentially oc-

cupied by nucleosomes [75, 85, 84], and we also know from previous work that

the post-translational histone modification, H3K4me3, is implicated in regulating

recombination activity [75]. As it is established that PRDM9 confers the histone

mark, H3K4me3, it seems likely that it must need nucleosomes to be positioned

nearby to add the mark which potentially triggers recombination activity by re-

cruiting the recombination machinery. Hence, we investigated if the DNA around

hotspot motifs displays evidence of nucleosome occupancy.

In order to understand the relationship between nucleosomes and recombination

hotspots, we first used data generated by Schones et al. [136]. They produced

a genome-wide map of nucleosome positions using CD4+ cells, sequencing the

ends of nucleosomes with the help of Solexa high-throughput sequencing tech-

nique. CD4+ cells were digested by MNase and mononucleosome sized fragments

(⇠ 200bp of DNA) were isolated and the ends of the DNA sequenced and mapped

to the genome (hg18). A scoring function was used to create a nucleosome pro-

file across the genome [136]. As there was no data on nucleosome positioning

available from ENCODE at the time, our decision to use this specific dataset was

based on the fact that it was the only available map of nucleosome positions in a

human cell line mapped to the hg18 reference genome.

We first validated these data by looking at nucleosome positions around CTCF
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motifs, following the same principle as applied earlier for DNase hypersensitivity

plots. CTCF, as mentioned previously, is already known to exhibit nucleosome

positioning capability. It has been reported that an array of nucleosomes are

positioned both upstream and downstream of the CTCF motifs in humans [147].

Figure 3.9 clearly illustrates the presence of 10 nucleosomes positioned upstream

of the CTCF motif and 10 downstream of the motif, with stronger signals being

seen for the 6 peaks present within 1kb of the centre of the CTCF motif. Each

peak, about 170bp in width, represents a positioned nucleosome surrounding the

CTCF motif, with the centre of the peak being the midpoint of the nucleosome,

and + and - strand cuts flanking the nucleosome.

We next used these data to generate plots for nucleosome positioning around

the 13-mer motifs in hotspots and coldspots. Strand separated and normalised

plots were produced for hotspot and coldspot motifs in non-repeat genomic re-

gions. We were not, however, able to see any clear evidence of a nucleosome

positioning signal (Supplementary figure 5).The CTCF motif plot for nucleosome

positioning showed that our chosen MNase data did have the power to detect

real associations. However, we were not able to establish this association with

our canonical motifs. A possible explanation for this could be that nucleosomes

are positioned only around 13-mer motifs which are already bound by PRDM9,

or it might simply be that these data lack the power to detect associations with

our motifs.

To check this, we repeated this analysis using a more recently generated MNase-

seq data (mapped to Build 37, hg19) provided by ENCODE. Figure 3.10 shows

that nucleosomes are in fact positioned similarly around both hotspot and coldspot

motifs. This implies that about 11 positioned nucleosomes exist around all 14-mer

motifs, irrespective of hotspot status, with the motif itself typically occurring at a

high nucleosome occupancy position. However, regions surrounding the hotspot

motif cases appear to be more enriched in nucleosomes compared to coldspot mo-

tifs. The hotspot to coldspot ratio plot shows that hotspot motifs tend to exist

in nucleosome rich regions, however, a relatively depleted signal exactly at the

motif sites implies accessible DNA relative to cold motifs, which also agrees with
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Figure 3.9: Nucleosome positioning around CTCF binding motifs. MNase
cuts in a 2kb region surrounding CTCF motifs separated by + (red) and -(blue) strands.

our DNase findings in the previous section. This accessible region may be re-

quired for PRDM9 binding. These results also suggest that nucleosomes must be

positioned at, or near, the canonical motif site to facilitate PRDM9 binding, and

for it to be able to confer the H3K4me3 mark to trigger crossover recombination

activity. Our next follow-up question, given that hotspot motifs tend to occur

in nucleosome rich regions, was to understand if any histone modifications are

enriched around or provide a conducive environment for motifs to form hotspots.

Looking at these marks would also help establish if transcription has an e↵ect on

crossover activity [148].

3.5 Histone Modification Marks

Histone modification marks are important features of the genome as they have

been implicated in dictating gene expression in the genome [149, 150]. We ex-

plored the link between recombination and transcription in the light of the 13-bp

motif, and determine whether histone modification marks are able to suggest such

a link. The data we used for analysing the association between recombination
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Figure 3.10: Nucleosome positioning around 13-mer motifs with updated
MNase-seq data. MNase cuts in: top row) a 10kb region around non-repeat, non-
promoter, 13-mer motif occurances in hotspots (red line) and coldspots (blue line),
middle row) a 500bp region around 13-mer motifs in hotspots (red line) and coldspots
(blue line), bottom row) Ratio plot of hotspots relative to coldspots.
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motifs and histone modification marks was generated by Barski et al [137]. They

generated high resolution maps for the genome-wide distribution of a number

of histone modifications using the Solexa sequencing technology. This data was

produced using the CD4+ cells, that were purified from human blood. To map

enzyme targets, these cells were cross linked with formaldehyde, and fragmented

into 200-300bp fragments by sonication. These fragments were then digested by

MNase to get mononucleosomes used to map histone modifications. Samples were

analysed using the Solexa 1G Genome Analyzer, with which each run was able to

generate over 20 million sequence tags of (typically) 36 bp each, with the num-

ber of tags of a nucleosome being proportional to the modification level of that

nucleosome [137]. We chose to use the above data over data on histone marks

provided by ENCODE, as this was the most comprehensive set of data available

on histone marks, generated by experiments performed on one cell line, from the

same lab. ENCODE, at the time, did not cover such an extended list of marks

on any one cell line.

A total of 25 di↵erent histone modification marks were studied. We know that

histone marks indicate (on average) specific types of genomic regions. Hence

we classified all the marks studied into three groups, being: 1) marks of pro-

moters (e.g. H3K4me1/2/3 etc. [151, 152]) , 2) marks of gene bodies or tran-

scribed regions(e.g. H3K79me1/2 etc. [153]), and 3) marks of heterochromatin

(e.g. H3K9me2/3, etc. [154, 155, 156, 155, 157, 118]) [See table 3.1]. We then

examined these marks around hotspot and coldspot motifs, to understand the

relationship between recombination and these functions, given potential PRDM9

binding sites. Plots for selected marks, representative of each of these groups, are

discussed below.

3.5.1 Transcription activating marks are enriched in coldspot

motifs and depleted in hotspot motifs

The distribution of histone marks around the hotspot and coldspot motifs was

analysed. We first looked at the association of histone marks belonging to each of

the three groups described above around the 13-mer motifs i.e. plots were made
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to look at the enrichment signals of histone modifications marking promoters,

gene bodies or heterochromatin, in a 10kb region surrounding the centre of the

13-bp motifs.

We looked at a total of 16 histone modifications that mark promoter regions in the

genome. Figure 3.11 shows the average value of these marks around hotspot and

coldspot motifs. On examining the modifications in this group, we noted that

all the marks that are involved in activating genes, were enriched in coldspot

motifs but not in hotspot motifs. Further, removing promoters, did not remove

the pronounced di↵erences between hotspot and coldspot motifs. For example,

the localised H3K4me3 peak, is still present in the coldspots outside promoter

regions as well, suggesting this mark can generally suppress crossovers. Figure

3.12 shows the ratio plot of hotspots over coldspots for H3K4me3 cases. One

interesting mark was H4K16ac, which is suggested to be involved in activating

transcription and was more enriched around coldspot motifs, but displayed a very

local spike not only at coldspot cases but also hotspot cases.

Next, we looked at histone modifications reported to mark gene bodies (Fig-

ure 3.13). On examining a total of 6 such marks, all of which are reported to be

involved in transcription activation or present in transcribed regions, we again ob-

served an enrichment of these marks surrounding coldspot motif cases. For exam-

ple, the H4K20me1 modification marks actively transcribed genes, and is about

2.5-fold enriched in the coldspot cases, as opposed to hotspot cases. Finally, we

looked at the 3 histone modifications found in heterochromatin regions (Figure

3.14). Of these modifications, 1 marks constitutive heterochromatin (H3K27me2)

and 2 mark facultative heterochromatin (H3K9me2 and H3K9me3), and each of

these are present in transcriptionally silent regions. All these marks were more

enriched in hotspot cases but depleted in coldspot motifs.

These results suggest that high levels of transcription may be a strong factor

contributing to repression of recombination, either through the histone marks

themselves or indirectly through the process of transcription. Notably, as tran-

scription is measured outside meiosis, the causality would appear to be in the
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Table 3.1: Histone modifications analysed, grouped by location and sug-
gested function of each mark.

said direction. These results were very interesting as they suggest that hotspot

activity is going to be reduced throughout both actively transcribed genes in a

large fraction of the genome, and other regions with similar histone modifications.

The results are consistent with, and extend on a previous report by McVicker and

Green which show that crossover rate shows a strong negative correlation with

gene expression in meiotic tissues, suggesting that crossover is inhibited by tran-

scription [148].

3.6 Transcription Factors

We explored the role of a number of transcription factors like Rad21, Nfkb, Pol2,

CFos, Pol3, Yy1, Cmyc, Tr4, Jund and Zz3. All these TFs were much more

enriched in the coldspot motif cases, as opposed to hotspots (which were either

not enriched or showed a very modest increase in TF signal). This may just be
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Figure 3.11: Histone modifications marking promoter regions surrounding
13-mer motifs. Darker shaded lines (dark blue, dark green, maroon and black) show
signals of histone marks around coldspot motifs, and lighter colours (light blue, light
green, light pink and grey) show signals of histone marks around hotspot motifs. Histone
modifications that activate genes are enriched in coldspot cases, whereas, repressing
marks (H3K27me3) appear to be enriched around hotspot cases.
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Figure 3.12: H3K4me3 mark around 13-mer motifs. Top: H3K4me3 mark
surrounding motifs in hotspots (red) and coldspots (black) where there is a clear coldspot
specific peak for this mark. Bottom: H3K4me3 mark distributed around hotspots relative
to coldspot motifs, after excluding promoter regions.
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Figure 3.13: Histone modifications marking the body of genes depleted
around hotspot motifs. Darker shaded lines (dark blue, dark green, maroon and
black) show signals of histone marks around coldspot motifs, and lighter colours (light
blue, light green, light pink and grey) show signals of histone marks around hotspot
motifs.
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Figure 3.14: Histone modifications marking heterochromatin regions en-
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blue, light green and light pink) show signals of histone marks around hotspot motifs.
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Figure 3.15: CTCF signals surrounding the canonical 13-mer motifs.

because TF peaks in coldspot cases are transcription start sites (Supplementary

figures 6 and 7). Overall, we were not able to observe any meaningful biological

associations on investigating these factors.

We also explored the level of CTCF signal around 13-mer hotspot and coldspot

motifs. CTCF is a DNA binding zinc finger protein which plays a role in or-

ganising chromatin structures. Figure 3.15 shows CTCF signals being clearly

enriched locally around coldspots, however no such enriched signal is observed

around hotspot motifs. We will again revisit this analysis in the next chapter,

to determine whether CTCF enrichment around the canonical motif sites has an

impact on PRDM9 binding.

3.7 Summary

In conclusion, the motivation of this analysis was to understand which type of

the 13-mer motifs are able to stimulate crossover hotspots. We explored various

epigenetic marks to inquire if there are certain factors that are able to mark mo-

tifs that subsequently become hotspots. Our analysis showed that the motifs are
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likely to form hotspots if they are situated in less chromatin accessible regions of

the genome. We also observed that hotspot regions containing 13-mer motifs are

more nucleosome rich regions, with the motif likely to be situated at or very close

to a nucleosome. The positioning of these nucleosomes is likely to be biologically

plausible as PRDM9 would need to bind to chromatin wrapped around a nucle-

osome to be able to confer the H3K4me3 mark, which in turn may trigger the

recruitment of recombination machinery. The motifs situated in hotspots are also

more likely to be present in transcriptionally repressed regions i.e. heterochro-

matin, and depleted in transcriptionally active regions. Together, these findings

informed us of some of the chromatin features that appear to be necessary for

motifs to form hotspots. It was still, however, unclear if all the 13-mer motifs

residing in hotspots, are in fact bound by PRDM9, and conversely if all PRDM9

bound motifs are able to form hotspots. This could also enable us to assign a

causal direction to the above associations. To further get an understanding of

this, we performed a ChIP-seq analysis for PRDM9, which is discussed in the

next chapter.

————————————————————————
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Chapter 4

Mapping PRDM9 Binding Sites

in the Genome

4.1 Introduction

We have been able to establish that PRDM9 binds specifically to the 13-mer motif

and that motifs which form hotspots are enriched in chromatin inaccessible re-

gions. PRDM9 is suggested to initiate meiotic recombination by interacting with

the canonical 13-mer motif. It is suggested to be involved in the recombination

pathway by modifying chromatin with the H3K4me3 mark [84]. This modifi-

cation in turn might stimulate reactions of, or make chromatin accessible to,

SPO11, which in turn catalyses double stranded breaks[78]. However, we still do

not understand how PRDM9 “selectively binds” to its target sites in the genome

to mark hotspot locations. For instance, it may bind at locations with certain

unique sequence features, chromatin structure, histone modifications etc. [89].

This question may best be answered by determining binding sites for PRDM9 in

the genome. In this chapter, we will discuss the ChIP-seq experiment performed

to determine PRDM9 binding in a human cell line.

This experiment was designed to help us answer various key questions about

the rules of PRDM9 binding in the genome. We know that PRDM9 has been

reported to control all recombination hotspots in humans and mice [79, 20, 75],
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however, about 40% of these hotspots contain a match to the 13-mer motif [68],

which is also the predicted binding motif for PRDM9 [53, 77]. How then, does

it control other hotspots which do not contain the motif? This ChIP-seq assay

would help us to test certain hypotheses about possible mechanisms involved.

For instance, if a hotspot does not contain an exact match to the canonical motif

for PRDM9 to bind, does it then bind to more degenerate versions of the mo-

tif, as suggested by our in-vitro experiments? If PRDM9 does need to interact

with the 13-mer motifs, then what factors determine which motifs PRDM9 can

occupy to initiate recombination? For example, does it need to bind motifs with

a specific chromatin conformation, or in nucleosome rich regions, as suggested by

our previous analysis, or does binding depend on other cis-related features like

primary DNA sequence, or more [135]? On the other hand, if PRDM9 does not

necessarily need to bind with the canonical motif to initiate recombination, then

could it be that it does not directly bind the motifs and is rather aided by other

factors which help in its indirect binding? Further, do all, or only a fraction of the

sites that are bound by PRDM9 also translate into hotspots? To answer these

questions, we performed the ChIP-seq experiment.

Identifying genome-wide binding sites for PRDM9 by ChIP-seq is challenging

to pursue under ideal conditions, as this protein is expressed only in meiotic tis-

sue [87, 91]; in order to perform this investigation, we would need to work with

human testis tissue, which is not easily achievable. We therefore designed an

alternate approach which involved expressing PRDM9 in non-meiotic HEK293T

(Human Embryonic Kidney) cells. HEK293T cells are widely used for expressing

recombinant proteins owing to their ability to perform post-translational folding

thereby generating functional proteins. This cell line was chosen owing to its ease

of maintenance, transfection, e�ciency of protein production and translation of

proteins [158]. Together, these attributes made HEK293T cells an attractive sys-

tem to express recombinant PRDM9. Although taking this approach was not

ideal, under the existing constraints, this was carried out with the intent that

it would be able to provide a good evidence for PRDM9 binding sites, given

that HEK293T cells would presumably provide a genomic landscape similar to

that of meiotic cells [84, 113, 142]. The key idea was to use this system to try
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and understand the binding behaviour of PRDM9 by performing a genome-wide

analysis and to understand the strength of overlap between PRDM9 sites and

recombination hotspots.

ChIP-seq, an experimental technique applied to understand protein-DNA interac-

tions [159], mainly consists of five steps. These steps are discussed in more detail

in subsequent sections, however, here I give a brief description of the protocol

employed. Firstly, we expressed the recombinant GFP-tagged PRDM9 protein,

in a human HEK293T cell line [158]. After expression, proteins bound to DNA

were fixed covalently by treating the cells with formaldehyde; this lead to the

cross-linking of proteins and DNA. Once the cells had been cross-linked, the

chromatin was then fragmented into small fragments, about 150-250bp in size,

by sonication. Sonication conditions were optimized to produce a reproducible

size of sheared DNA fragments which is important for library preparation prior

to sequencing [160]. Following fragmentation of DNA, immunoprecipitation (IP)

was carried out [161], which was done using a specific primary antibody against

the tag of our recombinant PRDM9. The choice of antibody is crucial to the

success of any ChIP-seq experiment, as the strength and specificity of binding

of this antibody to cross-linked proteins will determine subsequent enrichment of

protein bound chromatin [162]. Finally, the cross-links were reversed and DNA

fragments (which were bound to PRDM9) were purified. There was still some

non-specific DNA pulled down in the IP step owing to random cross-links be-

tween protein and DNA or some non-specific binding of the primary antibody

to other proteins, which was accounted for by comparing the ChIP sample with

both untransfected and transfected genomic control samples (See figure 4.1).

The enrichment of IP DNA was confirmed by performing real-time PCR, which

was used to measure fold enrichment of certain target DNA sequences in IP sam-

ples versus enrichment in non-IP control samples [159]. Also, to confirm if the

immunoprecipitation had worked, a western blot was performed on IP DNA sam-

ples using primary antibody against our tagged-PRDM9 [163]; the correct sized

band indicating that the IP sample is enriched for PRDM9 bound chromatin.

After confirmation of enrichment, the samples were sent o↵ for library prepara-
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tion and sequencing. The sequenced fragments or tags were finally mapped to

the human reference genome (hg19) and with the help of peak calling softwares,

regions with enriched tag counts were identified. In parallel, we also performed

an H3K4me3 and H3K4me2 ChIP to try and measure the activity of PRDM9

PR/SET domain.

4.2 Methods

4.2.1 PRDM9 expression in Mammalian HEK293T Cells

N- and C-terminal GFP tagged and N- and C-terminal His tagged constructs were

prepared by cloning into mammalian expression vector pHLsec. The pHLsec plas-

mid was used as it is very e�cient in DNA production, owing to a strong combina-

tion of cytomegalovirus enhancer and chick beta-actin promoter. This ampicillin

resistant plasmid is also e�cient because of its small size, which allows cloning

of constructs with varying lengths [164]. PRDM9 cDNA (B allele; Supplemen-

tary figure 1) was cloned into pHLsec vector as follows: Company (GenWay Bio)

provided cDNA was amplified with primers carrying restriction sites. The size

of this amplified product was approximately 2700bp. PCR product and plasmid

were digested with restriction enzymes according to the cloning plan as given

in (supplementary figure 8). Following a 1 hour digestion at 370, gel purified

bands of insert and vector were ligated for 10 minutes with the Quick ligation

Kit (New England BioLabs). Transformation was done using cd5 alpha electro-

competent E.coli cells, by incubating cells with ligation mix for 30 minutes on ice,

followed by heat shock at 420 for 45 sec, and then resting on ice for 2 mins. The

cells then had a 1 hr recovery step in s.o.c medium in a 370 shaker/incubator,

and then finally plated on Ampicillin agar plates overnight. For colony isolation,

colonies were selected and grown overnight with LB and Ampicillin in 370 shaker.

For plasmid QC, DNA from overnight culture was purified using QIAprep spin

kit from QIAGEN. Miniprep purified plasmid was then tested with restriction

digestion analysis to confirm that the construct was carrying the insert (i.e frag-
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Figure 4.1: ChipSeq protocol. a)
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Figure 4.1: Chip-Seq Experiment Illustration of the experiment carried out to im-
munoprecipitate GFP-tagged PRDM9 expressed in HEK293T cells. Transfected cells
were cross-linked with formaldehyde, resulting in the expressed PRDM9 (red circles)
and other proteins (blue circles) to be tightly bound with DNA. This cross-linked DNA
was then sheared to smaller fragments by sonication. DNA fragments were immuno-
precipitated by anti-GFP antibody (green) against the GFP tag on the N terminal end
of PRDM9. Immunoprecipitated protein-DNA complexes were then treated for revers-
ing cross-links, leading to purified DNA and finally library preparation and sequencing.
[Figure adapted from Mardis et al. and Valouev et al. [160, 162]]
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ment of about 2700bp in size on agarose gel). Constructs were then sent for

sequencing. Primers were designed tiled across the whole length of the PRDM9

sequence, spanning about 500bp, to check for accuracy of insert sequence in se-

quenced constructs.

Finally, after sequence confirmation, about 4ug of purified GFP-tagged PRDM9

construct was used for transient transfection in human HEK293T cells, using

Lipofectamine (Life Technologies) as the transfection reagent. PRDM9 trans-

fected cells were visualized under the microscope after 48 hours to observe locali-

sation in the nucleus, and to confirm that the protein has maintained functionality

(see Figure 4.2). Further, PRDM9 expression was confirmed by performing west-

ern blots on the samples. After confirming that PRDM9 is being expressed in

HEK293T cells, we proceeded to large scale transfections. For large scale trans-

fections only N-terminal GFP and N-Terminal His tagged constructs were used

(as C-Terminal tags might interfere with the binding properties of PRDM9 zinc

fingers). Six bottles each (containing about 600M HEK293T cells per bottle)

were transfected with the His and GFP tagged PRDM9 constructs.

4.2.2 Chromatin Immunoprecipitation of PRDM9 Trans-

fected Cells

To optimise the ChIP protocol, firstly, a range of di↵erent cross-linking and

sonication conditions were tested to determine the most favourable conditions,

based on DNA intensity and fragment size distribution. The conditions tested

for the formaldehyde cross-linking reaction with glycine included cross-linking

with 0.75% formaldehyde for 5, 10 and 15 minutes, followed by testing sonication

times of 10, 15 or 20 minutes, on a small fraction of the cells [These steps were

performed by Nick Altemose]. After determining the best conditions i.e. cross-

linking for 10 mins at 0.75% formaldehyde concentration, and sonicating for 20

minutes, the same conditions were applied to all cells.

The IP reaction was optimized by testing di↵erent types of primary antibodies
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Untransfected+
cells+

Transfected+cells+

Figure 4.2: PRDM9 expression in HEK293T cells. In each of the two (trans-
fected and untransfected cells) images shown, the bottom left square shows HEK293T
cells. The top left square shows DNA stained in HEK293T cells; top right square shows
GFP tag expressed in these cells and the bottom right square shows a merged image of
the three squares. GFP-tagged PRDM9 is clearly expressed in the nucleus of transfected
cells. 85



against PRDM9 (antibodies tested being: 1) anti-His (Invitrogen), 2) anti-GFP

(Invitrogen), 3) anti-GFP (Abcam) and 4) anti-PRDM9 (Abcam)), along with

varying concentrations of primary and secondary antibody. To test the perfor-

mance of each primary antibody, we performed the IP reaction (using ChIP-seq

protocol from Rick Myer’s lab) and tested the enrichment of PRDM9 bound chro-

matin by performing western blots. Anti-His and anti-GFP (Invitrogen) were not

able to show any positive results on the western blot analysis, suggesting that

either these antibodies were not able to e�ciently recognise their binding target

or the experimental protocol (e.g. wash bu↵ers, incubation times etc.) needed

to be further optimized. We then optimised the experimental conditions by per-

forming ChIP for H3K4me3, for which ChIP-grade antibodies are available, and

enrichment can easily be quantified by real-time PCR (given standard primers

like RPL19 and RA518 [165]). We carefully determined the best conditions for

an optimal IP reaction after testing various incubation times to form protein-

antibody complex, and wash bu↵ers including the number of washes required

to control for non-specific binding. Once real-time PCR showed positive results

(between 5-80 fold enrichment) for H3K4me3-IP DNA, we proceeded to use this

optimised protocol to perform PRDM9-IP, again using the anti-His and anti-

GFP (Invitrogen) antibodies, but were still unable to achieve successful results

on western blot. We then tested anti-PRDM9 and a new ChIP-grade anti-GFP

(Abcam) antibody, and observed that the western blots performed on IP DNA

using the new anti-GFP showed the best results i.e. a clear band detected by

both anti-GFP and anti-PRDM9 antibodies against IP samples 4.3. In parallel,

we also performed an H3K4me3-IP and an H3K4me2-IP on PRDM9 transfected

HEK293T cells.

The optimised IP protocol is described briefly as follows: Firstly, magnetic beads

coated with anti-rabbit secondary antibody were washed with PBS/BSA and in-

cubated with primary antibody overnight, to make protein-antibody complex.

These antibody-coupled beads were then added to 1ml sheared chromatin prepa-

ration (described above) and incubated for 2-3 hours. The immunoprecipitated

samples were then washed with wash bu↵ers (5 times with LiCL bu↵er and once

with TE) using magnetic racks. The supernatant from the last wash was discarded
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and bead pellet was resuspended in IP elution bu↵er. Reversal of cross-links was

performed by incubating samples at 650C overnight to elute immuno-bound chro-

matin from the beads. Finally, the supernatant containing IP DNA was collected

to perform checks with IP-western and qPCR, prior to sending o↵ for sequencing.

Our control samples were non-IP, both transfected and untransfected, DNA. We

also attempted to immunoprecipitate untransfected HEK293T cells with anti-

GFP antibody, however, this generated DNA at a much lower concentration com-

pared to the transfected samples, hence not enough to be sequenced as controls.

4.2.3 Verification by IP-Western

Western blots were performed on IP samples to confirm if the antibodies that were

being tested against PRDM9 are able to pull down the targeted PRDM9 bound

DNA complex. Figure 4.3 shows western blot results for two IP samples and

controls; IP samples being His-tagged PRDM9-IP, GFP-tagged PRDM9-IP (im-

munoprecipitated with anti-GFP antibody), and non-IP samples from transfected

cells as controls. For the western blot analysis the antibodies anti-His, anti-GFP

and anti-PRDM9 were each used against PRDM9-IP samples. There is a distinct

band between 120 and 160 KDa in both anti-GFP and anti-PRDM9 lanes for the

NV-IP sample (lanes 8 and 13), not present in NH-IP lanes. There are some thick

bands at 50KDa in IP samples, which could be the antibody picking up IgG from

ChIP DNA. Other non-specific bands in anti-GFP and anti-PRDM9 lanes could

either be non-specific binding (from primary antibody incubation overnight) or

degradation products. Notably, this result shows that we are able to pull down

GFP-tagged PRDM9 with an anti-GFP antibody in our ChIP samples. We had

also performed IP with anti-PRDM9, but western blot results showed a very weak

signal in this case.

4.2.4 Verification by qPCR

In order to determine that the ChIP experiment worked, qPCR reactions were

performed, to help detect and quantify target DNA molecules. This would give

us an estimate of fold enrichment of our predicted PRDM9 binding positions. A
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Anti-His
Anti-His Anti-GFP Anti-PRDM9

L     NV_I  NV_IP NH_I NH_IP NV_I  NV_IP NH_I NH_IP NV_I  NV_IP NH_I NH_IP

Anti-His Anti-GFP Anti-PRDM9

160
120
100

80
70

Figure 4.3: Validation of the ChIP-seq experiment by IP-western. Four sam-
ples are tested in this western blot. NV-I = Non-IP sample from gfp-tagged PRDM9
transfected cells, NV-IP = IP sample from GFP-tagged PRDM9 transfected cells im-
munoprecipitated with anti-GFP antibody, NH-I = Non-IP sample from His-tagged
PRDM9 transfected cells, NH-IP = IP sample from His-tagged PRDM9 transfected cells
immunoprecipitated with anti-GFP antibody. Each of these four samples were used to
perform WB with anti-His, anti-GFP and anti-PRDM9 antibodies. PRDM9 band is
clearly pulled down by both anti-GFP and anti-PRDM9 antibody lanes, confirming that
PRDM9 bound chromatin is being pulled down by the ChIP-seq assay.
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total of 24 Positive and 8 negative control primer pairs were constructed for the

qPCR. All positive control primers were made from hotspot regions containing

the 13-mer motif (16 from non-repeat hotspots regions, 4 from THE1 and 4 from

L2 regions). Negative control primers were divided into 4 motif containing and 4

non-motif containing sequences. The negative control motif containing sequences

came from coldspot regions with <20% of genome-wide average recombination

rate (which could also, in theory, be bound but not active hotspots). From a total

of 32 primers, 21 were used for further analyses as these produced single PCR

bands with genomic template DNA [Primer designing and qPCR experiments

were performed by Nick Altemose].

We aimed to test whether immunoprecipitation by anti-GFP to pull down the

GFP-tagged PRDM9 had worked. Of the 15 positive control primers tested, we

observed that 6 were more than 2-fold enriched relative to genomic control re-

gions (genomic DNA was diluted to the same concentration as the IP DNA).

On normalising relative to the negative controls, it was seen that one positive

control region (PR2) was over 5 fold enriched and five other positive control re-

gions (PNR7, PNR10, PNR11, PNR13, and PR7) were over 2-fold enriched over

genomic DNA (see Table 4.1). H3K4me3 IP DNA was also tested for enrichment

by qPCR using GAPDH, PR719 and RA518 primers and we observed between

5-85 fold enrichment in these regions tested (Table 4.1). In summary, about half

of the positive control primers tested exhibited between 2 and 5 fold enrichment

across the qPCR experiments performed. Following the above mentioned results

from IP western and qPCR analysis, we proceeded with sequencing of IP DNA

samples.

4.2.5 Sequencing

DNA samples were prepared for sequencing in ultra pure water, purifying DNA

with a mini-prep kit. About 20ng of the sample as measured by qubit was sub-

mitted for library preparation, followed by sequencing, which was performed by

the core genomics facility at the Wellcome Trust Centre for Human Genetics.
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Table 4.1: Validation of ChIP-seq experiment by qPCR. About half of the pos-
itive control regions tested in PRDM9-IP samples exhibit between 2 and 5-fold enrich-
ment. PRDM9-IP samples show an enrichment for H3K4me3 mark in two of the three
regions tested, which are known to be positive for the trimethylation mark. H3K4me3-
IP samples show between 5 and 85 fold enrichment for the mark in three positive control
regions tested.
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Sequencing was carried out on four samples: 2 ChIP cases of PRDM9-IP DNA (to

serve as biological replicates), one transfected genomic control sample (non-IP)

and one H3K4me3-IP sample. Three lanes of sequencing were used to perform

a 4-way multiplex on the DNA samples, to generate 51 nucleotide sequence of

paired-end reads on the Solexa sequencing platform. Each of these samples, on

sequencing yielded about 180 million reads.

4.3 Results

4.3.1 ChIP-seq data analysis shows enrichment in pre-

dicted PRDM9 binding sites

For each of the sequenced samples Bam files were used for initial data visual-

isation using the Integrative Genomic Visualization (IGV) software, to look at

selected regions of the genome, for example, positive and negative control regions

used earlier for qPCR checks. IGV is a helpful tool for real-time visualisation of

large genome data at base pair level, and also at broader scales, e.g. 100kb or

1Mb, which can help give a sense of the genomic landscape [166].

An initial screening using twenty-five regions containing the 13-mer motif, showed

that clear PRDM9 peaks appeared to be centred at or very close to the 13-mer

motif sites. We observed that the strongest signals from the PRDM9-IP samples

appeared to have around 150 reads corresponding to about 50-fold enrichment

relative to the corresponding genomic control lane. Most of the THE1 and L2

repeat regions (explored owing to the strong overrepresentation of these repeat el-

ements in recombination hotspots [55]), showed that the peaks exhibiting PRDM9

binding, contained an exact match to the 13-mer motif. Of the 25 regions ex-

plored in the PRDM9-IP sample, binding peaks appeared to be narrow, mostly

intronic and almost always at the motif sites. This provided a strong indication

of PRDM9 binding in target regions given that there were no such peaks in the

corresponding control lane. H3K4me3 peaks appeared to overlap the PRDM9

peaks with some o↵-set and enrichment being weak and apparently di↵used over
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about 1-2kb around the PRDM9 binding site, and interestingly, similar to hotspot

width.

Figure 4.4 shows broad scale plots for recombination hotspots E, F and CG.

These hotspots are three randomly selected cases from the “superhotspots” iden-

tified by Je↵reys et al., which are very active hotspots detected by high-resolution

sperm crossover assays [63]. Each of these three hotspots exhibits enrichment of

PRDM9 binding in case of both biological replicates, whereas no such enrich-

ment is seen in the genomic control lane. Further, in each case, the PRDM9

peaks also contained the 13-bp motif to which PRDM9 is predicted to be bound.

However, we also observed cases where a hotspot has no evident 13-mer but still

corresponds to a PRDM9 peak. For example, Je↵rey’s hotspot H was called by

our assay as having a PRDM9 binding peak. but did not contain the 13-mer motif.

In addition to the first set of ChIP-seq experiments, we also performed H3K4me2

and H3K4me3-IP on untransfected HEK293T cells [assay performed by Nick Al-

temose]. This would help us to answer questions as whether PRDM9 requires a

pre-existing H3K4me2 mark to confer its trimethylation mark [75], and whether

H3K4me3 in untransfected HEK293T cells is comparable to the H3K4me3 levels

in the PRDM9 transfected cells. Figure 4.5 is an IGV snapshot centred at the

Hotspot F region. It is evident from this plot that PRDM9 is able to confer the

H3K4me3 mark independently, without a pre-existing dimethylation mark in this

region, as we see no enrichment in the H3K4me2-IP lane. We can also see that

the H3K4me3 mark is absent from this region in the cells that have not been

transfected with PRDM9, again supporting that PRDM9 made the trimethyla-

tion mark in this hotspot region. No background enrichment is evident in either

transfected or untransfected genomic control lanes.

4.3.2 Implementing peak calling algorithms

To process files for peak calling, we first merged all PRDM9-IP and control sam-

ples across the three multiplexed lanes using samtools, resulting in two PRDM9-
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Hotspot&E&

Hotspot&F&

Hotspot&CG&

PRDM9 Rep1

PRDM9 Rep1

Genomic control

PRDM9 Rep1

PRDM9 Rep1

Genomic control

PRDM9 Rep1

PRDM9 Rep1

Genomic control

Figure 4.4: Visualizing raw read depth in selected hotspot regions. IGV snap-
shot showing read depth data around hotspots E (Top), F (Middle) and CG (Bottom).
For each hotspot case illustrated, the plot is centred at the respective hotspot, with the
three lanes corresponding to three samples: two PRDM9-IP replicates (first two lanes)
and transfected genomic control (last lane). An enrichment for PRDM9 reads is seen
in all hotspot cases, consistently in each of the two IP replicates, relative to the control
lane. Motifs on the bottom right are the best matches to the 13-mer found within 100bp
of the centre of these hotspots.
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 Transfected, PRDM9 rep1!

 Transfected, PRDM9 rep2!

 Transfected, H3K4me3!

 Untransfected, H3K4me3!

 Untransfected, H3K4me2!

    Untransfected, Genomic control!

 Transfected, Genomic control!

Figure 4.5: Visualizing raw read depth in untransfected and transfected IP
samples. IGV snapshot showing read depth data around hotspot F. Lanes 1 and 2 show
PRDM9-IP samples enriched at this hotspot. Lane 3 shows enrichment of H3K4me3-
IP in PRDM9 transfected cells. Lanes 4 and 5 show H3K4me3 and H3K4me2-IP in
untransfected cells with no enrichment, and lanes 6 and 7 show untransfected and trans-
fected genomic control with no background enrichment at this hotspot. This illustrates
that PRDM9 is responsible for the trimethylation mark at this example hotspot.
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IP lanes and one genomic control lane. We removed all poorly mapped reads with

mapping quality below 20 using Picard. Duplicate reads were removed using Sam-

tools. Initial peak calling was performed using MACS (Model-based Analysis

of ChIP-Seq) [167, 168] to identify PRDM9 binding sites in the genome. MACS

is a non-interactive command line tool, which takes two input files i.e. mapped

reads from IP samples in a range of formats (we used BAM files for the two

PRDM9-IP cases) and a control data set (transfected genomic control). MACS

calculates FDR based on the number of peaks in the control sample compared to

the IP case sample, which are called at the same p-value threshold. It calls peaks

using a two step process: First, it models read shift size and then calls peaks. As

IP DNA reads do not give the exact location of protein binding, but rather present

the ends of ChIP fragments, using the distribution of reads MACS models shift

size. ChIP fragments are sequenced from both ends, the density of reads around

the protein binding site is expected to show a bimodal enrichment. i.e. plus

strand reads enriched upstream and minus strand reads enriched downstream of

a true binding site. MACS uses a parameter (bandwidth) to slide windows across

the genome in order to find an enrichment of reads relative to expected values

set as default. These peaks are then selected, separated by strand and aligned

at the centre point. The distance between the modes of the two peaks (d) is

used to shift all reads by d/2 towards the 3’ end for precisely locating the protein

binding site [169]. This method identified a total of 37,180 PRDM9 binding peaks.

In parallel an In-house peak caller was developed by Simon Myers, which

jointly calls peak intensities for both the ChIP sample and control lanes. This

method was designed to take into account the information on local read depth

from the control lane (a property similar to that of MACS), along with the infor-

mation on paired end reads. The latter property is not accounted for by MACS

which may result in a loss of power. Fragment coverage in 100bp bins was used

from the two IP case lanes and the genomic control lane to compute two esti-

mates ↵ and �, with ↵ indicating the comparison of background coverage in IP

case samples to mean coverage in control lane and � indicating comparison of cov-

erage owing to binding enrichment in one IP case lane to the binding enrichment

in the other IP case lane in each bin. Given these two estimates, a likelihood ratio
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test was performed, giving a p-value for each bin that indicates the probability

of coverage observed in IP case lanes resulting from background alone. For peak

calling, all regions with a p-value of < 10�05 were taken, and to get peak centres,

the likelihood ratio test was repeated for each base in these peak regions, and the

position with the largest likelihood ratio was taken as the centre of the peak. The

peaks called by the In-house method were classified as “Total peaks” (or the full

set of peaks called) and “strong peaks” (which are the very strong peak cases,

where the IP case lane fragment depth of over 100 had > 4-fold enrichment in

both the case lanes and a p-value of < 10�10). This method identified 178,197

PRDM9 bound sites (Total peak set), with strong peaks constituting 6,221 peaks

of this set.

Comparing the peak widths of the two peak callers, it was seen that the MACS

called peaks which ranged between 300-13,000bp (mean width of peaks= 1292,

median width of peaks= 960), whereas the In-house method called peaks ranging

from 300-3000bp (mean width= 237, median width=240). We also looked at the

overlap between peaks called by each of these methods and 19 “superhotspots”

(very active crossover hotspots identified using sperm crossover assays targeting

regions with extreme LD breakdown in the HAPMAP genotypes) reported by Jef-

freys et al. [63]. MACS was able to call 10 out of the 19 super hotspots, whereas

14 out of 19 superhotspots were marked as peaks by our In-house method. We

therefore found the In-house method the better choice to use for further analysis.

4.3.3 Distribution of PRDM9 peaks in recombination hotspots,

promoters and genomic background

We analysed how many of the PRDM9 binding peaks called by either of the two

peak callers overlapped hotspots and vice versa. About 30% of the 37,180 peaks

called by MACS overlapped with HAPMAP recombination hotspots (compared

to 7% of the genome), conversely, 26% of these hotspots overlapped with the

binding peaks. Looking at the binding peaks called by the In-house algorithm,

we observed that about 19% of the 178,000 peaks overlapped with recombination
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Background % of Total 
PRDM9 peaks 
overlapping 

% of Strong 
PRDM9 peaks 
overlapping 

Non$Repeat* 47.5%* 38.8%*

ALU* 14.2%* 8.2%*

THE1* 4.5%* 17.4%*

L1* 5.6%* 5.3%*

L2* 8.3%* 8.9%*

Peak Callers Total PRDM9 
Peaks called 

PRDM9 Peaks 
overlapping 
Hotspots 

Hotspots 
Overlapping 
PRDM9 Peaks 

MACS* 37180* 11239*(30.2%)* 9007*(26.3%)*

In$House* 178197* 34573*(19.4%)* 17957*(52.6%)*

a)* b)*

c)

d) e)

A

BMACS
In-house

Figure 4.6: Overlap of PRDM9 peaks with genomic annotations. a) Overlap
of PRDM9 binding peaks identified by MACS and In-house method with HAPMAP
recombination hotspots and vice-versa, b) Overlap of PRDM9 peaks identified by In-
house method with various genomic backgrounds, c) Venn diagram showing overlap
between In-house and MACS peaks, d) Percentage of PRDM9 peaks that overlap with
promoter regions and e) Percentage of PRDM9 peaks that overlap exons.
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hotspots (compared to 6% of the genome), and about 53% of the recombination

hotspots overlapped with the PRDM9 binding peaks. Given that the In-house

peak caller was able to capture double the fraction of hotspots compared to

MACS, we therefore opted to use the expanded peak set called by the In-house

method for all subsequent analysis. The In-house method was also preferred as

this approach made full use of our case and control sample lanes, called narrower

peaks and called more superhotspots compared to MACS, which on the contrary

generated peaks that were much wider and would increase uncertainty with re-

spect to PRDM9 binding locations within peaks called.

There were 47% hotspots that were not accounted for by PRDM9 binding de-

tected by our assay. Possible reasons for PRDM9 not binding in these regions

could be that these hotspots are not active in the HEK293T cell line used for

this experiment, but may still bind these hotspots in meiotic cells. This may

be because of a di↵erence between the two cells types with respect to chromatin

state or other cis-acting features. It could also be that our In-House method was

not able to detect these bound sites.

We also investigated the percentage overlap of PRDM9 peaks called by both

peak callers with promoters and exons in the genome. Previous findings have

shown that PRDM9 binding occurs outside of promoter regions [75]. Interest-

ingly however, we noted that PRDM9 binding sites are about 5-fold enriched in

both promoter and exonic regions as opposed to our genomic control regions.

The control set for the In-house method was generated using a command line

tool (shu✏e) from the Bedtools package; this tool, by randomly permuting ge-

nomic locations of the reference human genome, created a comparable set of

178,000 genomic control regions that excluded the PRDM9 peak regions called

by our method. A control set for MACS peak cases was also generated in ex-

actly the same way. Figure 4.6 shows that more PRDM9 peaks called by the

in-house method overlapped with promoters (7.7%) and exons (9.1%), compared

to controls, 2.5% and 2.9% respectively. Similar distribution was observed when

analysing peaks called by MACS.
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Figure 4.6 also shows the distribution of PRDM9 peaks in di↵erent genomic

backgrounds. On examining peaks in non-repeat regions, we observed that 47%

of the 178,297 peaks overlapped the non-repeat region, whereas about 14% and

4% of the PRDM9 peaks identified overlap the ALU and THE1 regions, respec-

tively. Overlapping peaks are defined as PRDM9 peak regions that overlap one

more more bases of a repeat or non-repeat background.

4.3.4 Identification of a 14-bp motif enriched in PRDM9

peaks

We next used our PRDM9 peak calls to search for novel motifs in the binding

sites. In order to perform an ab-initio motif discovery, we used a web inter-

face toolkit called the MEME suite. This suite has multiple tools that facilitate

various types of motif analysis, two of which “MEME-ChIP” (or MEME) and

“FIMO” we used to perform our analysis [170, 171].

MEME-ChIP takes ChIP-seq peak regions to perform ab-initio motif discovery

and also performs a motif enrichment analysis using a computational pipeline.

FASTA sequences of the peak regions are taken as input, which the software

centres and trims to 100bp, thus the peaks must contain the motif within their

100-bp central region. The trimmed sequences are then used by the motif discov-

ery algorithm. A maximum of 600 sequences can be processed by MEME-ChIP

at one time owing to computational complexity, therefore if a larger set is given,

it randomly samples 600 sequences from the larger number of input sequences to

discover novel motifs and also provides position specific weight matrices (PWM)

for the motifs. The statistical enrichment of a motif in the given set of input

sequences is carried out by a motif enrichment algorithm (AME) [171, 172].

FASTA sequences of strong peak regions (cases) of 150bp length were given as in-

put to MEME-ChIP, which randomly selected 600 sequences for motif discovery.

The same number of randomly selected control sequences, 150bp in length, were

generated by shu✏ing genomic regions, excluding the PRDM9 peaks and repeat

99



regions. The strong peak cases were investigated to find motifs by stratifying

into four subsets to account for any sequence biases 1) PRDM9 peak region se-

quence without any filtration, 2) Peak regions masked for repeats, 3) peak regions

masked for promoters (promoters were defined as regions that begin at 2kb from

the start of a transcription start site and at the TSS) and 4) peak regions masked

for promoter and repeat regions.

Figure 4.7 shows the percentage of sites a motif inferred by MEME is estimated

to be present in each of the 4 subsets of peaks tested. Out of the total strong

peak regions submitted to MEME-ChIP, 600 were randomly selected, of which

557 contained a close match to the 11-bp motif CCTCCCTCC. Repeat masked

peak regions contained an 18-mer in 87% of all regions analysed. A longer 24-bp

motif was found in peak regions including promoters 99% of the time, whereas

the same regions outside promoters were enriched in a 14-mer motif 97% of the

time. Each of these motifs was a close match to the previously identified 13-mer

(CCNCCNTNNCCNC) motif [68].

Finally, we also repeated this analysis after conditioning on motif width being

25-50bp, to uncover any longer motifs that may be present in the PRDM9 bind-

ing sites. We observed 30-33bp motifs in each of these cases of the full peak

set, excluding promoters and repeat masked peaks (data not shown). Figure 4.8

shows a 33bp motif discovered by filtering for promoter regions, and was found

to be centrally enriched in 520 ( 87%) of the 600 randomly selected regions. This

motif contains the 14-mer described above and also some upstream sequence

which appears to be a close match (i.e. 6 out of 8 of the upstream bases in

figure 4.8) to upstream sequence discovered by Myers et al. [68]. The upstream

sequence flanks the motif and was found by looking for a di↵erence in base com-

position at positions around the 7-mer (CCTCCCT), between narrow hotspots

and coldspots. Notably, this demonstrates that our peaks are able to perfectly

recover the sequence feeling of human hotspots. For subsequent motif analysis we

used the 14-mer motif identified in non-promoter, non-repeat PRDM9 peak cases.
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Figure 4.7: Motifs discovered from the PRDM9 binding peaks identified
from ChIP-seq assay. Motifs discovered by the MEME-ChIP software from 600
strongest PRDM9 binding peak regions, stratified as: a) Full set of strong peaks b)
Repeat masked peak regions c) Promoter masked peak regions and d) promoter and
repeat masked peak regions. Motifs in all four subsets match closely to the previously
identified 13-bp motif and are enriched in PRDM9 peaks.
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Figure 4.8: Search for longer motifs in peak regions. Motif identified in non-
promoter regions conditioning MEME to identify motifs longer than 25bp.

To determine an association between the PRDM9 peaks and the 14-mer motif

discovered, we searched for all matches to the 14-mer across the genome. We

used the FIMO program from MEME suite to identify all 14-mer motifs in the

genome [170]. FIMO used as input, the PWM generated by MEME-ChIP for the

14-mer motif and a p-value threshold. The PWM was slightly adjusted to avoid

zero weights. This was done by increasing the number of sites at which motif

(n) was found by one (nPWM + 1). For example, if the an entry in the 14-mer

PWM was x, on adjustment, this would become:

(x + 1) ⇤ (nPWM)/(nPWM + 1) + 1/(nPWM + 1),

where nPWM is the number of motifs found. Therefore if x=0, on adjustment,

this value would be replaced with 1/(nPWM+1). FIMO also computes log-odds

scores for each position of the motif in the genome (as described by its PWM)

and converts these scores into p-values. With the inputs above, FIMO identified

genome-wide positions of the 14-bp motif with a p-value threshold below 10�05.
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4.3.5 Recombination rates around 14-mer motifs

We next investigated whether the PRDM9 bound motifs also correspond to an

elevated rate of recombination. Figure 4.9 shows HAPMAP recombination rates

around bound motifs in di↵erent repeat and non-repeat backgrounds. PRDM9

bound motifs clearly exhibit a strong, localised peak for recombination activity

whereas unbound sites do not show a peak. Looking at bound motifs overlap-

ping promoter regions versus those in non-promoter regions, we observed that

recombination rate in PRDM9 bound promoters was much lower compared to

non-promoter bound regions. This indicates that although PRDM9 appears to

show binding preference in promoter regions, these regions clearly exhibit lower

crossover recombination rates, which may be a consequence of PRDM9 itself

somehow suppressing this activity, or there may be an independent mechanism

responsible here. The regions strongly bound by PRDM9 also showed elevated

rates of recombination around non-promoter regions as opposed to bound pro-

moters. Further, looking at the rates around PRDM9 bound THE1 and Alu

repeat regions, we found an increased rate of recombination around bound sites

as opposed to unbound sites.

4.3.6 Strength of motif correlated with PRDM9 binding

FIMO, used to obtain positions of all motif matches in the genome, returned a

total of 804,610 14-mer motif positions. Each motif found had a corresponding

score indicating strength of motif match. Given this information, we aimed to ask

two questions: 1) How predictive is the presence of a motif for PRDM9 binding

and 2) How predictive is the motif score for PRDM9 binding. We first inves-

tigated overlaps between PRDM9 peaks and motif presence and observed that

there were 3424 (55%) strong PRDM9 peaks that overlapped the 14-mer motifs,

whereas only 6% of these peaks contained a control 14-mer motif. Control motifs

were generated by using the bedtools package to randomly select 14-mers in the

genome, while excluding regions that lie within 2kb of the canonical 14-mer, en-

suring that there are no overlaps with other control 14-mers. In case of the full set

of PRDM9 peaks, we saw that 55443 ( 32%) of these peaks overlapped with 14bp
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motifs (conversely, about 10% motifs overlapping same peaks), compared to 17%

containing the control motifs. The motifs overlapping or not overlapping PRDM9

peaks were classified as ’Bound’ and ’Unbound’ motifs, respectively. These find-

ings implied that not all PRDM9 peaks contained the 14-mer motif and not all

motif occurrences were bound by PRDM9. In addition, stronger peaks appear

to have di↵erent characteristics, with a strong motif overlap than weaker peaks.

More recent evidence shows more than 35% of remaining strong peaks do still

contain the motif (findings from motif work done by Simon Myers indicates that

more than 90% of strong peaks contain degenerate versions of the motif), but

would have a score lower than 13.5.

One possible reason for the low (32%) overlap between PRDM9 peaks and mo-

tifs could be that we are unable to get binding information for hotspot motifs

that are enriched in repeat regions as a consequence of low mappability in these

elements. Although paired-end sequencing has been shown to increase cover-

age in the repetitive regions of the genome, these accessibility issues (in repeat

or certain chromatin states) are not completely eliminated by paired-end reads,

e.g. repeat identification or placement concern would remain if a repeat region

is longer than read length (for instance, our read length is about 200bp whereas

a THE1 repeat element is 330bp long). Hence the sequenceability of such repeat

elements may a↵ect signal detection for hotspot motifs present in these regions.

In the process of deleting poorly mapped reads, about 7% of the reads in THE1

repeat elements, 5% of reads in ALU repeats, 3% of L1 and 1% L2 reads were fil-

tered out from our data, owing low mapability scores (<20). These lost reads may

contain a fraction of hotspot motifs which we are unable to access for our analysis.

We further investigated whether the FIMO score of 14-mer motifs was indica-

tive of being bound. The score indicates the strength of match to the 14-mer

motif identified by MEME; the higher the score, the closer the match. Figure

4.10 shows that as the FIMO score increases the fraction of motifs bound also

increases, thereby suggesting that stronger the genomic sequence matches to the

14-mer motif the better chances it has of being bound by PRDM9. In cases

where motif presence or strength of motifs do not play a role in PRDM9 binding,
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it might be that other transcription factors are directly or indirectly playing a

role to facilitate binding activity.

4.3.7 Genomic context influences PRDM9 binding and

hotspot probability

We next aimed to understand whether the various genomic contexts are able to

influence PRDM9 binding and the probability of becoming hotspots. We there-

fore investigated PRDM9 binding in non-repeat and various repeat contexts (see

Table 4.2). We specifically looked at four types repeat elements THE1, ALU, L1

and L2. The choice of the THE1, L2 and ALU repeat contexts, was based on pre-

vious observations by Myers et al. showing enrichment of these elements within

recombination hotspots [68]. These repeat elements also show a peak of recom-

bination activity around the centre of the canonical 13-mer motif compared to

repeats lacking this motif, thereby indicating that the motif has a strong impact

106



on the enrichment of these repeat elements in recombination hotspots. On the

contrary, L1 repeat elements have been shown to be strongly underrepresented

in recombination hotspots [68], [55].

About 47% of the total bound motifs were in the non-repeat region, 10% in

THE1 repeat regions and 9.4% in ALU repeat elements. In case of strongly

bound motifs there were 30.8% in non-repeat regions, 22.2% in THE1 and 2% in

ALU repeat regions. Hence, THE1 elements among other repeat and non-repeat

regions seem to most influence PRDM9 binding. Out of the total PRDM9 peaks

that overlapped non-repeat regions, 15% overlapped the 14-bp motif, with 20%

of these bound motifs making a hotspot. Similarly, 36.3% and 2.2% of all peaks

found in THE1 and ALU repeat background, also contained the 14-mer motif,

and of these motif containing bound regions 24% and 19% overlapped HAPMAP

hotspots.

There was a striking di↵erence observed between backgrounds in how often they

are bound, or strongly bound by PRDM9, with binding being about 15-fold more

likely in THE1 than ALU elements. We also observed more subtle 2-fold di↵er-

ences in binding and hotspot probability in case of L1 and L2. Notably, LINE

elements appear to often form hotspots once bound by PRDM9. These results

illustrated that genomic background not only very strongly influences binding,

but also hotspot probability on binding. This impact of genomic background

might be owing to chromatin structure in these regions or it might also be due to

the presence of other neighbouring sequences, e.g. local motifs specific to certain

backgrounds which have previously been shown to be correlated with recombina-

tion activity [68].

4.3.8 Motif search in PRDM9 chromatin accessible re-

gions

Our next objective was to understand the relationship with DNase accessibility

i.e. whether a motif in chromatin accessible regions is more likely to be bound
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Background Total 
motifs  

PRDM9 Bound 
motifs 
N=76172 

Percentage 
bound 

PRDM9 Bound 
motifs in 
Hotspots 
N=15694 

Percentage 
of bound 
cases 
which are 
hotspots 

NR 235593%
(36.1%)%

35526%(46.6%)% 15%% 7200%(45.8%)% 20.2%%

THE1 20803%%
(3.2%)%

7563%(9.9%)% 36.3%% 1844%(11.7%)% 24.3%%

ALU 324820%
(49.8%)%
%

7181%(9.4%)% 2.2%% 1363%(8.6%)% 18.9%%

L1 46328%
(7.1%)%

1473%(2.1%)% 3.1%% 500%(3.2%)% 33.9%%

L2 23743%
(3.6%)%

3239%(4.4%)% 13.6%% 977%(6.2%)% 30.1%%

%
Background Total motifs  Strongly 

Bound motifs 
N=4936 

Percentage 
strongly 
bound 

Strongly 
Bound motifs 
in Hotspots 
N=1968 

Percentage 
of strong 
bound 
cases 
which are 
hotspots 

NR 235593%
(36.1%)%

1525%(30.8%)% 0.64%% 663%(33.6%)% 43.4%%

THE1 20803%%
(3.2%)%

1112%(22.5%)% 5.3%% 536%(27.2%)% 48.2%%

ALU 324820%
(49.8%)%
%

131%(2.6%)% 0.04%% 54%(2.7%)% 41.2%%

L1 46328%
(7.1%)%

115%(2.3%)% 0.24%% 70%(3.5%)% 60.8%%

L2 23743%
(3.6%)%

265%(5.3%)% 1.1%% 186%(9.4%)% 70.1%%

Table 4.2: Distribution of PRDM9 bound and unbound motifs in di↵erent
genomic backgrounds. Total PRDM9 bound motifs and strongly bound motifs are
enriched in non-repeat and THE1 repeat elements.
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by PRDM9 or not. We looked at the e↵ect of DNase accessibility on the motif

using DNase hypersensitivity data on the gm12878 line from ENCODE [135]. In

order to perform this analysis, we took PRDM9 peaks, and measured the DNase

accessibility signal at the peak centre in non-repeat cases, matched for genomic

coverage and enrichment score. We stratified the motifs into those that were in

the bottom 10% of the distribution and those that were in the top 10% of the

distribution. We then performed a motif search using MEME for the two sets of

peaks i.e. motifs falling in more chromatin accessible and less chromatin accessi-

ble regions. The initial question we were aiming to address is whether degeneracy

depends on chromatin nature.

Surprisingly, MEME results showed that in the top 10% of the most DNase

accessible peaks, the top scoring motif was a perfect match to the CTCF motif

(present in about 25% of the cases). These regions did not contain our canonical

14-mer motif (see figure 4.11). This shows that we are able to find centrally dis-

tributed CTCF binding sites by taking peaks without the PRDM9 motif; hence

the CTCF motif, alone, is able to mark some PRDM9 peaks. This might suggest

that CTCF is a good marker of chromatin accessibility, which is interesting as

CTCF is known to position cohesin. Some other transcription factor binding sites

appeared to be enriched in these peaks also, e.g. AP-1 is one of the transcription

factors that appears to mark many non-14mer peaks (data not shown).

The bottom 10% least chromatin accessible peaks revealed the 14-bp PRDM9

target motif in about 67% of the sites. Further, on repeating the same analysis

with strongly bound PRDM9 peaks, we observed an exact match to the PRDM9

motif in 96% of the least chromatin accessible cases. While in case of strongly

bound regions present in the most chromatin accessible regions, we also observed

the presence of the 14-mer motif, however, this appeared to be of a more degen-

erate nature, implying a role of chromatin structure.

Masking peak regions for promoters appeared to infer the same motifs in case

of both bound and strongly bound peak regions i.e. the CTCF motif was again

found in the most chromatin accessible PRDM9 binding sites, but it appeared
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that this signal gets stronger, now found in over half of the most chromatin acces-

sible PRDM9 binding sites. It could be that there are a number of peaks where in

our assay PRDM9 pulls CTCF sites in accessible chromatin; this could indicate

indirect binding of PRDM9 [135]. It could be that these are just false positive

results but it might also indicate a real and di↵erent mode of binding associated

with cohesin.

4.3.9 Canonical motif match revealed in hotspot cases

with low 14-mer motif probability

We were next interested to know how PRDM9 is able to bind hotspots with

low motif probability. Information on these hotspots with low motif probability

was taken from a previous analysis performed by Myers et al. [68]. Looking

at PRDM9 binding peaks in this set of hotspots, we noted the corresponding

DNase sensitivity signals to be low. In comparison, binding peaks in hotspots

with higher motif probability showed relatively higher DNase accessibility. It was

therefore intriguing how these hotspots are bound by PRDM9, while the majority

of similar low motif probability hotspots do not have a binding peak.

To investigate this, we looked at 600 PRDM9 peaks in hotspots which were

annotated as having low motif probability for the hotspot they are in, and also

had low DNase accessibility. These regions were interesting, as they are bound

by PRDM9 and make hotspots but it is not understood how binding occurs, and

it may be possible that these low motif probability hotspots represent a di↵erent

mechanism which is why we can’t see binding at them. These regions were run

through the MEME motif finder to discover whether these contained degenerate

matches of the canonical motif or a novel, previously undiscovered, motif.

Interestingly, results from the MEME analysis identified the 14-mer motif in 63%

of these cases, even from this set of low motif probability, hotspot cases, thereby

explaining most of the binding targets in these regions (figure 4.11). This meant

that at least some of the hotspots annotated as unlikely to contain the 14-mer,
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Figure 4.11: Motifs in PRDM9 peaks stratified by chromatin accessibility.
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actually do contain more degenerate matches (given that there are never exact

matches to the canonical motif to which PRDM9 binds). Also interesting is the

upstream sequence which appears to be relatively more important in these cases

(e.g. Figure 4.8). Hence, in many PRDM9 bound hotspots regions, we are able to

pick up binding to the canonical motif , even if this was not picked up previously.

However for the remaining cases where this motif is not present, it remains less

clear how these are targeted by PRDM9 to become hotspots, and future work is

needed to address this.

4.3.10 PRDM9 binding enriched in open chromatin re-

gions

In Chapter 3 we discussed findings showing the e↵ect of chromatin around the

canonical motif in recombination hotspots; noting that the 13-mer motifs present

within hotspot regions tend to exhibit lower chromatin accessibility compared to

motifs in non-hotspot (coldspot) regions. Chromatin accessibility data was used

from a non-meiotic ENCODE cell line (gm12878) [139]. With the PRDM9 bind-

ing data now available, we were able to extend our previous analysis. Based on

this new information, we were able to stratify PRDM9 bound sites into bound

hotspots and bound coldspot regions. We next asked whether chromatin acces-

sibility is able to influence PRDM9 binding, and also whether open chromatin

plays a role in hotspot formation once PRDM9 is bound to its target sites.

As done previously, we investigated the distribution of DNase hypersensitive sites

around the strand oriented 14-mer motifs, bound or unbound by PRDM9, and

also around bound motifs that form hotspots as opposed to those that do not.

Figure 4.12 shows chromatin accessible sites surrounding the 14-mer motifs within

di↵erent repeat and non-repeat backgrounds. Interestingly, bound motifs exhibit

a prominent spike of chromatin accessibility compared to the 14-mer motifs that

are not bound by PRDM9; the latter, on the contrary showing a slight dip at

the motifs. Bound motifs when further stratified into bound hotspots cases and

bound coldspots cases show that although there is a spike in chromatin accessibil-

ity in case of both hotspot and coldspot cases, the hotspot motif cases tend to be
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surrounded by reduced levels of chromatin accessible regions, both towards the

centre of the motif and in the background regions, as opposed to bound coldspot

cases. This confirms our previous findings where 13-mer motifs in hotspot regions

exhibited lower chromatin accessibility, possibly implicating the role of nucleo-

some rich regions in hotspot cases. Further, these results also extend to our

previous findings in that they tell us that PRDM9 prefers to bind motifs in chro-

matin accessible regions, however, relatively lower accessibility allows hotspot

activity. This is consistent across the genomic contexts explored.

The bound 14-mer motifs in THE1 repeat elements showed slightly higher DNase

accessibility, localised around both bound and unbound motif cases, however on

stratifying into hotspots and coldspots, there did not appear to be much of a

di↵erence between the two motif groups i.e. both having comparable chromatin

accessibility surrounding the motifs. In case of motifs falling in ALU repeat

regions, chromatin accessibility appeared to be much reduced, with a promi-

nent dip towards the centre of the motif, in both bound and unbound cases.

Hotspot cases had comparatively lower background compared to bound coldspot

motifs. Overall, these results exhibit similar chromatin accessibility patterns in

both hotspot and coldspot cases across genomic backgrounds, with almost similar

average DNase sensitivity in all hotspot sets.

4.3.11 Nucleosome signals enriched around PRDM9 bound

motifs

Further, in search of factors influencing PRDM9 binding and hotspot formation,

we next investigated whether the positioning of nucleosomes is able to influence

PRDM9 binding. In the previous chapter we saw that 13-mer motifs tend to have

positioned nucleosomes surrounding them, in both hotspot and coldspot cases,

with nucleosome signals being more enriched around hotspots. Here, we would

like to get a sense of whether PRDM9 requires nucleosomes present at or around

the motif site prior to binding, or if positioned nucleosomes are rather just a good

substrate to form hotspots and do not a↵ect binding a�nity of PRDM9.
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Using stratified data as in the preceding section, we explored the nucleosome

positioning e↵ect on bound, unbound, bound hotspot and bound coldspot motif

cases. Figure 4.13 shows plots for MNase data surrounding 2kb from the centre of

the motif in the total set of bound and unbound cases. We observed evidence of

nucleosomes positioned in both PRDM9 bound and unbound cases. Nucleosomes

appear to be positioned 1kb on either side of both bound and unbound cases,

however, the background levels of nucleosomes are higher in the PRDM9 bound

cases. Interestingly, when stratified by hotspots and coldspots, bound hotspot

motifs appear to exhibit higher nucleosome level, particularly towards the centre

of the motifs as opposed to bound coldspot motif cases. We also repeated the

above analysis with strongly bound motif cases, and observed similar results.

We also examined nucleosome e↵ects on 14-mer motifs in THE1 and ALU

repeat elements (See figure 4.14). In both cases, nucleosomes signals at the back-

ground level were again higher in bound motifs cases than unbound ones, with

the region immediately surrounding the 14-mer motifs showing no di↵erence with

respect to nucleosome levels. Both THE1 and ALU cases showed a nucleosome

signal positioned at the motif site, while in case of ALUs there is a strong signal

of a second motif positioned just upstream of the motif site. Further, both repeat

cases showed no apparent broad scale, or local di↵erences between bound hotspot

and coldspot motifs.

These results tell us that nucleosomes near the 14-mer motifs tend to be po-

sitioned before PRDM9 binding; it could be that nucleosomes are positioned by

the high GC content of motifs, as seen previously in case of the CTCF motifs.

Although binding appears to be stronger in regions where there is an elevated

nucleosome density, with the motifs occurring at, or very near, a positioned nucle-

osome, it appears that once the motifs are bound by PRDM9 and the H3K4me3

mark is made, the chromatin changes may lead to the surrounding nucleosomes

sliding into the region centred at the motif. Hence, the nucleosome signal at the

motif sites in bound hotspots relative to bound coldspot cases, could be a down-

stream event of PRDM9 binding.
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4.3.12 Transcription activating marks depleted around PRDM9

bound hotspot motifs

We were interested to know if transcription regulating marks are able influence

PRDM9 binding and hotspots. In the previous chapter we observed that hotspots

are more likely to occur in transcriptionally repressed regions of the genome. We

extended the previous analysis using updated data and our ChIP-seq binding

information. We investigated the e↵ect of 10 transcription activating and re-

pressing histone modifying marks on the binding of 14-mer motifs (See Figure

4.15, 4.17). Data on histone modification marks was taken from the UW EN-

CODE track on UCSC; the 10 histone modifications used are a total of all marks

available for the gm12878 cell line (build 37). Of the 10 marks used, 6 mark

promoters (H3K27ac, H3K4me1, H3K4me2, H3K4me3, H3K27me3, H3K9ac), 3

mark gene bodies (H3K36me3, H3K79me2, H4K20me1), and 1 marks constitu-

tive heterochromatin (H3K9me3). All the marks studied, other than H3K9me3

and H3K27me3, are transcription activating.

The levels of each of these marks were explored in the four motif subsets men-

tioned previously. Interestingly, we noted that all 5 of the transcription activating

marks in promoter regions, were enriched around bound motifs, however further

dissection illustrated reduced levels of these marks in bound hotspot motif cases

compared to bound coldspot cases. In almost all of these cases we observed a bi-

modal peak, with the peaks flanking the centre of the motif. These results imply

that although PRDM9 binding itself is not a↵ected by the presence of gene acti-

vating marks, however, most of these bound regions are unlikely to form hotspots.

Similarly, 2 out of 3 modifications marking gene bodies and transcriptionally ac-

tive regions, were also seen to be enriched in bound motif coldspots and depleted

in hotspots. Contrastingly, one mark of active chromatin, H3K36me3, appears to

exhibit a lower signal in bound hotspots compared to bound coldspots. In case of

the two transcriptionally repressive marks examined (H3K9me3 and H3K27me3)

marking promoter and constitutive heterochromatin, respectively, we noted that

the bound hotspot motifs were enriched for both these marks compared to bound
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Figure 4.15: Histone modifications marks at promoters surrounding PRDM9 bound,
unbound, bound hotspot and bound coldspot 14-mer motifs. All are transcription acti-
vating marks.
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Figure 4.16: Histone modifications marking gene bodies (H3K27me3, H3K36me3,
H4K20me1) and constitutive heterochroamtin (H3K9me3) surrounding PRDM9 bound,
unbound, bound hotspot and bound coldspot 14-mer motifs.
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coldspot cases. H3K9me3, a marker for constitutive heterochromatin, shows a

less dramatic lowering in bound hotspot cases. Hence, almost all activating or

transcribed chromatin marks showed a particular pattern, with bound motifs

showing a peak, but bound motifs corresponding to hotspots, showing a much

weaker peak, similar to genomic background [148]. In each of these cases, a dip

at motif position itself might relate to a nucleosome positioning e↵ect. Together,

these results may hint towards a chromatin “code” for hotspot cases, suggesting

that hotspots after binding can occur outside transcribed regions, but away from

deeply inaccessible heterochromatin, which prevents binding (as seen in the case

of the H3K9me3 level, which marks facultative heterochromatin, and is depleted

in PRDM9 bound cases).

4.4 Transcription Factors

We also investigated if hotspots tend to be marked by other transcription factors

near the motifs. We used all available ChIP-seq data for transcription factors on

the gm12878 cell line taken from UCSC (Supplementary figures 9 and 10). Two

interesting TFs that we looked at were CTCF and RAD21. Rad21 is one of the

proteins that make up the cohesin complex [173, 174]; the cohesion complex is

important for chromosome segregation and DNA repair [175]. CTCF is a protein

known to interact with the cohesion complex and organises chromatin structure

[176, 177, 178]. We observed that Rad21 signals were depleted at the unbound

motif sites, but were enriched, locally, around PRDM9 bound motif cases. These

signals were also enriched around bound hotspot and bound coldspot motif sites.

Further, contrary to our earlier findings (discussed in Chapter 3), we observed

that CTCF associated peaks were enriched around PRDM9 bound hotspot cases.

With our extended analysis, we found that CTCF peaks are also enriched around

PRDM9 bound cases, and contrastingly, depleted in unbound cases. This implies

that PRDM9 might require direct or cooperative binding with CTCF. It might

also be that CTCF is simply a marker of chromatin accessible regions near the

PRDM9 binding sites which subsequently become hotspots. The association be-

tween CTCF peaks and PRDM9 bound motif sites can further be explored by
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Figure 4.17: Signals of selected transcription factors, RAD21 and CTCF, surrounding
14-mer motifs.
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looking at H3K4me3 signals in our transfected cell lines around CTCF enriched

PRDM9 bound sites, which is planned future work.

4.5 Summary

Our ChIP-seq experiment helped us to uncover some interesting binding proper-

ties of PRDM9. We were able to identify over 170,000 PRDM9 binding sites in

the genome, enriched for the 14-mer motif. The strength of the motif match, as

well as the genomic background it is present in, are good predictors of PRDM9

binding. Our binding peaks overlapped with most known recombination hotspots.

We noted that PRDM9 confers the H3K4me3 mark at bound motif regions, and

does not depend on a pre-existing H3K4me2 mark to add its trimethylation mark.

The PRDM9 bound sites had elevated rates of recombination, as would be ex-

pected. Interestingly, binding was also enriched in promoters and exons, however,

binding in these regions showed decreased recombination rates.

We observed that PRDM9 binding depends upon open chromatin and nucleosome

positioning around the 14-mer motifs, whereas, subsequent hotspot formation is

dependant on nucleosome rich, and relatively chromatin inaccessible regions com-

pared to coldspots. Finally, our results also suggest that PRDM9 is able to bind

in actively transcribing regions, however, hotspot formation tends to occur away

from transcribed regions.
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Chapter 5

Discussion

Our motivation for this research was, broadly, to understand the molecular mech-

anisms that influence meiotic recombination initiation in humans. Recombination

is a crucial event that occurs in most sexually reproducing organisms in meiotic

cells, during which DNA from homologous chromosomes is exchanged with DNA

from its other homolog, forming a crossover. This crossover process is important

for mechanical reasons (alignment during metaphase and proper segregation of

chromosomes) and for the reason that this produces novel allelic combinations

(given that recombinant chromosomes are a chimera of two parental chromo-

somes) [179, 180]. Therefore, trying to understand how this crossover process

occurs, is key to understanding genetic diversity, and natural selection.

PRDM9, a zinc finger protein, has been identified as a major determinant of

recombination hotspots (narrow 1-2kb regions with high crossover activity)[75,

95, 79]. PRDM9 consists of a DNA binding zinc finger domain, within which the

number and type of zinc fingers determines the sequence specificity with which

it binds to DNA. It also consists of a KRAB domain, which is possibly involved

in protein-protein interaction, and a SET domain [87]. The SET domain is re-

sponsible for conferring the H3K4me3 mark, a mark which has been shown to

be enriched around meiotic recombination hotspots in yeast and mammals [86].

Further, the predicted binding motif for PRDM9 matches the 13-mer motif iden-

tified previously, which is reported to be present in over 40% of all recombination

hotspots [68]. The structure of PRDM9, therefore, consolidates its role in hotspot
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specification, as has been established by multiple studies [53, 79, 80, 77, 81, 82].

We understand that PRDM9 activity is likely to occur upstream of the DSB

formation and crossover process, as the distribution of DSBs is a↵ected by the

absence of PRDM9, in PRDM9 knockout mice [20, 89]. Given that almost

all DSBs (and subsequently crossovers) are a↵ected by the absence of PRDM9

[92, 83, 20, 75, 181, 40], it raises the question of whether this protein is responsible

for marking all recombination hotspots. As mentioned previously, matches to the

canonical 13-mer motif, predicted to be bound by PRDM9 are present in only

a fraction ( 40%) of the hotspots [68]. Thus if PRDM9 does bind the motif to

trigger recombination, what happens in cases of other hotspots which contain no

clear evidence for this motif being present? Also, if PRDM9 really is involved in

making recombination hotspots by binding the motif, then there are over 300,000

such motifs in the genome, a number which is over 10-fold greater than the re-

ported recombination hotspots; if all these motifs can serve as potential binding

sites for PRDM9, how does it preferentially bind to some and not others to make

hotspots, and do other features play a role even given binding?

5.1 PRDM9 binding is sequence specific but also
dependant on context

Firstly, with the help of our gel-shift assays, we were able to gain a better un-

derstanding of how PRDM9 interacts with DNA. We were able to confirm that

PRDM9, as predicted, is able to bind specifically to the 13-mer motif. With

the help of these assays we established that PRDM9 is able to strongly bind

the LD based consensus sequence, a strong determinant of hotspot occurrence,

referred to as the core motif (CCTCCCTNNCCAC), as well as the degenerate

version of the motif (CCNCCNTNNCCNC) located in the THE1 and L2 repeat

backgrounds (both these repeat backgrounds have been shown to exhibit elevated

recombination rates in the presence of this motif). On the contrary, no binding

was observed with a control sequence containing no motif match, indicating that

PRDM9 is able to bind specifically to the canonical motif. The probes tested for
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this analysis were about 40 bp in length, thus also containing the expanded motif

shown previously [68], and also discussed in Chapter 4.

We were also able to confirm the specificity of PRDM9 binding by creating tar-

geted disruptions in the 13-mer motif sequence. We observed that PRDM9 bind-

ing is strongly reduced when the probes designed from motif containing THE1

and L2 regions were changed at certain single positions within the motif. PRDM9

binding was seen to be sensitive to single base pair changes in the probes tested.

It was, however, also interesting to note that certain changes in the motif, i.e.

at a non-degenerate base in THE1 probe and degenerate base in L2 probe, were

able to sustain and abolish PRDM9 binding, respectively. We would expect any

changes at non-degenerate positions to disrupt binding and at degenerate posi-

tions to not a↵ect binding, however, the digression from expected results may be

explained by our more recent ChIP-seq results, where the PRDM9 binding motif

shows that the non-degenerate position (base 5 of the motif) is the most degen-

erate of all non-degenerate positions, whereas the degenerate position (base 12 of

the motif), is the least degenerate of all degenerate bases. This may also relate

to the use of di↵erent zinc fingers and their di↵erent binding modes which we

discuss later in this chapter. These results demonstrated that although the motif

degeneracy is subtle, however, single base pair changes clearly strongly impact

the ability of PRDM9 to bind.

Remarkably, on testing a number of di↵erent hotspots, previously thought not

to contain a clear motif match for PRDM9 binding [79], it was seen that every

one of these hotspots did in fact contain more degenerate versions of the 13-mer

near the centre of the hotspot. Hence, PRDM9 is able to bind with all hotspots

tested in-vitro (those containing exact matches to the 13-mer as well as those

with the more degenerate matches), which raises the question that even though

PRDM9 is capable of exhibiting binding a�nity even for more the degenerate

forms of the motif, why are only a fraction of such sequences, otherwise common

in the genome, picked out for binding. As mentioned previously, we used probes

of about 40bp for this analysis, however, it may be possible that additional bases

are required for target specificity. This, along with other interacting chromatin
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features may provide a plausible explanation for how PRDM9 selectively choses

binding sites in the genome.

Our results have since, also been supported by various reports of sequence spe-

cific binding of PRDM9 by DeMassy’s and Je↵reys’ labs through in-vitro studies.

Je↵reys et al. further showed that the type of motif bound by PRDM9 is clearly

dependant on the variations in PRDM9 alleles [77, 79, 80]. However, no study

has yet directly looked at where a single human PRDM9 allele is able to bind in

the genome. It is interesting to note, however, that motif independent mecha-

nisms also exist e.g. in yeast, whose hotspots are although regulated by an H3K4

methyltransferase Set1, do not have a DNA sequence motif associated with re-

combination activity (as Set1 has no DNA binding domain).

Following these experiments, we next aimed to understand if there are other

chromatin related factors that promote PRDM9 activity and hotspot formation:

i.e., does PRDM9 need some epigenetic or sequence related marks surrounding

the motif site to facilitate or promote PRDM9 binding, or does it require a di-

rect or indirect interaction with other transcription factors to be able to recruit

recombination machinery, or possibly, a combination of both? Hence, to get a

better understanding of sequence context and other chromatin features involved,

we performed ChIP-seq for PRDM9, along with using various publicly available

resources to attempt to answer these questions.

5.2 Mapping PRDM9 binding sites in the genome

With our ChIP-seq analysis to determine genome-wide binding sites for PRDM9,

we were able to build the first map for PRDM9 binding sites in a human cell line

(HEK293T). We identified over 170,000 binding sites for PRDM9 in the genome,

and these binding sites overlapped with 53% of the HAPMAP recombination

hotspots. It is possible that the hotspots that do not coincide with our binding

peaks may not be accessible in the HEK293T cell line. It may also be that these

hotspots are made independent of PRDM9, however, given the multiple sources

of evidence implicating the role of PRDM9 in all hotspot cases, and our gel-shift
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results, this seems very unlikely. Also, given that not all hotspots are strong

binding sites, at least in HEK293T cells, and some have only poor motif matches,

these are unlikely to be strongly bound even in meiotic tissue.

Interestingly, we noted that PRDM9 binding was enriched in promoter regions

and exons. On exploring the recombination rates around promoter and non-

promoter PRDM9 bound regions, we observed that the recombination rate in

bound regions overlapping promoters appeared to be much lower than the rate

in non-promoter, bound regions. This indicates that although PRDM9 binding

is enriched in promoter regions, the recombination level at these regions remains

low as compared to non-promoter regions, hence PRDM9 is unable to initiate re-

combination at some of its binding sites. Further, binding appears to be weaker

in promoters and might be opportunistic due to open chromatin, thus, this may

not be strong enough for recombination to occur. Other reasons could be the

chromatin structure at these promoter regions which may promote recruitment

of transcription machinery and thereby transcription, which in turn would repress

recombination activity, evidence of which we see in our analysis. A previous re-

port showed that when PRDM9 is not expressed, meiotic DSBs tend to occur at

functional elements, like gene promoters, suggesting that PRDM9 is required to

initiate recombination away from these functional elements [20], where hotspot

activity is low [55]. Our results show that if PRDM9 is not only responsible

for helping the recombination machinery to keep away from these functional ele-

ments, but that it is also able to bind to these elements while suppressing hotspot

formation. As promoter regions are mostly marked by H3K4me3, it might be that

PRDM9 is not able to confer its own H3K4me3 mark, thereby inhibiting recom-

bination activity.

We used the MEME-ChIP software to find novel motifs in the PRDM9 bound

regions and identified a 14-mer motif in the most strongly bound regions after

masking for promoters and repeats; this newly found motif is essentially an exact

match to the canonical 13-mer motif found, and predicted to bind with PRDM9

previously. On conditioning for a longer motif length extending over 25 bp, we

found another longer motif of 33bp in length, containing the 14-bp motif as well
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an upstream sequence which matches, again almost exactly, with the upstream

sequence reported by Myers et al in 2008 by an LD based analysis of ancient

hotspots, hence demonstrating that bound regions are able to capture the se-

quence feel of meiotic crossover hotspots.

Interestingly, more recent analysis on PRDM9 peak regions using an in-house

motif finder has shown that the PRDM9 binding site is in fact represented by

6 motifs that account for deletions or insertions relative to the canonical motif

(see figure 5.1). This analysis represents the binding complexity of PRDM9. The

motif analysis we performed earlier, using MEME-ChIP, does not account for

indels, hence the new motif analysis using the in-house algorithm (work done by

Simon Myers) shows that the canonical motif can be refined into 6 motifs (found

enriched at the centre of the PRDM9 peaks), where each of these motifs implies

binding by a di↵erent subset of zinc fingers, and also implying a strong role for the

upstream zinc fingers binding upstream of the canonical motif. Accounting for

these 6 motifs, we see that the motifs overlapping the strongest PRDM9 peaks in-

crease to about 95%. Another interesting finding from recent work is that about

10% of PRDM9 peaks contain the CTCF binding motif, but no match to the

canonical motif. This observation is consistent with our previous analysis, where

CTCF binding sites were enriched around bound motifs. This might imply that

PRDM9 is able to bind directly or indirectly to CTCF.

Previous work showed that genomic context is important in determining

hotspot formation [55, 68]. We know that hotspots range in the activity, being

most active in THE1 background, followed by L2 and non-repeat backgrounds,

and finally ALU being least active in hotspot activity. We explored the presence

of 14-mer motifs bound by PRDM9 in various genomic backgrounds. PRDM9

bound motifs occur more frequently in non-repeat backgrounds, whereas among

repeat regions they were enriched in the THE1 repeat elements. Bound motifs

in non-repeat and THE1 repeat regions were found likely to form hotspots. We

observed the same enrichment patterns in strongly bound PRDM9 motifs. Bound

and unbound motifs in hotspots on being stratified by motif scores (represent-

ing strength of motif match) and by di↵erent genomic backgrounds, showed that
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Figure 5.1: Six motifs discovered by an In-house motif finder after account-
ing for internal spacing. Motif analysis and plot made by Simon Myers.
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bound hotspots are more enriched in higher scoring motif matches. This analysis

showed that both background context and strength of match are predictors of

PRDM9 binding and subsequently making a recombination hotspot. Overall, our

ChIP-seq results agree with previous results by explaining that influence of back-

ground is due to the preferential binding of PRDM9 in these backgrounds, even

after accounting for motif strength. This means that motif strength is predictive

but not su�cient to cause hotspots. The extended motif is likely to be part of

the reason, along with other chromatin related factors, which we explored next.

Although these various features were examined in a non-meiotic cell line, our

findings are likely to also hold true for meiotic cells, given that various chromatin

features e.g. H3K4me3, nucleosome positioning etc., that are present around re-

combination hotspots in meiotic cells, have also been found to hold in mitotic cell

lines [84, 141, 113, 142].

5.2.1 Chromatin inaccessible regions also contain 14-mer
motifs

We wanted to explore if the level of chromatin accessibility is associated with the

type of motif present. We hypothesised that in less chromatin accessible regions,

PRDM9 is likely to need a strong match to the motif to bind it, however, in

more chromatin accessible regions, we might expect PRDM9 to be able to bind

to more degenerate versions of the motif. In agreement with this hypothesis we

observed a match to the 14-mer in the less chromatin accessible regions. However,

interestingly, we observed that peaks in more chromatin accessible regions were

enriched for the CTCF motif. This signal seemed to get stronger after mask-

ing for promoters, and explains peaks (even after allowing for the 6 additional

PRDM9 binding motifs discussed about earlier). We also found binding sites for

another transcription factor, AP-1, marking some peaks in accessible chromatin

regions.

We also noted that PRDM9 binding peaks in hotspots with low motif proba-

bility (taken from a previous analysis) did not correspond to higher chromatin

accessibility. To test what sequence PRDM9 is likely to bind in these hotspots
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containing motifs with low probability and also less DNase accessibile, we ran this

subset of these positions through MEME for motif finding. Remarkably, we again

found a close match to the 14-mer motif in 63% of the cases, even from this set of

low motif probability cases. This implied that even though some of these motif

cases were not considered as a strong match for PRDM9 to bind, they were still

in fact good enough matches for PRDM9 to bind with. The upstream sequence

discovered in these cases, again appeared to be an important feature promoting

PRDM9 binding. Hence, with this analysis we were able to explain hotspots that

were previously di�cult to understand, by identifying ’hidden motifs’ i.e. most

of the hotspots can be explained by the more degenerate versions, if not exact

matches to the motif, which can serve as PRDM9 target sites.

We also performed ChIP-seq for H3K4me3 (transfected and untransfected) and

H3K4me2 on untransfected HEK293T cells, to enable us to understand ques-

tions like: which H3K4me3 marks in the PRDM9 transfected cells are made by

PRDM9 and which ones are made independent of PRDM9, and also whether

an H3K4me2 mark is a pre-requisite substrate for PRDM9 to add the trimethy-

lation mark to. An initial screening of this data showed that at many of the

hotspot regions tested, the H3K4me3 mark in transfected cells clearly overlaps

the PRDM9 binding peaks centred at these hotspots. As no such enrichment of

H3K4me3 was observed in the corresponding regions in untransfected cells, this

demonstrates the mark is induced by PRDM9 binding. Further, there was also

no enrichment observed in the H3K4me2 mark in most PRDM9 bound regions,

which implies that the H3K4me3 mark conferred by PRDM9 does not necessarily

need dimethylation as a substrate.

5.3 Local chromatin environment around PRDM9
binding sites

5.3.1 Chromatin accessibility

We initially investigated the a↵ect of chromatin accessibility around 13-mer motifs

in recombination hotspots and compared with coldspots. DNase hypersensitivity
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data from lymphoblastoid cell lines showed an enrichment of DNase hypersen-

sitive sites surrounding the 13-mer motifs; this signal was found to be enriched

around both recombination hotspot and coldspot motifs, hence suggesting that

it is a feature of motif containing DNA sequence, more than relating to binding

itself and persists after accounting for sequence biases. However, the hotspot to

coldspot ratio plot showed that the level of open chromatin is lower in the re-

gion immediately surrounding the motifs in hotspots. This reduced levels of open

chromatin may be suggestive of nucleosome enriched regions in hotspots. These

results are comparable with some other reports suggesting that open chromatin

is positively correlated with double strand break hotspots in yeast [141, 182]

and mice [111, 180] ; the open chromatin structure is likely to be required for

the recruitment of recombination machinery. Interestingly, however, there have

been individual occurrences of hotspots reported not to be associated with open

chromatin. In mice, for example, the psmb9 hotspot does not contain a DNase

hypersensitive site [111], and in most hotspot motifs, we do not observe an indi-

vidually strong DNase peak either.

We further extended this analysis using PRDM9 binding information from the

ChIP-seq assay to understand if chromatin accessibility is a feature that is a pre-

requisite for PRDM9 binding prior to hotspot formation, as we were now able

to stratify our motifs by PRDM9 bound, unbound, bound hotspot and bound

coldspots. This stratification of data showed that DNase accessible sites are found

around all PRDM9 bound motifs, at a level much more enriched (over 3.5-fold)

compared to coldspots, which on the contrary, appear to show decreased lev-

els at the motif sites. However, bound motifs that subsequently form crossover

hotspots were depleted in open chromatin regions compared to coldspots. These

results confirm that in case of hotspot motifs, chromatin accessibility is lower

than coldspot cases. Together these results demonstrate that PRDM9 binding

occurs in chromatin accessible regions, however, it is likely to lead to hotspot

formation if bound regions are present in, presumably, nucleosome rich regions of

lower chromatin accessibility.
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5.4 Nucleosomes

The next follow-up question led us to investigate evidence of nucleosomes around

motif sites. We observed that nucleosomes are positioned around both bound and

unbound motifs. Given that nucleosomes are positioned even in unbound motifs,

it would mean that it is not PRDM9 binding itself that positions nucleosomes;

hence, the positioning is independent of binding and is rather a feature of the

motifs theme selves, possibly because of their being GC rich. However, looking

at nucleosome positioning around bound hotspot and bound coldspot motifs, we

found that PRDM9 bound regions were likely to become hotspots if they are in

more nucleosome rich regions. These results suggested (and also confirmed pre-

vious DNase analysis) that once PRDM9 is bound, hotspot formation is likely

to occur in more nucleosome dense regions. Nucleosome positioning around re-

combination hotspots has previously been reported by Smagulova et al. in mice

[75].

5.5 Histone marks

We also investigated histone marks as potential features promoting recombina-

tion hotspot activity. On investigating various histone modification marks, we

observed that PRDM9 is able to bind in transcriptionally active regions (seen by

PRDM9 bound motifs showing an elevation in transcription activating marks),

however, binding is inhibited in heterochromatin regions e.g. the H3K9me3 mark

is found to be low in PRDM9 bound cases, compared to unbound cases, imply-

ing that this mark might play a role in suppressing PRDM9 binding along with

subsequent downstream events.

By dissecting PRDM9 bound and unbound cases, we had the ability to under-

stand the downstream events. All modifications marking promoters and gene bod-

ies that function to activate transcription were enriched around bound coldspot

motifs but not around bound hotspot motifs. On the other hand, we observed

that in case of each of the transcription repressive marks examined, hotspots were

enriched for these signals compared to coldspots. These results suggest that in
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humans, recombination activity is likely to be repressed around actively tran-

scribing regions.

There have been some reports in yeast that have also shown a negative cor-

relation between transcription activating marks like H3K36me3 and H3k79me3

and recombination. These are two of the histone modifications we looked at, that

mark the body of genes, and showed reduced signals around crossover hotspot

motif cases compared to coldspot motifs. H3K79 is associated with DNA re-

pair and is marked by a methyltransferse called Dot1p. The deletion of this

methyltransferase leads to an ine�cient repair of double strand breaks by sister

chromatids. This might explain the positive association between H3K79me3 and

reduced level of recombination activity, owing to this mark’s role in DNA repair

[183, 184]. Similarly, H3K36 is suggested to be indirectly involved in a↵ecting

DSB frequency, by stimulating other histone marks that are able to directly in-

duce DSBs. One such study on the HIS4 hotspot in yeast, reports that H3K36me3

represses DSB formation by recruiting a histone deacetylase called Rpd3. Hence,

an indirect and negative correlation between H3K36me3 and DSB frequency may

be observed when the deacetylase reduces acetylation, which in turn may con-

dense chromatin structure thereby reducing DSB frequency [185, 186, 187, 188].

In our case, although we see reduced levels of acetylation marks around crossover

hotspot motifs, there is also an enrichment of acetylation marks in coldspot motif

cases, which might implicate the role of transcription itself which is antagonistic.

There have not, however, been many reports that demonstrate a positive or

negative correlation between recombination and transcription repressing histone

marks, however, Buard et al., showed that in one of the mouse strains (b6) with

an inactive psmb9 hotspot, the H3K9me3 and H3K27me3 repressive marks were

seen to be depleted at that hotspot [15, 122].
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5.6 Transcription Factors

We also investigated the relationship of hotspots with various transcription fac-

tors, and found most of the TF binding sites to be enriched around coldspot

motifs. This is probably because of the presence of promoters at these sites

which make them more likely to become coldspots, hence there is no implication

of a causal relationship. An interesting signal was that of CTCF binding sites

that were clearly peaked around bound motifs and also in bound hotspot and

coldspot cases, but were depleted at the unbound motifs. As CTCF motifs do

not mark all hotspots specifically, one explanation for this observation could be

that CTCF is a marker for places where the 14-mer motif is found in hotspots and

where PRDM9 can access its binding sites. This could be suggestive of CTCF

being directly associated with PRDM9 or of cooperative binding, which would

explain PRDM9 peaks where there is only a CTCF motif enriched at the centre

of the peaks (mentioned earlier); however, these regions (containing only a CTCF

motif but no 13-mer motif) do not form hotspots. The association of PRDM9

and CTCF could further be investigated by looking at H3K4me3 marks in peaks

enriched for CTCF motif.

5.7 Conclusion

In conclusion, with this research we have been able to identify the characteristics

of PRDM9 through our ChIP-seq assay, along with certain genomic features as-

sociated with hotspot activity in humans. We were able to prove by in-vitro and

in-vivo binding methods that PRDM9 binds sequence specifically to the canon-

ical motif. With our ChIP-seq assay we were able to present the first map of

PRDM9 binding sites in humans, enriched for a 14-bp motif. We found that

PRDM9 is able to bind gene regulating regions (promoters and exons), however

these binding sites exhibit low recombination activity, relative to other PRDM9

bound non-promoter sites in the genome. PRDM9 binding was also enriched in

non-repeat and THE1 repeat elements, with the strength of the canonical motif

match being important, but not su�cient in predicting binding and subsequent
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H3K4me2
Pre-existing H3K4me3

PRDM9
H3K4me3

14-mer motif
New motifs

CO hotspot CO hotspot

Gene

Figure 5.2: Model for PRDM9 binding and hotspot formation. PRDM9 binds
with 13-mers, and the newer motifs identified by accounting for indels; binding is more
likely in nucleosome rich but chromatin accessible regions. On binding, PRDM9 makes
an H3K4me3 mark, and does not require a pre-existing H3K4me2 mark as substrate.
This in turn, recruits recombination machinery and forms crossover hotspots. Hotspot
formation is favoured in nucleosome dense regions and away from transcribed regions.
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hotspot formation.

We found that PRDM9 is responsible for all H3K4me3 marks in the bound regions

and does not necessarily depend upon the presence of an H3K4me2 mark to add

its trimethylation mark. We investigated the chromatin environment around the

PRDM9 bound sites and found that chromatin accessible regions, almost always

containing the canonical motif, but within a rich nucleosome environment, away

from dense constitutive heterochromatin, are important predictors of PRDM9

binding. We also found that once PRDM9 is bound, crossover hotspot formation

is likely to occur in more nucleosome dense and less chromatin accessible sites,

that are located away from transcribing regions (see figure 5.2).

Hence, our results have shown that PRDM9 binding in the genome is dependent

on both the primary sequence and surrounding epigenetic factors, and together

these factors promote binding and the positioning of crossover hotspot locations

in the human genome.
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Supplementary Material

Figure 1: EMSA with testis nuclear extract. Red arrow indicating protein-DNA com-
plex of interest. Lane1: THE1 probe only, Lane 2: THE1 probe with nuclear extract,
Lanes 3 and 4: 10 and 100 fold excess THE1 unlabelled competitor, Lanes 5 and 6:
10 and 100 fold excess of Cold-1 unlabelled competitor, Lanes 7 and 8: Antibody lanes;
Testing di↵erent concentrations of Ab after adding nuclear extract to optimise super-
shift conditions. Lanes 9 and 10: Antibody lanes; Testing di↵erent concentrations of
Ab before adding nuclear extract for optimizing conditions.
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Figure 2: EMSA with company synthesized recombinant PRDM9. Red arrow indicat-
ing protein-DNA complex of interest. Lane1: L2 probe only, Lane 2: L2 probe with
PRDM9, Lanes 3: L2-snp2 probe only, Lane 4: L2-snp2 probe with PRDM9, Lane
5: THE1-permuted probe only, Lane 6: THE1-permuted probe with PRDM9, Lane 7:
Cold-1 probe only, Lane 8: Cold-1 probe with PRDM9, Lane 9: THE1 probe only, Lanes
10-12: Testing THE1 probes with batches 1,2 and 3 of PRDM9 respectively.
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Figure 3: cDNA and amino acid sequence for human PRDM9 protein referenced in
databases (Ensembl release 56, based on the Genome Reference Consortium GRCh37)
containing 13 zinc fingers

141



Figure 4: PRDM9 cloning plan with pBacPac9 vector into insect cell system
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Figure 5: Nucleosome positioning around 13-mer motifs. MNase cuts in a 500bp region
around 13-mer motifs in hotspots and coldspots, separated by plus (red line) and minus
(blue line) strand.
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Figure 6: Signals of transcription factors (Rad21, Pol2, Nfkb and CFos), surrounding
13-mer motifs (hg18).
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Figure 7: Signals of transcription factors, surrounding 13-mer motifs (hg18).
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Figure 8: PRDM9 cloning plan with pHLsec vector into mammalian cell system
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Figure 9: Signals of transcription factors, surrounding motifs (hg19). Red line: Bound
motifs, Blue line: Unbound motifs, Green line: Bound hotspots, Yellow line: Bound
coldspots.
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Figure 10: Signals of transcription factors (hg19) surrounding motifs. Red line: Bound
motifs, Blue line: Unbound motifs, Green line: Bound hotspots, Yellow line: Bound
coldspots.
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