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Abstract

The epigenome represents a major regulatory interface to the eukaryotic genome. Nucleosome
positions, histone variants, histone modifications and chromatin associated proteins all play a role
in the epigenetic regulation of DNA function.

Trypanosomes, an ancient branch of the eukaryotic evolutionary lineage, exhibit some highly
unusual transcriptional features, including the arrangement of functionally unrelated genes in
large, polymerase Il transcribed polycistronic transcription units, often exceeding hundreds of
kilobases in size. It is generally believed that transcription initiation plays a minor role in
regulating the transcript level of genes in trypanosomes, which are mainly regulated post-
transcriptionally.

Recent advances have revealed that epigenetic mechanisms play an essential role in the
transcriptional regulation of Trypanosoma brucei. This suggested that the modulation of gene
activity, particularly that of pol I transcribed genes, is, indeed, an important control mechanism,
and that the epigenome is critical in regulating gene expression programs that allow the successful
migration of this parasite between hosts, as well as the continuous evasion of the immune system
in mammalian hosts.

A wide range of epigenetic signals, readers, writers and erasers have been identified in
trypanosomes, some of which have been mapped to essential genetic functions. Some epigenetic
mechanisms have also been observed to be unique to trypanosomes. We review recent advances in
our understanding of epigenetic control mechanisms in T. brucei, the causative agent of African
sleeping sickness, and highlight the utility of epigenetic targets in the possible development of
new therapies for human African trypanosomiasis.

Keywords
epigenetics; chromatin; transcription; gene regulation; African sleeping sickness

© 2014 Elsevier B.V. All rights reserved.

"Corresponding author: Telephone +27-51-401-3052, patterh@ufs.ac.za.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Maree and Patterton

Page 2

1. Introduction

Trypanosoma brucei, the causative agent of African sleeping sickness, is an extracellular,
flagellated parasite that is transferred into the human host during a blood meal by a Glossina
spp. fly. In its initial haemolymphatic phase, bloodstream form (BF) T. brucei invades the
bloodstream, interstitial spaces, and lymph system where it divides asexually [1]. With
prolonged infection, the parasite crosses the blood brain barrier and enters an encephalitic
stage, where the patient exhibits the typical clinical signs of the disease from which the
name is derived. Without treatment, African sleeping sickness is lethal.

If the Glossina spp. fly feeds on an infected host, trypanosomes may be taken up, and will
transform to a procyclic form (PF) trypomastigote in the insect midgut, where the parasites
again multiply by asexual cell division. From the midgut, the parasite moves to the salivary
gland of the fly, transforming to a metacyclic form [2], capable of infecting a new
mammalian host. The migration of the parasite from a mammalian to an insect host is
accompanied by the activation and shutdown of several genes [3]. Many of these genes
appear to be regulated by epigenetic mechanisms, implicating chromatin in T. brucei gene
regulation.

Chromatin is composed of repetitive arrays of nucleosomes, which are formed by 168 bp of
DNA wrapped in two negative supercoils onto a histone octamer and associated with histone
H1. Although nucleosomes represent the basic structural unit of chromatin, facilitating the
compaction of poly-anionic DNA molecules to a level where it can fit into a cell nucleus,
nucleosomes also serve as a molecular message board to genetic processes, and, equally, as
a dynamic binding surface for proteins involved in gene regulation and transcriptional
control.

Core histones are globular proteins with a characteristic histone fold domain and N-terminal
extensions or “tails” emanating from the central fold. An extensive range of post-
translational modifications (PTMs) occur on the tails that influence many biological
processes, including chromatin condensation and the recruitment of DNA-binding proteins
such as chromatin readers, writers and erasers [4]. Extensive studies have shown that histone
PTMs can function either singularly or in combination with other PTMs, referred to as
histone “cross-talk” [5]. An insight into the organisation of nucleosomes in a genome, as
well as the distribution of histone variants and the presence of PTMs, is essential to
understand the regulatory role of chromatin in genome function.

The aim of this review is to integrate recent data gathered from the fields of genomics,
transcriptomics and proteomics to understand the epigenetic mechanisms that are employed
by T. brucei to control its gene expression programs.

2. Genome organisation

The haploid genome of T. brucei is 26 — 35 Mb in size, depending on the strain [3,6], and is
composed of 11 megabase chromosomes (MBC) [7], 1-5 intermediate chromosomes (IC)
(300 — 900 kb), and approximately 100 minichromosomes (MC) (50 — 150 kb) [8]. MC
account for approximately 10% of the nuclear genome, and about half of each MC is
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composed of 177 bp repeats, as well as silent Variable Surface Glycoprotein (VSG) genes
and pseudogenes [9].

The housekeeping portion of the genome, encoded by genes on the MBC, exists as long,
non-overlapping, polycistronic transcription units (PTUs). Adjacent PTUs may be located
on the same DNA strand, arranged in a head to tail fashion, or on different strands, separated
by convergent or divergent strand switching regions (SSRs). The latter refers to the direction
of transcription of the adjacent PTUs (Figure 1). The MBCs contain nearly 8800 non-
redundant protein-coding genes, including about 500 pseudogenes [10], organised into
unidirectional gene clusters that are interrupted by tRNA, snRNA, siRNA and rRNA genes.
It is unusual for protein coding genes to be organised in directional PTUs on a genome wide
scale [11] as is observed in Trypanosoma. Unlike generic prokaryotic PTUs, which contain
genes encoding proteins that act in combination to perform a specific function, genes in
trypanosomal polycistrons are usually functionally unrelated. Analysis of the T. brucei
transcriptome revealed that RNA polymerase 1l (pol I1) transcription initiates bidirectionally
from putative pol 11 transcription start sites (TSS) at divergent SSRs, as well as a number of
positions internal to PTUs [12,13]. Although all genes in a PTU are constitutively expressed,
the location of a gene within the PTU was shown to impact on the transcript level of that
gene [14].

3. Transcription in T. brucei

The initiation of transcription represents a key point for controlling the levels of gene
products in most eukaryotes. A series of events involving cis- and trans-acting factors
binding to specific DNA sequences, collectively functioning to recruit a specific polymerase
complex and ultimately initiating mRNA synthesis, is the standard mechanism for regulation
of eukaryotic gene expression. However, this paradigm does not seem to apply to
leishmanian or trypanosomal protozoa. The lack of classic pol Il promoters, activators and
co-activators, as well as basal transcription factors, coupled with constitutive polycistronic
transcription, suggested that transcription initiation was not a fundamental regulatory event
in mMRNA synthesis [15]. Although the Leishmania major, T. cruzi and T. brucei genomes
encode all five subunits common to the three classes of RNA polymerases [16], T. brucei
employs conventional polymerases for alternative functions.

3.1 DNA-dependent RNA polymerases

In T. brucei, pol 1, apart from transcribing the rRNA genes, also transcribes two essential,
life cycle specific genes that encode cell surface proteins. Procyclin, the major cell surface
protein expressed in PF T. bruce, is transcribed from two polycistronic gene loci (GPEET
and EP1) [17]. The VSG gene, encoding the BF stage cell surface antigen, is also transcribed
by pol I as part of the polycistronic bloodstream expression site, discussed below. Pol |
probably allows expression of high levels of a single transcript from a monoallelic
transcription unit.

Pol 1l transcribes the majority of the PTUs, initiating from regions enriched for specific
epigenetic features (see Figure 1). Unlike in other eukaryotes, the T. brucei pol Il promoter
is weakly defined, and lacks a canonical TATA box and initiator sequence [18], although a
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TBP-like protein, ThTrf4, was identified [19]. Siegel and colleagues reported that
oligo[dG]-runs, located between divergent SSRs, may act as an initiator element providing
directionality to transcription [20]. The long, resulting, polycistronic RNA is spliced into
individual, stable, translatable MRNA molecules by the co-transcriptional trans-splicing of a
capped 39 bp spliced leader (SL) RNA, coupled with polyadenylation (reviewed in reference
[21]). The SL RNA genes contain the only well-defined promoter of a trypanosomal pol Il
transcribed gene. The promoter structure consists of a bipartite upstream sequence element
and an initiator on which a class Il pre-initiation complex nucleates, which contain
orthologues of known transcription factors necessary for pol Il transcription in other model
eukaryotes [22-24]. In L. tarentolae the SL RNA genes and promoters were shown to be
depleted of nucleosomes [25].

McAndrew et al. [26] demonstrated a-amanitin sensitive transcription from a T3
polymerase promoter in T. brucei in the presence of T3 polymerase. This was interpreted as
the possible opening of the chromatin structure by T3 polymerase, allowing the entry of pol
Il and subsequent transcription initiation [26]. This, taken together with the lack of
identifiable promoter elements and the enrichment of specific histone PTMs and histone
variants at SSRs, suggest that epigenetic control mechanisms plays a central role in the
modulation of pol Il transcription initiation and termination in T. brucei.

Trypanosomal tRNAs, transcribed with other non-coding RNAs by pol 11, are interspersed
between pol Il PTUs. Since the tRNA gene itself may be in the process of transcription by

pol 111, or associated with regulatory proteins [27], the presence of a tRNA gene presents a
kinetic block to a transcribing pol I, and contributes to the termination of transcription, as

seen in other eukaryotes [28]. It is therefore possible that the presence of a tRNA gene may
contribute to the termination of pol 11 transcription at the end of a trypanosomal PTU.

3.2 Long non-coding RNA

In one transcriptomic study, 103 transcripts, ranging in size from 154 — 2229 bp, were
identified that did not possess recognizable coding potential [13]. Long non-coding RNAs
(IncRNAs) have been shown to play a critical role in gene regulation in model eukaryotes
[29,30]. LncRNAs can act locally or globally as epigenetic regulators, like the Xist and
HOTAIR IncRNAs, respectively [30,31], affecting DNA-protein interactions, chromatin
condensation and gene activity. One can speculate that some of the putative T. brucei
IncRNAs similarly act at an epigenetic level, adding another layer of control to the
regulation of trypanosome gene expression.

3.3 Telomeric silencing and bloodstream expression sites

The BF stage of T. brucei evades clearance by the human host immune system by
periodically switching the monoallelically expressed VSG gene, and thus the VSG coat,
from a selection of approximately 1500 VSG genes. The active VSG gene is co-transcribed
with a set of expression site associated genes (ESAGs) from a single subtelomeric
polycistronic unit known as the bloodstream expression site (ES). ESs are transcribed from a
single RNA pol | promoter located 30-60 kb upstream of the telomeric repeats. Telomeres
are generally associated with transcriptionally repressive heterochromatic structures, where

Biochim Biophys Acta. Author manuscript; available in PMC 2015 September 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Maree and Patterton

Page 5

the repressive effect diminishes with distance from the telomeric ends. The ES promoter is
preceded by an array of 50 bp repeat sequences stretching for ~10-50 kb [32]. A total of 14
distinct ESs were identified in the Lister 427 T. brucei strain [33], of which the single, active
ES is located in a sub-nuclear structure, the expression site body [34]. The canonical
structure and associated proteins of the ES and telomeric region are shown in Figure 2. Due
to its high relevance to immune clearance in humans and the development of possible
therapies, the ES has been the subject of intense research. Unlike the PTUs, which are
constitutively transcribed by pol I, the ESs, as well as the procyclin loci, are subject to tight
transcriptional regulation. Research has clearly demonstrated the involvement of epigenetic
control mechanisms at these genomic loci.

The active ES in BF T. brucei was shown to be depleted of nucleosomes compared to silent
ESs, a phenomenon probably related to transcriptional activity [35]. TbTDP1, an HMG box
protein, was enriched at active ESs [36]. HMG Box proteins are capable of facilitating
chromatin decondensation, thus making chromatin more accessible to regulatory factors, and
facilitating the recruitment of transcription activators [37,38]. TbTDP1 was also enriched at
the 50 bp repeats adjacent to ESs and immediately downstream of the rDNA promoter,
binding to the entire rDNA locus. Diminishing TbTDP1 synthesis by RNAi resulted in an
increase in histone abundance on pol I transcription units and a concomitant reduction in pol
| transcriptional activity, leading to a growth arrest within 24h. ThTDP1 was essential for
active pol | transcription, and was enriched at highly transcribed regions which were
generally depleted of nucleosomes, including the active ES. This, along with recent results
[39,40], strongly suggested the involvement of chromatin remodelling in the regulation of
the transcriptional state of an ES. Indeed, the chromatin remodeller TbISWI was shown to
play a role in repression of pol | transcribed ESs in both BF and PF stages of T. brucei [41].
ThISWI also contributed to the down regulation of PF-specific procyclin genes, non-
transcribed VSG arrays and minichromosomes. The involvement of chromatin remodellers
in gene repression was previously shown in the temporal regulation of the pS2 gene [42].
SWI/SNF and NuRD were suggested to be required for resetting the local nucleosomal
structures to allow transcriptional shutdown of pS2 in the absence of transcriptional
activators [42]. The histone deacetylase, TOHDAC1, antagonised basal telomeric repression
in BF cells, and ThOHDAC3 was required for VSG ES promoter silencing in both PF and BF
cells [43].

In the mammalian telomere complex, TRF2 is bound to duplex telomere DNA, and serves as
a recruitment anchor for another telomeric protein, RAP1 [44,45]. T. brucel possesses
functional orthologues of both these telomeric proteins, termed TbTRF2 and TbRAP1 [39].
TbhRAPL is found at telomeres, and is essential for growth and critical for ES silencing.
Knockdown of TORAP1 led to a graduated derepression of silent ESs [46]. TORAP1-
mediated silencing increased within the terminal 10 kb of the telomeres, supporting the
suggestion that telomere structure were essential for the regulation of VSG expression [39].
It was also shown that telomeric repression decreased with distance from the telomere [39].
In Saccharomyces cerevisiae, the telomere repeat binding protein Rapl, together with the
Sir proteins, were shown to be required for telomere proximal silencing as well as for
position effect variegation [47]. TbSIR2RP1, a Sir2 related protein in T. brucei, co-localized
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with telomeric sequences, and appeared to be involved in the establishment of a silencing
gradient at the telomeres in the BF parasite [40]. Interestingly, orthologues to the yeast Sir3
and 4 proteins, which are recruited by Rap1 and Sir2 to form propagative, repressive
chromatin structures at the telomeres and silent mating type loci in S. cerevisiae, appear
absent in T. brucei. This is perhaps not surprizing, since Sir3 only appeared in the S.
cerevisiae genome by gene duplication of Orcl after evolutionary divergence of the
trypanosomes [48]. It is not clear what proteins, if any, may function with ThTRF2,
ThRAP1 and ThSIR2 to establish a telomere-proximal repressive domain in T. brucei.

In contrast to laboratory strains, T. brucei field strains possess shorter telomeres [49], and
switch VSGs more frequently [50,51]. A recent study revealed that telomere length is
correlated with VSG switching frequency, and demonstrated that the shorter the telomere
structure at an active ES, the more frequently VSG switching occurred [52].

One of many unusual epigenetic features found in T. brucei is the modified thymidine
residue -D-glucosyl-hydroxymethyluracil, designated base J, which is found in all
kinetoplastids as well as in Dipolonema and Euglena [53]. In T. brucei, J was primarily
associated with repetitive DNA elements such as the telomeric, 50, 70, and 177 bp repeats,
and was also shown to localize at PTU flanks and at transcription termination sites (TTS)
[54]. Base J was particularly enriched at silent VSG expression sites, forming an increasing
gradient towards the telomere termini (Figure 1 and 2).

Base J is developmentally regulated, and is only found in the BF stage of the T. brucei life
cycle [55]. Two thymidine hydroxylases that are involved in the synthesis of J have been
identified: ThJBP1 bound to J DNA and stimulated conversion of adjacent thymine residues
to base J, whereas ThJBP2 was capable of de novo J synthesis. Deletion of these enzymes
eliminated the first step of J biosynthesis. Although a JBP1 knock-out was lethal in
Leishmania [56], T. brucei strains in which both enzymes had been knocked-out exhibited
no serious growth defects [57].

In Leishmania the efficient termination of pol Il transcription did not occur in the absence of
J, unless pol Il was terminated by a transcribing pol 111 [58]. Although the function of Jin T.
brucei remains unclear, it appears highly likely to interfere with pol Il elongation, acting as a
transcriptional terminator and epigenetic repressor.

3.5 Replication origin complex and gene silencing

DNA replication, similar to transcription, initiates with the assembly of a pre-replication
complex at an origin of replication sequence. This complex is composed of the Origin
Recognition Complex (ORC), Cdc6, Cdtl and MCM [59]. Genome-wide analysis of
ThORC1/CDCS6 (subsequently referred to as TOORC1) binding sites in T. brucei revealed an
overlap between replication origins and the boundaries of PTUs. All functional replication
origins occurred in chromosome core regions, associated with transcription initiation and
termination [60]. In S. cerevisiae, silent genomic regions such as the silent mating type loci
are bordered by A-boxes, sequences recognized and bound by ORC1. ORC1, which contains
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a nucleosome binding BAH domain, nucleates a complex that is essential in facilitating
transcriptional silencing in the adjacent genome [48]. Surprisingly, TOORC1 does not
contain an identifiable BAH domain, but was shown to be required for efficient sub-
telomeric repression and ES silencing [60-62]. It is not currently known whether all
ThORC1-binding sites in T. brucei represent active origins, or whether a subset, specifically
those located in sub-telomeric regions or at silent VSG arrays, function exclusively in gene
silencing, similar to S. cerevisiae and other yeasts [62]. Indeed, it was shown that the genes
that were present adjacent to the boundaries of PTUs, proximal to sites of ThORC1
localization, displayed higher transcript levels following RNAi mediated TbORC1 knock-
down [60].

4. Nucleosomal organization

Genome-wide maps of the nucleosome organization in model organisms show a common
arrangement of nucleosomes at specific functional locations. A nucleosome free region
(NFR), exposing part of the proximal pol Il promoter, is seen in yeast [63,64],
Caenorhabditis elegans [65], Drosophila [66], and in humans [67]. The NFR is bordered by
two well positioned nucleosomes: —1 on the upstream and +1 on the downstream side of the
NFR, followed by a nucleosomal array extending over the gene. High levels of histone
variants and post-translational modifications are observed for nucleosomes flanking the
NFR [68].

A genome-wide map of nucleosome positions in T. brucei has not yet been published.
However, looking at the genome-wide map of another protist, Plasmodium fal ciparum,
insight into the possible nucleosomal organisation of T. brucei may be derived. In P.
falciparum a nucleosomal organization different from other model eukaryotes was seen [69].
Nucleosomes were found to be associated with coding regions and generally absent from
intergenic and promoter regions. The high AT-content of the intergenic regions of
Plasmodium may selectively exclude nucleosomes, allowing easy access to polymerases and
associated factors [70]. Indeed, it has been suggested that AT-richness in the Plasmodium
genome may serve as intrinsic signals for nucleosome positioning [71]. The effect of the
many AT-rich repeats, including those associated with centromeres [72], on nucleosome
positioning in the T. brucei genome is currently unknown, and may contribute to the
epigenetic regulation employed by this kinetoplastid.

5. Histone epigenetic patterns

51H1

Trypanosomal histone H1 differs noticeably from that of other eukaryotes. T. brucei H1 is
comprised of a single domain corresponding to the lysine rich C-terminal domain of higher
eukaryotic histone H1. This arrangement is similar to Tetrahymena H1 [73], which lacks the
central winged helix domain. A recent study demonstrated the involvement of TbH1 in
maintaining a condensed state of chromatin at non-transcribed regions, including the silent
VSG arrays and inactive VSG ESs. ThH1 is not only required to down-regulate silent VSG
ESs, but may also suppress VSG switching [74].
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Several studies of T. brucei H2A PTMs revealed the absence of modifications that were well
conserved in other eukaryotes [75,76]. Additionally, a number of trypanosome-specific
PTMs were also identified [75,76].

Analysis of the first 22 amino acid residues of histone H2A revealed 60% monomethylation
of Al and an ~1% acetylation of K4 [76] (Figure 3A). H2A displayed a complex pattern of
multiple PTMs of the C-terminus, including 6 acetylated lysines (K115, K119, K120, K122,
K125, and K128) of which three (K120, K122, and K128) corresponded to conserved lysine
residues with defined epigenetic marks in other species.

It is possible that T. brucei H2AK122 could be ubiquitinated, since it is the only lysine in the
H2A C-terminus adjacent to a potential phosphorylation target, S123. It was suggested that
phosphorylation influenced the ubiquitination of neighbouring lysines [77]. In addition, T.
brucel H2AK118 and H2AK122 aligns with Drosophila H2AK118 and human H2AK119,
sites of ubiquitination associated with transcriptional repression [78,79]. Human H2AK125,
corresponding to trypanosomal H2AK128, is a possible target for either acetylation or
crotonylation [80,81]. However, neither H2AK118 or K125 appears to be modified in T.
brucei [76].

H2B is the least conserved of the four core histones [82] in T. brucei, and analysis has
revealed only 4 PTMs. The same degree of methylation of A1 and acetylation of K4 was
observed as for H2A. Tandem MS analysis showed minor acetylation of K12 and K16 [76]
(Figure 3B).

Evidence of life stage-dependent modifications is also seen T. brucei. Acetylated lysine
residues are observed at K4 and K122 in H2A and at K4, K12 and K16 of H2B in BF
trypanosomes, but not in the procyclic form [76] (Figure 3B).

Histone H3 as well as its N-terminal tail is highly conserved from human to yeast, where the
tail is subjected to an extensive range of PTMs. In T. brucei H3, however, identification of
PTMs have been complicated by the acetylated N-terminal serine, which blocks Edman
degradation, and only a few PTMs have been mapped to specific residues. MS analyses
revealed that S1 and K23 were acetylated, K4 and K32 were tri-methylated, and K76 could
be mono-, di- or tri methylated [76] (Figure 3C). Internal sequences of the H3 tail diverge
sharply from that of canonical H3, but sequence alignment suggests that T. brucei K19, K23,
K32 and K76 could be equivalent to K23, K27, K36, and K79 of other eukaryotes,
respectively. Although many of above PTMs have been functionally described in other
organisms [4,83], the functional roles of these PTMs in T. brucei, with the exception of K76,
is not known.

ThDOT1A is responsible for mono- and di-methylation of H3K76. The RNAI knock-down
of TODOT1A resulted in severe cell cycle defects [84,85]. A clear correlation exists between
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H3K76 mono- and di-methylation and transcription termination sites (TTSs), suggesting a
role in transcription termination [85]. Tri-methylation of H3K76 was mediated by
ThDOT1B, which was not essential for viability [85]. Mono-, di-, and tri-methylation of
K76 was implicated in several processes, including replication control, antigenic variation,
and developmental differentiation [82,85]. K76 di-methylation is only detectable during
mitosis [84].

Mandava and co-workers [86] reported that the H2B variant, H2B.V, was present in
mononucleosomes enriched for tri-methylated H3K4 and K76, and suggested that H2B.V
can replace canonical H2B, permitting H3K4 and K76 methylation. A puzzling feature
among kinetoplastids is the absence of the almost universally conserved H3K9, implicated
in gene repression in its tri-methylated state [87]. It is not yet clear whether K10 is the
equivalent residue, although the sequence context of T. brucel H3K10 is markedly different
from that of K9 in other eukaryotes.

Of all trypanosomal histones, H4 is the most conserved. As in H2A and H2B, H4Al is also
monomethylated to a level of approximately 60% (Figure 3D). K4, K5, K10, and K14 were
observed to be acetylated, and K2, K17, and K18 were acetylated or methylated to various
extents [76]. Sequence alignment showed the presence of lysine residues at both position 4
and 5 in trypanosomes. In other eukaryotes glycine is the conserved residue at position 4 in
H4. H4K4 is the most commonly acetylated histone tail residue in T. brucei [75], suggesting
that T. brucel K4 was the functional equivalent of K5 present in other eukaryotes. The
histone acetyltransferase TOHAT3 was responsible for H4K4 acetylation in both PF and BF
life stages. This non-essential, MY ST-type acetyltransferase seemed to acetylate H4 upon
import into the nucleus for packaging of newly-replicated DNA [88].

ChlP-seq studies showed twin peaks of acetylated H4K10 at divergent SSRs [20]. A number
of single acetylated K10ac peaks were found at non-SSRs, many of which occurred
downstream of tRNA genes. Most tRNA genes are located at convergent SSRs, and of those
located at non-SSR, all but 3 of 38 were located upstream of a single acetylated K10ac peak.
If a tRNA gene represents a roadblock to pol |1 transcription within a PTU, for example, pol
I1 would need to reinitiate downstream of the tRNA gene, within the region enriched for
H4K10ac. This, together with the observation that pol Il transcription initiated at divergent
SSRs, suggested a link between transcription initiation and acetylated H4K10. Higher levels
of this modification were observed upstream of the first and downstream of the last PTU of
each chromosome [20]. Distribution profiles of this modification were remarkably similar
between parasite life stages, with only two life stage-specific peaks being observed (on
chromosome 7 and 11).

The Bromodomain Factor 3 protein (TbBDF3) was shown to bind to acetylated lysines [89].
It co-localises with acetylated H4K10 and is concentrated towards the upstream end of
H4K10ac peaks. It was suggested that TbBDF3 is involved in targeting chromatin
remodelling complexes to TSSs [89,90]. TOBDF3 was essential for cellular viability, and
RNAI mediated knockdown caused an immediate growth defect where most cells died
within 48h [20].
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6. Histone variants

T. brucei encodes four histone variants: H2A.Z, H2B.V, H3.V and H4.V. Nucleosomes that
contain H2A.Z are less stable than nucleosomes containing canonical H2A [20,91], and data
also suggested that H2A.Z containing chromatin is less condensed, and thus primed for
transcription. H2A.Z was shown to be associated exclusively with H2B.V in T. brucei
[92,93], exhibiting virtually identical ChIP profiles and similar genomic distributions during
the cell cycle. Both histone variants were shown to be essential for cell viability [92].

ChiIP-seq of H2A.Z and H2B.V revealed a genomic distribution almost indistinguishable
from that of acetylated H4K10. Distinct matched peaks were observed at divergent SSR as
well as single H2B.V peaks at non-SSR, coincident with that of H4K10ac. H2B.V was also
shown to be present in nucleosomes that were enriched for trimethylated H3K4 and H3K76,
PTMs typically associated with transcriptionally active chromatin [4].

T. brucei encodes two H3 histones, H3 and the variant H3.V, which shares ~60% identity
[94,95]. T. brucei appears to lack a centromere-specific CenH3 orthologue [95,96]. H3.V
was found to be highly enriched at telomeric repeats and subtelomeric regions (see Figure
2), but not at the 177 bp minichromosome repeat or 5S rDNA loci [94]. Single peaks of
H3.V nucleosomes were located at convergent SSR and upstream of all H4K10ac-rich
regions not associated with a SSR. Sequence analysis of regions rich in H4K10ac revealed
G-rich stretches of 9 to 15 guanine residues at SSRs. Generation of H3.V null strains
indicated that H3.V is not essential for viability, mini-chromosome segregation, telomere
maintenance or transcriptional silencing of BESs and does not contribute to the open
chromatin structure observed at the active BES [94,97].

The distribution of H4.V was found to be similar to that of H3.V throughout the genome
[20]. H4.V was, however, less enriched compared to H3.V at sub-telomeric and telomeric
sites [20]. Both H3.V and H4.V were found to be significantly enriched immediately
downstream of the last coding sequence of a PTU (see Figure 1). This suggested that H3.V-
H4.V containing nucleosomes were enriched at presumed pol Il TTS, and thus serves as
epigenetic markers for the end of transcription units.

Collectively, these findings suggest that putative RNA polymerase transcription start and
termination sites are demarcated by specific histone variants and PTMs, likely conferring
defined structural states to local chromatin regions, and recruiting functionally important
chromatin associated proteins to such regions.

7. Conclusions

The many studies cited in this review have provided ample evidence that in T. brucei, rather
than being a constitutive, unregulated process, where transcript levels are only controlled
post-transcriptionally, gene expression, particularly of the genes encoding the major cell
surface proteins, is closely tied to chromatin. In other areas of the genome, promoters as
well as transcription stop sites may be determined, not by DNA sequence, but by chromatin
structure, which is established by chromatin remodellers, readers, writers, and erasers.
Therefore, although there is little regulatory control at the level of transcription at the PTUs,
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chromatin plays a key role in delineating T. brucei transcription units, and in controlling the
initiation of transcription as well as DNA replication. Furthermore, specific histone variants
and histone modification states synergise to provide a rich regulatory interface to control
gene expression. This regulation of gene transcription by the epigenome provides the
exciting possibility that epigenetic components may represent novel drug targets, and that
epigenetic therapies may be developed to treat this lethal disease in future. This is
particularly relevant in the light of increasing resistance to widely used drug combinations
reported for T. brucei field strains.

8. Where do we go from here?

The sequencing of the T. brucei genome has revealed that many epigenetic modifiers,
readers, erasers and chromatin remodelling enzymes are encoded by this kinetoplastid [7].
The localization of specific histone variants, modified histones [21] and glycosylated
thymidines [49] at sites of pol Il transcription initiation and termination is striking. Also,
ORCY1, implicated in the nucleation of a repressive heterochromatin at the silent mating type
loci in S. cerevisiae, was shown to be recruited to PTU flanks as well as the silent VSG
arrays in T. brucei. Thus, there are many bits of enticing data that suggest an important role
for chromatin structure and epigenetics in the modulation of gene expression in T. brucei. A
number of questions that beg for investigation include the role of histone variants and
modified histones in defining regions of pol Il initiation. By what mechanism are these
proteins and modifications enriched at these loci? Although the pol 1l promoter remains
undefined, is there a sequence recognized by a DNA-binding protein that subsequently
recruits additional factors and modifiers?

The silent bloodstream ESs show strong evidence of telomeric repression. The role of
TbRAP1 and ThORC1 in this process was clearly shown [34,54]. The repressive effect
extends beyond the TTAGGG telomeric repeats. This suggests the propagation of a
repressive chromatin structure from the telomeric ends, similar to the process seen in yeast
and in Drosophila [59,60,62]. In yeast the Orcl paralogue, Sir3, together with Sir4 and the
histone deacetylase, Sir2, are required for the propagation of the telomeric repression effect.
In Drosophila the HP1 protein is involved in heterochromatic structures. What structural
proteins contribute to extended telomeric repression in T. brucei?

The pursuit of these questions will deepen our understanding of the epigenome of T. brucei
and the mechanisms by which genome function in this kinetoplastid is modulated. It is likely
that expansion of our knowledge in this area would include the identification of novel,
epigenetic targets that could form part of new therapies directed at the control of African
trypanosomiasis.
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Figure 1. The epigenetic signals that demarcate transcription units and regulate the expression
of genes in T. brucei
Pol Il transcription initiates from weakly defined promoters in divergent SSRs as well as at

some internal positions in PTUs. These initiation loci are enriched for TOBDF3, H4K10ac,
H3K4me3 and the H2A.Z and H2B.V histone variants. Transcription proceeds through
polycistronic units that may span hundreds of kilobases that contain functionally unrelated
genes. Transcription terminates in a region enriched for the modified thymidine base J,
H3K76mel/2, and the H3.V and H4.V histone variants. TTSs often contain an active pol Il
transcribed tRNA gene. Replication origins, nucleated by TbORC1, occur at the boundaries
of PTUs and have an effect on the expression level of adjacent genes.
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Figure 2. The epigenetic marks that define the transcriptional state of an ES
A repressive chromatin structure is formed by TbTRF2 and ThRAP1 (which may recruit

Sir2) as well as TbORC1, propagating to sub-telomeric regions. It is not known whether
other proteins fulfil the roles of yeast Sir3 and Sir4, for which orthologues are absent in T.
brucei. Base J is present at an increasing density towards the telomere termini, and is
required for ES silencing. Nucleosomes present on a silent ES are enriched for the
transcriptional terminating variant H3.V, and are depleted on an active ES. The HMG box
protein TbTDP1 is present on the active ES, and is associated with chromatin
decondensation. The histone deacetylase ThOHDAC3 and the chromatin remodeller TbISWI
is required for efficient ES silencing, and ToHDACL1 is required for activated expression.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 September 01.



yduasnUe J0yINY Vd-HIN 1duIsNUeIN J0YINY Vd-HIN

1duosnuey Joyiny Vd-HIN

Maree and Patterton Page 20

A

BF only

2 ADEOQAVRIOBSKOESOREVIORE -

BF only BF only

TbDot1B

>

1 5 10 15 20 TODOtLA

co-localizes 10 15 20 25 30 76
with H2A.Z, -/ TbSir2\ -

and H2B.V " HDAC?

Figure 3. Epigenetic modifications of the T. brucei core histone N-terminal tails
Modifications mapped to specific residues and enzymes involved in the modulation of some

modifications are shown. Life stage specific modifications of the parasite are also identified.
It is not currently known whether H3K10 or H3K11 is the equivalent of the highly
conserved H3K9 present in other eukaryotes, and whether H3T12 is the equivalent of
H3S11, a known phosphorylation target. A = Acetylation, Me = Methylation, P =
Phosphorylation.
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