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Abstract

Trypanosoma brucei is a vector borne, lethal protistan parasite of humans and livestock in sub-
Saharan Africa. Antigenic Variation of its cell surface coat enables the parasite to evade adaptive
immune responses and to live freely in the blood of its mammalian hosts. The coat consists of ten
million copies of variant surface glycoprotein (VSG) that is expressed from a single VSG gene,
drawn from a large repertoire and located near the telomere at one of fifteen so-called bloodstream
expression sites (BESs). Thus, antigenic variation is achieved by switching to the expression of a
different VSG gene. A BES is a tandem array of expression site-associated genes and a terminal
VSG gene. It is polycistronically transcribed by a multifunctional RNA polymerase | (RNAPI)
from a short promoter that is located 45-60 kb upstream of the VSG gene. The mechanism(s)
restricting VSG expression to a single BES are not well understood. There is convincing evidence
that epigenetic silencing and transcription attenuation play important roles. Furthermore, recent
data indicated that there is regulation at the level of transcription initiation and that, surprisingly,
the VSG mRNA appears to have a role in restricting VSG expression to a single gene. Here, we
review BES expression regulation and propose a model in which telomere-directed, epigenetic
BES silencing is opposed by BES promoter-directed, activated RNAPI transcription.

1. Introduction

The tsetse borne, unicellular parasite Trypanosoma brucei, which belongs to the
phylogenetic order Kinetoplastida, is the only known organism that has evolved a
multifunctional RNA polymerase | (RNAPI) system. This system is used to transcribe
ribosomal gene units (RRNA) in the nucleolus, as in all eukaryotes, yet also to transcribe
gene units that encode the parasite’s major cell surface antigens (Kooter and Borst, 1984;
Gunzl et al., 2003). Trypanosomes have a unique mode of protein coding gene expression
that allows them to utilize other RNA polymerases than RNAPII for the production of
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functional mMRNA. In their genome, protein coding genes are arranged in long tandem arrays
which are polycistronically transcribed. The precursor RNA is processed by spliced leader
(SL) trans splicing and polyadenylation, resulting in mature, monocistronic MRNAs (Giinzl,
2010; Michaeli, 2011; PreuRRer et al., 2012). Since in trans splicing the same capped leader
sequence, derived from the SL RNA, is spliced onto the 5/ end of each mRNA, this process
represents a post-transcriptional mode of capping that is decoupled from RNAPII
transcription. Consequently, trypanosomes, in contrast to mammals (Grummt and Skinner,
1985), are able to use RNAPI to effectively and specifically express endogenous gene units
that encode their major cell surface antigens (Rudenko et al., 1991; Zomerdijk et al., 1991a).
This antigen, in mammalian-infective metacyclic and bloodstream form (BF) trypanosomes,
is known as the variant surface glycoprotein (VSG), while the major cell surface antigen in
insect-stage procyclic form trypanosomes is procyclin.

T. brucei causes Human and Animal African Trypanosomiasis (also known as Sleeping
Sickness and Nagana, respectively) throughout sub-Saharan Africa (Fevre et al., 2006). The
parasite lives freely in the bloodstream of its mammalian host, evading the immune system
by antigenic variation of its cell surface coat. The coat consists of ten million copies of the
same VSG, shielding invariant membrane proteins from immune recognition (Schwede et
al., 2011). T. brucei possesses roughly 2500 different VSG genes and pseudogenes (Cross et
al., 2014), and periodic switching to the expression of an alternative VSG gene leads to
antigenic variation. VSG genes are located in subtelomeric regions of 11 megabase, 5
intermediate-sized and ~100 minichromosomes covering, in total, ~30% of the genome
(Ersfeld, 2011; Horn, 2014). However, the active VSG gene is invariably located next to the
telomere within an expression site, with the coding region ending ~200-1800 bp upstream
of the telomeric repeats. Metacyclic trypanosomes express a single VSG monocistronically
from one of five metacyclic expression sites in which the RNAPI promoter is located ~1-4
kb upstream of the coding region (Ginger et al., 2002; Kolev et al., 2012; Cross et al., 2014).
Conversely, BFs express the active VSG from one of fifteen polycistronic “bloodstream
expression sites” (BESs) which comprise a tandem array of typically 8-9 expression-site
associated genes (ESAGS) and a terminal VSG gene (Figure 1) (Hertz-Fowler et al., 2008).
ESAGs appear to be important for the successful infection of the mammalian host since they
encode a variant heterodimeric transferrin receptor (ESAG6 and ESAG7), whose varying
affinity for transferrins of different host species is thought to expand the parasite’s host
range (Bitter et al., 1998). These also encode adenylate cyclases (ESAG4) that inhibit the
innate immune system upon trypanosome lysis (Salmon et al., 2012).

The BES promoter resides 45-60 kb upstream of the telomere (Zomerdijk et al., 1990). It
extends only 67 bp upstream of the transcription initiation site and comprises two short
sequence elements (Vanhamme et al., 1995; Pham et al., 1996). Both elements are required
for efficient binding of the multi-subunit class I transcription factor A (CITFA) which is
essential for RNAPI transcription in the trypanosome (Brandenburg et al., 2007). The active
BES is transcribed outside the nucleolus (Chaves et al., 1998), apparently in a small
compartment termed the expression site body (ESB) (Navarro and Gull, 2001). In BFs the
switch to the expression of another VSG occurs by two principal ways: either the active BES
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is silenced while one of the silent BESs is activated, or a DNA recombination event replaces
the VSG gene in the active BES with a VSG gene from the repertoire.

Antigenic variation and mono-allelic VSG expression in T. brucei have been a research
focus for decades. Several factors involved in BES silencing have been identified (see
below) and BES silencing has been linked to DNA replication/ORC1 (Tiengwe et al., 2012;
Benmerzouga et al., 2013), chromosome maintenance (Kim et al., 2013), and association of
BESs with the nuclear lamina (DuBois et al., 2012). In addition, cohesin plays a critical role
in maintaining the activated state of the BES during the cell cycle (Landeira et al., 2009).
Recently, excellent and detailed reviews have addressed antigenic variation in trypanosomes
and the biology of BES silencing (Horn and McCulloch, 2010; Rudenko, 2010; Alsford et
al., 2012; Glover et al., 2013; Horn, 2014). Here we focus on the most recent findings of
factors that appear to be directly involved in BES regulation, and propose a model in which
BES-specific telomeric silencing is opposed by a mechanism that activates transcription
initiation at the promoter of the active BES.

2. Telomeric Silencing

The active VSG gene, independent of whether it resides in metacyclic or bloodstream
expression sites, is invariably located near the telomere, indicating that the telomere has an
essential function in regulating VSG expression. Accordingly, repression of RNAPI-
mediated transcription by the telomere was directly demonstrated by integrating a plasmid
with seeds for de novo telomere formation either at BESs or, internally, at RRNA loci
(Glover and Horn, 2006). At the latter, tight repression extended only 2 kb upstream of
telomeric repeats whereas, at inactive BESs, repression reached at least 5 kb in these
experiments. The more extended repression of silent BESs was consistent with previous
findings in which integration of RNAPI promoter-driven reporter cassettes at different
positions of a silent BES were repressed, even when placed 14 kb upstream of the telomere
(Horn and Cross, 1997). Several lines of evidence suggest that the pronounced silencing of
BESs is dependent on the telomere. Depletion of the telomeric protein RAP1 led to de-
repression of silent BESs, co-expression of multiple BES-encoded VSG genes, and the
formation of additional extranucleolar RNAPI foci (Yang et al., 2009). Furthermore,
depletion of the disruptor of telomeric silencing B (DOT1B), which methylates lysine 76 of
trypanosome histone H3 (Janzen et al., 2006), similarly led to de-repression of silent BESs
(Figueiredo et al., 2008). Direct evidence for repression of a BES from the telomere stems
from a recent study in which induced expression of a VSG transgene, inserted into one of the
RRNA loci, surprisingly led to a short-term, reversible attenuation of the active BES,
indicating that VSG mRNA plays a direct role in the regulation of mono-allelic VSG
expression (Batram et al., 2014). Interestingly, a time course experiment showed that this
silencing of the active BES spread from the telomere towards the BES promoter in a
DOT1B-dependent manner (Batram et al., 2014). Together, these data strongly indicated
that BES silencing is directed by the telomere. Furthermore, it is likely that the VSG gene on
silent BESs is protected from RNAPI transcription by more than one mechanism because
DOT1B knockout cells could still shut down the active VSG gene upon ectopic VSG
expression but were unable to attenuate expression of the remainder of the active BES
(Batram et al., 2014).
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3. BES transcription attenuation

Inactive BESs are completely silent only in regard to their telomere-proximal regions,
including the terminal VSG gene. VSG mRNA from inactive BESs is 104 to 10°-fold less
abundant than that from the active BES (Figueiredo et al., 2008; Yang et al., 2009). Despite
this strong difference, several observations have shown that transcription does initiate at
silent BESs at a clearly detectable level. The first evidence came from a study in which
insertion of a selectable marker gene 1 kb downstream of a “silent” BES promoter led to
resistant parasites (Navarro and Cross, 1996). BES sequences are highly similar, especially
at the promoter and in the proximal downstream region, differing from each other only by a
few single nucleotide polymorphisms. However, the first genes within BESs are ESAG7 and
ESAG6 which encode the heteromeric transferrin receptor and harbor short hypervariable
regions that distinguish them from each other (Zomerdijk et al., 1991b). Analysis of ESAG6
cDNA sequences, which on BESs are located ~5 kb downstream from the promoter,
revealed that 20% of the ESAG6 mRNA in BFs was derived from various silent BESs
whereas 80% stemmed from the active BES, demonstrating that, even in the absence of
selective pressure, productive transcription did occur in the promoter-proximal domain of
inactive BESs (Ansorge et al., 1999). Subsequently, a vast cDNA clone analysis along
whole BESs showed that silent BESs contributed much more to the promoter-proximal
cDNA pool than to pools of promoter-distant cDNAs, revealing that transcription that
initiated at silent BESs was attenuated along the BES (Vanhamme et al., 2000). Recently,
this approach was repeated with single cells, confirming that silent BESs are transcribed in
their promoter-proximal region and that transcription was attenuated further downstream
within a single trypanosome (Kassem et al., 2014). Finally, the demonstration that BES
silencing spreads gradually from telomere to promoter and BES reactivation occurs
gradually in the opposite direction (Batram et al., 2014) strongly supports the notion that
transcription is attenuated at silent BESs.

4. Regulation of BES transcription Initiation

Although the promoters of inactive BESs are not “silent”, there is now convincing evidence
that there is substantial regulation at BES promoters. Consistently, promoter-proximal RNA
levels were found to be much higher from the active versus silent BESs. Thus, when the
neomycin phosphotransferase gene (NEO) was inserted 1 kb downstream of the promoter of
an inactive BES, it conferred parasite resistance to a low concentration of the drug G418 (1
pg/ml) while the same gene, when inserted at the identical position of an active BES,
boosted resistance at least 100-fold (Navarro and Cross, 1996). The finding that in BFs 80%
of ESAG6 mRNA stemmed from the active BES suggested that there is at least a 50-fold
stronger ESAG6 expression from the active BES than from the average silent BES. When
Yang et al. (2009) introduced a luciferase gene immediately downstream of the active or a
silent BES promoter, the active BES produced 1500-4000-fold more light units than the
silent BES.

More direct evidence for BES regulation at the level of transcription initiation came from
the analysis of CITFA. CITFA consists of seven subunits, CITFA1-7, which are conserved
only among kinetoplastid organisms, and the dynein light chain DYNLL1 (also known as
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LC8). Silencing of CITFAL, CITFA2 and CITFA7 was lethal to BFs grown in culture and
strongly and specifically reduced the abundance of rRNA and VSG mRNA (Brandenburg et
al., 2007; Nguyen et al., 2012; Park et al., 2014). Accordingly, depletion of CITFA2 from
extract virtually abolished RNAPI transcription in vitro, as assayed by ~100 bp-long primer
extension products, and the purified CITFA complex produced a specific gel shift with the
BES promoter (Brandenburg et al., 2007). Moreover, a ChlP-seq analysis indicated that
within a BES, CITFA7 occupancy was restricted to the promoter region (Nguyen et al.,
2014). Together, these findings identified CITFA as a basal and general transcription
initiation factor for RNAPI transcription in trypanosomes.

Interestingly, marking the active BES and a silent BES ~500 bp downstream of the
transcription initiation site (Figueiredo et al., 2008) revealed that CITFA2 and CITFA7
predominantly occupied the promoter of the active BES relative to that of the marked silent
BES, a phenotype that was maintained after consecutive in situ switches between the two
marked sites (Nguyen et al., 2014). In accordance with CITFA’s role as an RNAPI
transcription initiation factor, higher CITFA occupancy at the active versus the silent BES
promoter correlated with a ~70-fold higher abundance of promoter-proximal, unspliced
RNA and a ~17-fold higher occupancy of the RNAPI-specific subunit RPB6z at the marker
gene (Nguyen et al., 2014). Finally, CITFAY silencing led to a strong reduction of RNAPI
occupancy and of promoter-proximal RNA levels, which directly demonstrated that CITFA
binding to the promoter is required for high transcription rates in vivo (Nguyen et al., 2014).
These data unequivocally showed that mono-allelic BES expression entails a mechanism
that functions at the BES promaoter, apparently limiting access of CITFA to silent BES
promoters and/or ensuring maximal promoter occupancy of CITFA at the active BES.

It should be noted that this mechanism is not an “all or nothing”-mechanism because, in
these experiments, the marked silent BES promoter was consistently occupied by CITFA
above the level of negative control experiments. This finding is in accordance with
promoter-proximal transcription occurring at silent BESs (see above) and it likely explains
why hypersensitive DNase | sites in the promoter region, indicative of a bound transcription
factor, were not restricted to the active BES but were also detected at a silent BES (Navarro
and Cross, 1998). It appears that trypanosomes cannot completely shut down transcription
initiation from silent BESs. Alternatively, low level transcription of the promoter-proximal
part of silent BESs might serve a biological function. For instance, co-expression of
different forms of the heteromeric transferrin receptor, e.g. ESAG6 and ESAG?7, could ensure
initial survival in different mammalian hosts.

involved in BES transcription regulation

There is strong evidence that inactive BESs are silenced epigenetically. Thus, while silent
BESs have a nucleosomal structure, the active BES is largely depleted of nucleosomes
(Figueiredo and Cross, 2010; Stanne and Rudenko, 2010). Direct evidence that nucleosomes
are important for BES promoter silencing stems from depleting histone H3, which rapidly
led to a ~11-fold de-repression of a GFP gene introduced downstream of the promoter of a
silent BES (Alsford and Horn, 2012). In addition, CAF-1b, a replication-dependent histone
chaperone, and the replication-independent chaperone ASF1A, were shown to be important
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for the inheritance and maintenance of the silenced state of BESs (Alsford and Horn, 2012).
Interestingly, silencing the gene of either chaperone led to apparent nucleosome depletion
and a de-repression of the promoter-proximal BES region. However, it did not affect
expression of the corresponding VSG gene suggesting that nucleosomal structure is
particularly important for the regulation of BES promoter activity.

Several chromatin remodeling and modifying proteins have been implicated in BES
repression so far. The first epigenetic factor found to play a role in BES regulation was the
chromatin remodeler ThISWI (Hughes et al., 2007). Depletion of this factor increased the
mMRNA abundance of a reporter gene inserted promoter-proximally into a silent BES up to
60-fold, whereas only a fivefold increase of the corresponding silent VSG mRNA was
observed. TbISWI was found to occupy the entire length of both silent and active BESs, but
was not enriched at BES promoters (Stanne et al., 2011). Although the specific function of
ThISWI remains to be determined, these results suggest that ThISWI controls RNAPI
transcription elongation rather than initiation.

Similar de-repression of a promoter-proximal reporter gene was observed when the histone
deacetylase DAC3 (Wang et al., 2010), the linker histone H1 (Povelones et al., 2012; Pena
et al., 2014), or the nucleoplasmin-like protein NLP (Narayanan et al., 2011) was depleted.
The function of DAC3 appears to be promoter-specific since expression of the VSG gene in
the marked BES was unaffected at both the mMRNA and the protein level (Wang et al., 2010).
However, direct association of DAC3 with BESs has not been demonstrated yet and it
remains a possibility that DAC3’s control of BES silencing is indirect.

The role of histone H1 in BES promoter repression has been more deeply investigated.
Histone H1 is important for chromatin architecture and generally functions in chromatin
condensation and transcription repression (Happel and Doenecke, 2009). Accordingly, co-
silencing of the T. brucei H1 multigene family opened up chromatin globally with the
strongest effect on silent BES promoters (Pena et al., 2014). Metabolic labeling of nascent
RNA then showed that histone H1 depletion resulted in an approximately six-fold higher
promoter-proximal transcription rate at a silent BES, indicating that relaxation of the
nucleosome structure in the promoter region led to an increase of the transcription initiation
rate at the silent BES (Pena et al., 2014).

NLP is a ubiquitous nuclear protein and, accordingly, was found to be associated with all
genomic loci analyzed, including the active and silent BESs (Narayanan et al., 2011).
Despite this apparent general association with genomic DNA, NLP seems to be particularly
important for BES promoter regulation. Depletion of NLP de-repressed a silent BES 45-65-
fold, as measured by fluorescence derived from a promoter-proximal GFP gene. Moreover,
NLP silencing also reduced promoter-proximal gene expression from the active BES about
threefold (Narayanan et al., 2011). While it was speculated that NLP may have a dual
function in BES silencing and in promoting processive transcription at the active BES
(Narayanan et al., 2011), it is equally possible that loss of NLP enabled competition between
silent and the active BES for the RNAPI transcription machinery. However, the specific
function of NLP in BES regulation remains to be determined.
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SPT16 is a subunit of the trypanosome FACT (“facilitates chromatin transcription™)
complex (Patrick et al., 2008) and appears to have a direct role in BES promoter silencing
because it was found highly enriched at a silent BES promoter (Denninger et al., 2010).
Accordingly, SPT16 silencing increased promoter-proximal GFP expression from a silent
BES up to 25-fold, yet de-repression did not extend to the VSG genes of silent BESs.
However, the de-repression effect was strongly correlated with an arrest in the G2/early M
cell cycle phase, raising the possibility that SPT16 does not generally facilitate BES
repression in the bloodstream trypanosome. Moreover, SPT16 depletion strongly reduced
VSG expression from the active BES, suggesting a separate BES-related function of SPT16
in facilitating processive RNAPI transcription. Overall, the specific function of FACT in the
multifunctional RNAPI system remains unclear. While SPT16 has been co-purified with
RNAPII of the related organism Leishmania major (Martinez-Calvillo et al., 2007), its
association with T. brucei RNAPI remains to be shown.

The epigenetic factors discussed so far, including RAP1 and DOT1B (see section 2,
Telomeric silencing, above), function in BES silencing. The only such factor found to be
important for efficient transcription of the active BES is the high mobility group protein
TDP1, which belongs to a family of architectural chromatin proteins (Narayanan and
Rudenko, 2013). Interestingly, TDP1 exhibited an inverse occupancy pattern to the core
histone H3 at RNAPI-transcribed loci and was up to fivefold more abundant at the active
BES promoter relative to a silent BES promoter. Accordingly, TDP1 depletion decreased the
abundance of pre-rRNA and VSG mRNA from the active BES. In addition, TDP1, a nuclear
protein, exhibited predominant localization to the nucleolus and the ESB, and its DNA
association was found throughout the active BES and RRNA gene units. Thus, it appears that
TDP1 facilitates high rates of processive RNAPI transcription required for trypanosome
survival (Narayanan and Rudenko, 2013).

6. A model of BES regulation

It is difficult to integrate the data from BES de-repression studies because, for most factors,
specific functions in BES silencing have not been determined yet. Nevertheless, recent data
strongly indicated that BES regulation occurs at both ends of expression sites. RAP1 and
DOT1B depletion studies have clearly shown that BESs are silenced by a telomere-directed
mechanism. Moreover, the demonstration that BES silencing spreads from the telomere
towards the promoter (Batram et al., 2014) strongly supports a telomere-directed BES
silencing mechanism. However, it is unlikely that this is the only mechanism regulating
mono-allelic BES expression. If this was the case one would expect full activation of
promoter-proximal transcription once telomeric silencing retreats beyond the promoter
region, which should result in a leveling of the transcription rate between active and silent
BESs (given the extremely high expression level of the active BES, it is unlikely that a
trypanosome can support full activation of all fifteen BESs). However, in all cases reported,
de-repression of silent BESs is, at best, moderate with the promoter-proximal expression
level remaining manifold below that of the active BES. Furthermore, RAP1 silencing did not
strongly affect promoter-proximal transcription of de-repressed BESs and had only a minor
influence on the high expression level of the active BES (Yang et al., 2009). Similarly,
DOT1B silencing did not affect expression of the active BES at all (Figueiredo et al., 2008).
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These results strongly argue for the presence of a separate mechanism involved in BES
regulation.

Transcription attenuation has been proposed to be that mechanism and, as discussed, there is
clear evidence that it does occur on silent BESs (Vanhamme et al., 2000; Kassem et al.,
2014). Moreover, some data suggested that transcription attenuation is caused by inefficient
transcript processing (Vanhamme et al., 2000) rather than by repressive chromatin.
However, recent data do not support this scenario. The finding that RAP1 silencing caused
gradual BES de-repression with the greatest effect on telomere-proximal genes, strongly
indicated that transcription elongation on silent BESs is “antagonized” by telomere-directed
spreading of repressive chromatin (Yang et al., 2009). Furthermore, upon removal of the
apparent transcription elongation barrier, e.g. pronounced telomeric silencing, by RAP1
(YYang et al., 2009) or DOT1B (Figueiredo et al., 2008) depletion, promoter-proximal
expression remained magnitudes below that of the active site, making it unlikely that
transcription attenuation accounts for the strong difference in promoter-proximal
transcription observed between active and silent BESs. Hence, transcription attenuation
appears to be a consequence of epigenetic silencing rather than a regulatory mechanism, and
seems to be in place to prevent the low level of transcription that does initiate at silent BESs
from reaching the distally located VSG gene.

Based on the RAP1 silencing results on BES de-repression, Yang et al. (2009) suggested
that there has to be a mechanism functioning on the BES promoter that could explain the
striking difference in promoter-proximal expression levels between the active and de-
repressed/silent BESs. The strongest support for this idea stems from the demonstration that
CITFA, which is absolutely required for RNAPI transcription, is predominantly associated
with the active BES promoter, versus a silent site, strongly indicating that there is a
mechanism in place that allows CITFA to preferentially interact with the active BES. In
addition, the fact that depletion of several epigenetic factors increased promoter-proximal
transcription with no or very little effect on the downstream VSG gene further supports the
notion of a promoter-dependent regulatory mechanism.

Taking these data into account, we propose a model in which BESs are regulated by two
opposing forces, namely telomere-directed epigenetic silencing acting on silent BESs and
activated transcription initiation at the active BES (Figure 2). In this model, the active BES
promoter has unrestricted access to CITFA and RNAPI, allowing it to achieve the high
transcription rate necessary for productive VSG expression. In addition, productive RNAPI
transcription at the active BES is ensured by the presence of TDP1. At the same time,
telomeric silencing at the active BES is impaired or pushed back so far that RNAPI
transcription can extend productively past the VSG gene. In contrast, in this model, silent
BES promoters are unable to recruit CITFA and RNAPI in sufficient amounts to allow for
high transcription rates. In addition, a telomere-directed repressive epigenetic gradient
spreading from the telomere into the BES causes transcription attenuation to prevent the low
level of transcription, initiating at inactive BESs, from reaching the VSG gene.

How are BES promoters differentially regulated? An obvious mechanism that could prevent
CITFA from interacting with silent BES promoters and from recruiting RNAPI is a
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repressive chromatin structure at the promoter. The epigenetic factors whose depletion led to
promoter-proximal BES de-repression, e.g. DAC3, histone H1 and NLP, may be important
to build up a repressive chromatin structure at the promoter. If this is correct, depletion of
these factors should lead to higher CITFA and RNAPI occupancies at de-repressed
promoters. An alternative idea for the low promoter activity at “silent BESs” has been put
forward in studies of CITFA. CITFA was found to be concentrated in both the nucleolus and
the ESB (Nguyen et al., 2014), and it retained this localization even when its promoter-
binding capability was impaired by depletion of the essential subunit CITFAL (Park et al.,
2014). It was therefore suggested that sequestration of CITFA into the nucleolus and the
ESB could restrict maximal RNAPI transcription to these compartments. This idea is in line
with a previous study in which BFs were forced to co-express two BESs simultaneously by
antibiotic selection. The two marked BESs were consistently detected in close spatial
proximity (Chaves et al., 1999), as if they were competing for an essential expression factor.
Furthermore, it may explain why de-repressed BES promoters remain much less active than
the promoter from the active BES.

Finally, this model of two opposing forces is supported by the monitoring of the shutdown/
reactivation of the active BES upon ectopic expression of VSG mRNA (Batram et al., 2014).
In these experiments the active BES was gradually inactivated from the telomere towards
the promoter, most likely by an active, telomere-directed process of repressive chromatin
spreading, whereas the reactivation of the same BES occurred in the reverse direction,
possibly by removal of nucleosomes by the transcription machinery. An important question
emanating from this study is how does the ectopically expressed VSG mRNA cross-talk to
the active BES? Although this question is beyond the scope of this article, it is tempting to
speculate that the VSG mRNA sequestered an important factor for RNAPI transcription,
allowing repressive chromatin to spread onto, and silence, the active BES.

7. Conclusion

Mono-allelic VSG expression in T. brucei differs from other allelic exclusion systems, such
as var gene expression in Plasmodium falciparum (Kirkman and Deitsch, 2012; Guizetti and
Scherf, 2013) or olfactory receptor expression in mammals (Magklara and Lomvardas,
2013) by the fact that the active VSG gene must be transcribed at an extremely high rate to
enable rapidly proliferating trypanosomes to completely cover themselves with VSG. The
careful measurement of RNA abundances and half lives indicated that the active VSG gene
is transcribed at a 50-fold higher rate than a 3 tubulin gene (Ehlers et al., 1987). At the same
time, T. brucei must ensure that VSG genes on other BESs are not expressed. The parasite
achieves this balancing act apparently by restricting full RNAPI transcription initiation to
the active BES and by shielding VSG genes on silent BESs by a telomere-dependent
silencing mechanism that causes attenuation of RNAPI transcription.
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BES
BF
CITFA
DOT1B
ESAG
ESB
FACT
NEO
NLP
ORC1
RNAP
RRNA
SL
VSG

bloodstream expression site
bloodstream form [trypanosome]

class | transcription factor A

disruptor of telomeric silencing
expression-site associated gene
expression site body

“facilitates chromatin transcription” factor
neomycin phosphotransferase
nucleoplasmin-like protein

Origin Recognition Complex subunit 1
RNA polymerase

ribosomal RNA gene unit

spliced leader

variant surface glycoprotein
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Fig. 1. Schematic outline of BES5 and interacting proteins
Depiction of BES5 (to scale) as a representative BES according to the published sequence

(Hertz-Fowler et al., 2008). The diagram includes ESAGs (labeled 1, 2, 4-8 and 12), a VSG
pseudogene (), 70 bp repeats preceding the terminal VSG gene, and the telomeric repeats
(T). Note that some BESs have an additional promoter and an ESAG10 gene ~14 kb
upstream of the depicted promoter (not shown). The green arrow and red X represent the
promoter when the BES is in the active state and silent state, respectively. Activating factors
that are predominantly associated with the active BES are indicated above the diagram in
green whereas factors which are implied in BES silencing are listed below the diagram in
red. Filled and empty arrowheads indicate positive and negative ChIP results, respectively.
Histone H1 and SPT16 associate predominately with silent sites whereas ThISWI and NLP
were shown to interact equally with expression sites in both states.

Gene. Author manuscript; available in PMC 2016 February 01.

repeats

VSG T

> > h

1kb



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

wdudsnuel Joyny vd-HIN

Ginzl et al. Page 16

CITFA TDP1

Active

VSG T

nucleosomes
CITFA / * \

k' 4 f W VG g T
Epigenetic \\ ,/ f
Factors DOT1B RAP1

Fig. 2. Model of BES regulation in T. brucei
In the model of BES regulation, two opposing forces antagonize each other. The active BES

is characterized by high transcription initiation rates and the lack of telomere-dependent
epigenetic silencing, allowing unrestricted transcription elongation past the terminal VSG
gene (green arrow). High processive transcription rates are facilitated by CITFA and TDP1.
In silent BESs, low level RNAPI transcription initiation is opposed by BES-specific
telomeric silencing that spreads towards the BES promoter causing transcription attenuation.
This silencing depends on a nucleosomal structure, DOT1B and RAP1. RAP1 was shown to
bind to telomeric repeats but the association of DOT1B with BESs remains to be determined
(dotted line). Epigenetic factors may work together to build up a repressive chromatin
structure at the promoter of silent BESs, preventing efficient binding of CITFA to its
cognate DNA sequence elements. Alternatively, CITFA sequestration may limit the
availability of the initiation factor for inactive BESs (not shown).
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