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Abstract: Introduction: Trypanosoma brucei uses antigenic variation to evade the host antibody
clearance by periodically changing its Variant Surface Glycoprotein (VSGs) coat. T. brucei encode
over 2,500 VSG genes and pseudogenes, however they transcribe only one VSG gene at time from
one of the 20 telomeric Expression Sites (ESs). VSGs are transcribed in a monoallelic fashion by
RNA polymerase I from an extranucleolar site named ES body. VSG antigenic switching occurs by
transcriptional switching between telomeric ESs or by recombination of the VSG gene expressed.
VSG expression is developmentally regulated and its transcription is controlled by epigenetic mecha-
nisms and influenced by a telomere position effect.

Conclusion: Here, we discuss 1) the molecular basis underlying transcription of telomeric ESs and
VSG antigenic switching; 2) the current knowledge of VSG monoallelic expression; 3) the role of
inositol phosphate pathway in the regulation of VSG expression and switching; and 4) the develop-
mental regulation of Pol I transcription of procyclin and VSG genes.
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1. INTRODUCTION

Trypanosoma brucei sp. are protozoa parasites that cause
Human African Trypanosomiasis, also known as sleeping
sickness, and Nagana in cattle resulting in devastating health
and economic burdens in sub-Saharan Africa [1]. T. brucei
alternate between a mammalian host and the tsetse fly vector
(Fig. 1). In mammals, 7. brucei proliferate as slender Blood-
stream Forms (BFs) and employ antigenic variation by peri-
odically switching its Variant Surface Glycoprotein (VSG)
surface coat to avoid host antibody clearance. 7. brucei have
a large repertoire of ~2,500 VSG genes and pseudogenes [2,
3]; however, they only express one VSG gene at a time from
one of the 20 telomeric expression sites (ES) (Fig. 2). The
VSG gene is unusually transcribed by Pol I in a monoallelic
fashion from an extranucleolar Pol I focus [4-6], and VSG
antigenic switching occurs by transcriptional switching be-
tween telomeric ESs or by recombination of the VSG gene
expressed [7-9].

Proliferating slender BFs develop into non-dividing short
stumpy forms [10]. After transmission to the fly, stumpy BFs
develop in procyclic forms (PFs) and replace their VSG sur-
face coat with procyclins [11, 12], which are also transcribed
by Pol I [4, 6]. PFs develop into epimastigotes, accompanied
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by changes in the type of procyclins expressed on the sur-
face, i.e. EPs and GPEETs [11, 13, 14]. In the insect salivary
gland, epimastigotes develop into mammalian infectious
metacyclic forms which replace the procyclin surface coat
with VSGs, which are expressed from telomeric metacyclic
ESs (MESs) [15, 16]. These changes in surface coat expres-
sion occur in parallel with other developmental changes that
include alterations in cell morphology and metabolism, such
as the use of glycolysis and oxidative phosphorylation for
the main source of energy by the mammalian and insect
forms, respectively [17]. Hence, VSG expression is devel-
opmentally regulated throughout the life cycle. The precise
regulation of VSG and procyclin expression is thus critical
for the successful transmission and infection of 7. brucei.

Here, we discuss 1) the molecular basis underlying tran-
scription of telomeric ESs and antigenic switching in 7.
brucei; 2) the current understanding of VSG monoallelic
expression; 3) inositol phosphate regulation of VSG expres-
sion and switching; and 4) the developmental regulation of
Pol I transcription during 7. brucei life cycle progression.

2. GENOMIC STRUCTURE OF TELOMERIC EX-
PRESSION SITES AND MECHANISMS OF ANTI-
GENIC SWITCHING

The T. brucei genome contains 11 diploid megabase-
sized chromosomes (1-6 Mbp), ~5 intermediate-sized chro-
mosomes (200-900 Kbp), and ~100 minichromosomes (50-
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Fig. (1). T. brucei life cycle and mechanisms of antigenic variation. A) T. brucei slender BFs periodically switch its VSG coat to evade
antibody clearance. Parasites expressing different individual VSGs (gray lines) may occur at the same time during infection [58, 153]. Col-
ored thicker lines indicate combined parasitemia. Antibodies against variant types are produced periodically. At high density, slenders differ-
entiate to non-dividing stumpies, which after uptake by tsetse flies develop into PFs in the fly midgut and into Epimastigotes Forms (EF) and
then to Metacyclic Forms (MF) in the fly’s salivary glands. PFs and EFs express procyclins but MFs resume VSG expression and are infec-
tive to mammals. A sexual stage may occur between EF and MF [154]. B) Antigenic variation occurs by transcriptional switching between
telomeric ESs or by recombination of VSG genes. Recombination may happen by gene conversion or segmental gene conversion between
ES VSG genes and VSG genes or pseudogenes at other loci including intrachromosomal VSG arrays and minichromosomes. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web version of this paper.)

150 Kbp) [3] (Fig. 2). The megabase chromosomes contain
arrays of protein-coding genes that are organized in long
polycistronic units that are separated by Strand Switch Re-
gions (SSRs) [3, 18-20]. Arrays of VSG genes or pseu-
dogenes comprise ~20% of the genome [3]. They are located
at subtelomeric sites and at telomeric ESs, and an archive of
VSG genes and pseudogenes also exists in intermediate and
minichromosomes [2, 7]. Almost all 7. brucei genes lack
introns and the polycistronic primary transcripts are proc-
essed into mRNAs by trans-splicing, i.e. the addition of a 5’
39 nucleotide splice leader sequence, and polyadenylation
[21]. Pol 1I transcription is constitutive and Pol II promoters
have not been identified [22, 23], with one exception [24].
Pol II transcription starts at SSRs that are either between two
divergent polycistronic units or at the distal ends of conver-
gent polycistronic units [18, 19, 25-27] (Fig. 2A). Epigenetic
marks, e.g. base J and H3 variant (H3.V) and H4 variant
(H4.V), are located at the boundaries of the transcription
units and have been implicated in Pol II transcription termi-
nation [28-32]. In contrast, procyclin and ribosomal RNAs
(rRNA) genes are located intrachromosomally in smaller
polycistronic units that are transcribed by Pol I [3, 4].

The telomeric ESs of the 7. brucei 427 strain are in
megabase and intermediate chromosomes [33-36]. There are
~15 Bloodstream ESs (BESs) and ~5 MESs in the 427 strain
[2, 34, 37], and their overall organization is conserved
among ESs of other strains [33, 38] (Fig. 2B). The VSG gene
is located within ~1 kb of the telomeric repeats, whereas the
ES promoter is located between 40 - 60 kbp upstream of the
VSG gene [34, 35]. Upstream of the VSG gene there is an
array of 70 bp repeats (~1-20 kb) followed by Expression
Site Associated Genes (ESAGs). In contrast, MESs are
monocistronic units that only contain the VSG gene and a Pol
I promoter [37]. The ESAG genes encode transferrin receptors
[39] and adenylate cyclases [40] but not all ESAGs have an
assigned function [41, 42], although some are implicated in
parasite development and host interaction [40, 43-45].

There are also differences in the sequence of BESs,
MESs, procyclins, and TRNA promoters [46-52]. The pro-
cyclin and rRNA promoters are longer (~250 bp) and contain
within their 5 70 bps, two regions that are essential for pro-
moter activity [49, 52], whereas BES promoters are shorter
(~70 bp) with two regions that are involved in the recruit-
ment of Pol I basal transcription factors [46, 47, 49, 53].
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Fig. (2). Genomic organization of Pol I and Pol II transcribed genes in 7. brucei. A) Pol I transcribed genes are organized in long co-
transcribed gene clusters that are separated by SSRs in 11 megabase (Mb) size chromosomes (chr). Arrows indicate direction of Pol II tran-
scription. VSG genes or pseudogenes are organized in subtelomeric regions or megabase chromosomes or at the telomeres of minichromo-
somes. B) Telomeric BESs and MESs and procyclin loci. BESs contain ESAG genes which are located between the promoter (arrow) and 70
bp repeats. Pseudogenes are indicated by y. VSG gene are near telomeric repeats. MES lack ESAGs and are expressed in MFs. PF express
procyclins from two procyclin loci which encode EPs or GPEET procyclins.

Moreover, only very short sequences within these regions
are conserved between the ES, procyclin, and rRNA promot-
ers [49]. MES promoters (~87 bp) appear to have a less con-
served sequence [50, 51, 54]. Despite the differences, BES
or procyclin promoters can be functionally replaced by an
rRNA promoter which is subject to regulation that is influ-
enced by chromosome location and developmental stage [51,
52,55].

Antigenic switching can occur by transcriptional switch-
ing between telomere ESs or homologous recombination of
the VSG gene expressed [56] (Fig. 1B). Transcriptional
switching involves the transcriptional activation of a silent
ES and concomitant repression of the active ES, and hence
does not involve changes in DNA sequence [8, 9]. At least
three types of recombination are implicated in VSG switch-
ing: VSG gene conversion, reciprocal VSG gene recombina-
tion, and segmental VSG gene conversion [8, 56-60]. The
large repertoire of VSG genes in the subtelomeric arrays as
well as in minichromosomes is a source of VSG sequences
for recombination [57, 61]. In VSG gene conversion, a copy
of a silent VSG open reading frame sequence replaces the
VSG gene within the active ES [56, 57]. In reciprocal re-
combination, a VSG gene from a silent ES is exchanged with
the VSG gene in the active ES, which unlike gene conver-
sion does not result in a loss of VSG sequence [56, 62]. The
conserved ES organization likely favors its recombination
[56, 63] and the 70 bp repeats contribute to VSG switching
by providing homologous sequences for recombination [63-
65]. In segmental gene conversion only portions of a VSG
gene or pseudogene are recombined with the VSG gene in

the active ES, thereby resulting in new mosaics of VSG
genes. These mechanisms have almost unlimited potential
for generating new VSG sequences [58, 59, 66].

3. MOLECULAR BASIS UNDERLYING VSG ALLE-
LIC EXCLUSION AND TELOMERE SILENCING

Several molecules have been identified that affect the
transcription of VSG ESs (Table 1). Some of these mole-
cules regulate Pol I recruitment to the ES promoter, whereas
others control assembly and remodeling of the ES chromatin
or are associated with telomeres and contribute to the repres-
sion of transcription or switching of VSG genes (Fig. 3). For
clarity, we will discuss the roles of these molecules in the
context of 1) Pol I recruitment and ES monoalellic transcrip-
tion, 2) chromatin remodeling and Pol I elongation through
the ES, and 3) repression of ES transcription by a telomere
position effect.

3.1. Monoallelic ES Transcription and the Expression
Site Body

The VSG gene is transcribed by Pol I in a monoallelic
fashion from an extranucleolar site termed as the ES Body
(ESB) [5]. Silent ESs lack detectable Pol I by immunofluo-
rescence analysis, and the ESB is not detected in PFs [5, 67].
A single ESB is maintained during S and G2 phases and
early mitosis [68]. Prior nuclear division, the ES sister chro-
matids are segregated with subsequent Pol I association with
the new ES [68]. Knockdown of the cohesin complex
subunit sister chromatid cohesion 1 (SSC1) affects Pol I co-
localization with the active ES and results in transcriptional
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Table 1.
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Genes involved in the regulation of 7. brucei VSG gene expression or antigenic switching.

Gene Name Abbreviation®

Protein Function

Genetic Modification

Phenotype”

CIFTA subunit /, 2 and 7
(CIFTA complex)

Basal transcription factor

RNA interference

Decrease expression of active VSG and rRNA genes [53, 73,
74, 155]

S1Z1 (SUMOylation)

Posttranslational modifi-
cation

RNA interference

Decrease expression of active VSG and rRNA genes [75]

Derepression of VSG and ESAG genes from silent BESs and

Hi Nucleosome assembly RNA interference .
procyclins genes [85, 91]
3 Nucleosome assembly RNA interference Derepression of a reporter do[\(;v;l]stream a silent BES promoter
Derepression of VSG and ESAG genes from silent BESs and
H3V Nucleosome assembly Null VSG genes from subtelomeric arrays or minichromosomes
[29,31]
TDPI Nucleosome assembly RNA interference Decrease expression of active VSG and rRNA genes [78]
DOTIB Chromatin modification Null Derepression of VSG and ESAG genes from silent BESs [86]

JBPI & JBP2 (Base J)

Chromatin modification

Null for both JBP genes (or
chemical inhibition of
JBPs)

Derepression of VSG genes from subtelomeric arrays or
minichromosomes [30]

JBPI & JBP2 (Base J) &

Chromatin modification

Null for both JBP genes (or
chemical inhibition of

Derepression of VSG genes from subtelomeric arrays or

H3V JBPS) and null for H3 minichromosomes and VSG genes from BESs [29-31]
Derepression of VSG and ESAG genes from silent BESs,
BDF2 Chromatin modification Null or chemical inhibition VSGs from MESs, procyclins and various Pol II transcribed
genes [94]
RNA interference or Derepression of VSG and ESAG genes from silent BESs,
BDF3 Chromatin modification L VSGs from MESs and VSGs from subtelomeric arrays, pro-
chemical inhibition . . .
cyclins and various Pol II transcribed genes [94]

ISWI (ISWI complex) Chromatin modification RNA interference Derepression of'a reporter do[\év;]stream a silent BES promoter
NLP (ISWI complex) Chromatin modification RNA interference Derepression of'a reporter d([)lvzr(l)s]tream a silent BES promoter

SIR2RPI Chromatin modification Null Derepression of a reporter gene downstream an rRNA pro-

moter [111]
DAC3 Chromatin modification RNA interference Derepression of a reporter d([)lv:r;s]tream a silent BES promoter
SPT16 (FACT complex) Histone chaperone RNA interference Derepression of a reporter[ ;i;:vriszt;am a silent BES promoter
POB3 (FACT complex) Histone chaperone RNA interference Derepression of'a reporter d([)lv;nls]tream a silent BES promoter
CAF-1b Histone chaperone RNA interference Derepression of a reporter do[\(;v;l]stream a silent BES promoter
ASFIA Histone chaperone RNA interference Derepression of a reporter do[\g;l]stream a silent BES promoter
NUP-1 Nuclear lamina RNA interference Derepression of \‘/SG‘ and ESAG genes‘fror‘n silent BESs, and
procyclins; increases VSG switching [128]

NUP-2 Nuclear lamina RNA interference Derepression of VSG genes from silent BESs, and procyclins

[129]

(Table 1) contd....
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Gene Name Abbreviation®

Protein Function

Genetic Modification

Phenotype”

Derepression of VSG and ESAG genes from silent BESs and

RAPI Telomere protein RNA interference VSGs from MESs [71, 134]
TRF Telomere protein RNA interference Increases VSG switching [131]
TIF2 Telomere protein RNA interference Increases VSG switching [132, 133]
TRAF Telomere protein RNA interference Derepression of VSG and ESAG genes from BESs [79]
Inositol phosphate path- . Derepression of VSG and ESAG genes from silent BESs and
PIP5K ditional null
way Conditional nu VSGs from MESs, and VSG switching [70]
PIPSPase Inositol phosphate péth- Conditional null Derepression of VSG and ESAG genes from silent BESs and
way (telomere protein) VSGs from MESs [70]
Inositol phosphate path- . .
PLC way Overexpression Derepression of VSGs from BESs and MESs [70]
VEXI Tel i RNA interference or over- Derepression of VSG and ESAG genes from silent BESs and
clomere protein expression VSGs from MESs [79]
ORC1/CDCE Ch licati RNA interf Derepression of VSG genes from silent BESs and increase
romosome replication interference VSG switching [135, 136]
D i fVSG d di li
MCM-BP Chromosome segregation Conditional null erepression o SENES and genes encoding procycins

[137]

SSC1 (cohesin complex)

Chromosome segregation

RNA interference

VSG switching [68]

Notes: * See text for complete gene name; ° Phenotype related to transcription of VSG genes or procyclin loci or VSG switching; other phenotypes were not included.
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Fig. (3). Mechanisms of telomeric ES transcriptional regulation. A) Telomeric ESs are regulated by proteins that function in chromatin
regulation, signaling or in nuclear lamina (Table 1). Various chromatin regulatory proteins repress transcription near the promoter in re-
pressed ESs. Telomeric ES proteins repress transcription of the whole ES and thus the VSG genes. A repressive gradient occurs which is
strong near the telomeres (thick bars) and weak distal the telomeres (thin bars). The precise binding sites of some telomeric ES proteins are
unknown. However, TRF and RAP1 bind to telomeric repeats [71], PIP5Pase binds to and colocalizes with RAP1 and telomeric repeats [70],
TRAF and VEX1 co-localizes with TRF [79]. ORC1/CDC6 binds to telomeric repeats independently of RAP1 and TRF [135, 136]. Note that
VEX1 is only present in the active ES but its knockdown or overexpression derepress silent ESs [79]. PIPSK and PLC are not in the nucleus
but regulate ES transcription [70], as it does the NUP-1 and 2 (indicated by dotted brackets) [128, 129]. B) VSG regulation involves mole-
cules that are present at the active ES and positively regulate ES transcription, i.e. TDP-1, VEX1 and SUMOylation (SUMO), and the active
ES is depleted of nucleosomes. In contrast, silent ESs are enriched in histones, base J and chromatin regulatory proteins (depicted in A) which
regulates Pol I elongation throughout the ES. Transcription initiates in silent ESs but does not elongate through the ES, and Pol I occupancy is
higher in the active ES (indicated by size of Pol I, red circle) [73].



124 Current Genomics, 2018, Vol. 19, No. 2

switching between ESs [68], implying that the cohesin com-
plex is essential for epigenetic inheritance of the active ES
during cell division. It has been postulated that limited ac-
cess to the ESB and its singularity explain why only one
telomeric ES is fully active at a time [5, 69]. However, si-
multaneous Pol I transcription of multiple ESs at different
nuclear sites has been detected by knockdown of molecules
that regulate the ES repression [70, 71], indicating that Pol I
transcription of the ES is not restricted to a specific nuclear
site. Single cell analysis also showed that transcription initi-
ates simultaneously on multiple ESs but only elongates
through one ES [72]. The data suggest that monoallelic ES
control is unlikely determined by ES transcription initiation,
but involves regulation of Pol I transcriptional elongation
through the ES.

In addition to Pol I, the promoter of the active ES is en-
riched in the multi-subunit class I basal transcription initia-
tion factor A (CIFTA) [53, 73, 74]. CIFTA has seven try-
panosome-specific proteins, named CITFA-1 to 7, in addi-
tion to the dynein light chain DYNLLI. CIFTA was shown
to bind the ES promoter sequence in vitro [53]. Chromatin
immunoprecipitation (ChIP) assays showed that CIFTA
subunit 7 was enriched in the active ES promoter compared
to the silent ESs [73]. Localization studies of CIFTA subunit
7 showed its presence in the ESB and the nucleolus. RNAi
knockdown of genes encoding CIFTA subunits 1, 2 or 7 re-
duced Pol I occupancy at the active ES and decreased the
levels of VSG mRNAs and rRNAs [73, 74]. Thus, CIFTA is
required for Pol I recruitment and transcription initiation of
the active ES and rRNAs in BFs, and likely also plays a role
in transcribing procyclins [53].

The active ES was also shown to be enriched in the Small
Ubiquitin-like MOdifier (SUMO) posttranslational modifica-
tion [75]. SUMOylation is a reversible posttranslational pro-
tein modification that entails the covalent ligation of 12 kDa
SUMO proteins to lysine residues of protein targets in a
process that is catalyzed by an El activating enzyme, E2
conjugating enzyme and E3 ligase [76, 77]. SUMOylation
was enriched at the active ES, i.e. from the promoter region
through the VSG gene, compared to silent ESs or the rRNA
promoter [75]. The SIZ1 protein, which contains a SP-RING
domain that is conserved in SUMO E3 ligases, also localizes
in the ESB (although not exclusively). SIZ/ knockdown re-
duced SUMOylation of the ESB, Pol I association, and tran-
scription of the active ES. The largest Pol I subunit RPA1 is
also SUMOylated which is reduced by RNAi knockdown of
SIZ1 [75]. Hence, SUMOylation of RPA1 may affect its as-
sociation with other Pol I subunits or with regulatory factors
that may function in Pol I recruitment to the active ES.
Given the role of SUMO in regulating protein localization
and interactions [77], it is possible that SUMOylation may
affect targeting or recruitment of proteins to the active ES.

Trypanosome DNA binding protein 1 (TDP1), a high
mobility group box protein, is enriched in the active ES
compared with silent ESs and co-localizes with Pol I at the
ESB [78]. TDP1 has been implicated in facilitating Pol I
transcription and was also detected downstream of the rRNA
promoters, and within the procyclin loci in both BFs and
PFs. RNAi knockdown of TDPI in BFs results in a dramatic
reduction (up to 90%) in transcripts from the active ES and
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also reduced rRNA transcripts [78]. Depletion of TDP1 is
inversely correlated with enrichment in histones H1, H2A
and H3 in the active ES [78]. TDP1 also binds the Pol II
spliced leader and Pol IIT 5S rRNA transcription units, al-
though to a lesser extent than the Pol I transcription units.
TDP1 appears to maintain an open chromatin structure by
substituting histones at the active ES and other Pol I tran-
scription units, thereby facilitating Pol I transcription.

Glover et al. [79] identified VSG exclusion 1 (VEX1), a
protein exclusively associated with the active ES in BFs.
VEXI1 contains a SWIM-type Zn-finger commonly found in
the SWI2/SNF2 family ATPases, MuDR transposase, and
MEK kinase [80, 81], which has been described to bind to
DNA, RNA, or lipids [82]. VEX1 co-localized with the te-
lomeric repeat binding factor (TRF) in both BFs and PFs.
However, in BFs, VEX1 was exclusively detected at the ac-
tive ES, whereas in PFs, VEX1 had a broader distribution in
the nucleus. Either knockdown of VEXI or its overexpres-
sion resulted in derepression of silent ESs and expression of
many VSG proteins in the cell population, but it did not af-
fect VSG switching rates. A “winner takes all” model of
VSG gene allelic exclusion was proposed by which VEX1
recruitment to one ES results in monoallelic Pol I transcrip-
tion of the entire ES, and repression of the remaining ESs.
The authors proposed that VEX1 silencing of ESs occurs by
homology-dependent silencing exerted by an unidentified
transcript from the active ES that initiates repression of the
remaining ESs [79]. Although the molecular basis underly-
ing the proposed mechanism remains speculative, it is clear
that VEX1 plays an important role in regulating VSG allelic
exclusion. In summary, the regulation of ES monoallelic
transcription likely entails various molecules involved in Pol
I recruitment, transcription initiation and elongation along
the ES.

3.2. ES Chromatin Structure and Pol I Transcription

Epigenetic modifications of the ES chromatin also con-
tribute to regulation of its transcription [78, 83-86]. Navarro
and Cross [84] showed that replacement of the active BES
promoter by a T7 polymerase promoter results in efficient
ES repression during development of BFs to PFs, whereas
insertion of the T7 promoter at a non-telomeric locus, e.g. an
rDNA spacer or silent VSG array, does not affect T7 pro-
moter-driven transcription. Similarly, replacement of the ES
promoter with an rDNA promoter also results in ES repres-
sion during development [87, 88]. These results indicate that
remodeling of the chromatin structure is involved in tran-
scriptional repression of the ES. Subsequently, a series of
chromatin modifying proteins was implicated in regulating
Pol I transcription of the active ES (Fig. 3, Table 1). The
active T. brucei ES is depleted of nucleosomes [89, 90],
whereas silent ESs are enriched in histones H1, H2A, H3 and
H3V [28, 78, 89, 90]. Knockdown of histone H1, H3 or
knockout of H3V all result in derepression of silent ESs [29,
31, 85, 91, 92]. Some of these histones are also enriched in
other genomic silent regions such as the boundaries of RNA
polymerase II transcription units [28, 93]. In contrast, nu-
cleosome depletion at active ESs is inversely correlated with
TDP1, whose knockdown reduces Pol I transcription and
increases deposition of histones H1, H2A and H3 in the ac-
tive ES [78] (Fig. 3B). Knockdown or inhibition of bromo-
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domain factors (BDF) 2 or 3 also affected expression of
VSG genes (Table 1), but also affected expression of pro-
cyclins and other Pol II transcribed genes [94]. The enzyme
DOTI1B, a methyltransferase that trimethylates lysine 76 of
histone H3 (H3K76me3), is also involved in repression of
silent ESs [86]. DOTIB null cells partially derepress ESs
without any effects on non-telomeric loci. Battram et al. [95]
showed that attenuation of the active ES after ectopic over-
expression of a VSG gene from a non-telomeric locus, by a
process as yet unknown, was also dependent on DOT1B. A
hypermodified DNA base called J, B-D-glucopyranosyl-
oxymethyluracil, is enriched at the telomeres and silent ESs
of T. brucei BFs but absent in the transcriptionally active ES
and in PFs [96-98]. Base J is synthesized by sequential hy-
droxylation and glucosylation of thymidine catalyzed by
SWI/SNF hydroxylases, known as J-binding protein (JBP) 1
and 2, and a glucosyl transferase (GT), respectively [99-
101]. In the silent ESs, base J spanned the telomeres, the
VSG gene and the 70 bp and 50 bp repeats, whereas it is
absent throughout the transcribed regions in the active ES,
i.e. between the promoter and VSG gene, but present at the
telomeres and 50 bp repeats [98]. Base J is also found to be
enriched in the SSRs of Leishmania sp. and knockout of
JBP2 results in transcription through Pol II transcription
termination sites [32]. Base J elimination affects Pol II tran-
scription termination within polycistronic units without af-
fecting transcription at convergent SSRs in 7. brucei [30],
suggesting a somewhat conserved function of base J in con-
trolling Pol II transcription termination. Depletion of J with
dimethyloxalylglycine (DMOG), a chemical inhibitor of the
thymidine hydroxylase domains of JBP1 and JBP2, affected
transcription of VSGs but not specifically those at ESs [29,
30]. However, depletion of J by DMOG or by deletion of the
JBPI and JBP2 genes in combination with deletion of the
H3V gene resulted in derepression of ES VSG genes, al-
though most of these effects have been attributed to H3V
elimination [29, 31].

Hughes et al. [83] identified an SWI2/SNF2-related
chromatin-remodeling protein (ISWT), the RNAi knockdown
of which resulted in increased transcription of the promoter
region of silent ESs in BFs and PFs T. brucei. However,
transcription did not extend to the VSG genes, indicating that
multiple factors function in the regulation of ES transcription
wherein increased transcription at the promoter may be nec-
essary but insufficient for Pol I elongation through the ES
and thus VSG gene (Fig. 3A). Subsequent work by the same
group showed that ISWI forms a protein complex that also
contains the nucleoplasmin-like protein (NLP), the regulator
of chromosome condensation 1-like protein (RCCP) and a
phenylalanine/tyrosine-rich protein (FYRP) [102]. The T.
brucei ISWI complex is present in both BFs and PFs and is
generally associated with multiple Pol I-transcribed loci [83,
102] and with Pol II SSRs [102, 103]. ISWI complexes are
also present in other organisms from yeast to humans where
variations in the composition of the complex result in regula-
tion of Pol II transcription initiation, elongation, or termina-
tion [104-106]. For example, yeast has four ISWI com-
plexes, whereas Drosophila has six [107, 108]. The presence
of only one ISWI complex in 7. brucei, whose composition
differs from those in fungi or animals, may be related to the
absence of regulation of Pol II transcription initiation in 7.
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brucei, and may also reflect the early evolutionary diver-
gence of this eukaryote [109]. T. brucei silent information
regulator 2-related protein 1 (SIR2RP1), which functions as
a NAD'-dependent enzyme and catalyzes ADP-ribosylation
and deacetylation of histones H2A and H2B, is located in the
nucleus and co-localizes with telomeres in procyclic forms
[110]. SIR2RP1 has been implicated in DNA repair in PFs
[110]; its knockdown in BFs affects derepression of a re-
porter gene immediately downstream of an rRNA promoter
but not a VSG gene that is located ~3kb downstream of this
promoter [111]. Similarly, histone deacetylase 3 (DAC3)
knockdown in BFs also affects transcription of a promoter
proximal reporter gene, but not that of the VSG gene [112].
SIR2 has been implicated in telomere silencing in yeast and
Plasmodium [113-116]. In yeast, SIR2 forms a complex with
the SIR3-SIR4 dimer that is spread along silent chromatin in
a manner that is dependent on SIR2 deacetylation activity
[117-120]. The lack of SIR2RP1 repression of VSGs in T.
brucei may be due to its distribution at the ESs or the ab-
sence of other SIR complex proteins.

The facilitates chromatin transcription (FACT) complex
of histone chaperones, which regulate nucleosome assembly,
also contributes to ES transcriptional control [121, 122]. T.
brucei FACT contains two subunits, SPT16 and POB3, and
knockdown of either gene results in derepression of a re-
porter gene downstream the ES promoter [121]. SPT16 is
enriched at the promoter region of silent ESs [122] and its
knockdown decreases histone H2A and H3 deposition in the
silent ESs, indicating an open chromatin for Pol I transcrip-
tion [121]. Derepression of the ES promoter reporter is asso-
ciated with cells at G2/M, suggesting cell cycle-specific
chromatin remodeling within ESs [122]. Similarly, knock-
down of chromatin assembly factor 1b (CAF-1b) or of anti-
silencing factor 1A (ASFIA4) also results in derepression of
the ES promoter region, but not the VSG gene [92]. Hence,
T. brucei ES chromatin is regulated at the promoter region
by various chromatin regulatory proteins (e.g. SIR2, ISWI,
FACT) that affect nucleosome assembly and thus Pol I tran-
scription downstream the promoter, whereas other regulatory
proteins (e.g. H3V, DOT1B, TDP1) appear to control Pol I
elongation along the entire ES and thus VSG transcription.

3.3. Telomere Position Effect and VSG Transcriptional
Silencing

Telomere position effect was first shown in yeast, and
consists of transcriptional repression of genes located near
the chromosome ends [123]. It was subsequently shown to
regulate repression of VSG genes in T. brucei and gene ex-
pression at telomeres in other organisms [87, 124]. Telomere
clustering and tethering to the nuclear envelope have been
associated with repression of the subtelomeric loci in yeast
and Plasmodium [113, 125]. In T. brucei BFs, telomeres are
dynamically distributed in the nucleus throughout the cell
cycle, but are generally clustered and located in the nucleo-
plasm, whereas in PFs they are positioned near the nuclear
periphery [93, 126, 127]. Moreover, the active ES is relo-
cated from the nucleoplasm to the nuclear periphery during
BF to PF development [67]. Knockdown of the nuclear pe-
ripheral protein-1 (NUP-1) or NUP-2 genes affects telomere
segregation and results in derepression of VSG genes and
genes encoding procyclins [128, 129] (Table 1). Knockdown
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of a phosphatidylinositol 5-kinase (PIP5K) or a phosphatidy-
linositol 5-phosphatase (PIP5Pase) also derepresses ES VSG
genes and results in repositioning of telomeres and the te-
lomeric proteins repressor activator protein 1 (RAP1) and
TRF in the nucleus [70] (See topic 4 for details). PIP5Pase
localizes at telomeres and interacts with RAP1 [70]. The
telomere repositioning after PIP5Pase knockdown correlated
with the appearance of multiple extranucleolar Pol I foci at
the telomeres [70]. Multiple extranucleolar Pol T foci were
also detected after RAPI knockdown [71]. PIP5Pase or
RAP1 knockdown parasites express more than one VSG
protein on the surface implying that transcripts from the
derepressed ESs were processed and translated into proteins
[70, 71, 79]. The data indicate that nuclear organization
plays a role in the control of VSG gene expression in 7.
brucei.

Some proteins identified at 7. brucei telomeres contribute
to regulate ES transcription. Others appear to control VSG
switching and/or telomere end protection. The 7. brucei TRF
is functionally related to mammalian TRF2 and is involved
in telomere end protection [130]. 7RF knockdown in T.
brucei BFs results in reduction of single-stranded G-
overhangs at the telomeres. It does not affect ES transcrip-
tion but increases VSG switching [130, 131]. 7. brucei TRF-
Interacting Factor 2 (TIF2), a functional homolog of mam-
malian TIN2, interacts with TRF and 77F2 knockdown also
increases VSG switching but not VSG expression [132, 133].
RAP1 co-localizes with TRF and helps regulate VSG gene
transcription [71]. Knockdown of RAP1 in BFs and PFs re-
sults in derepression of all silent ESs, but does not affect the
active ES, or procyclin or rRNA genes [71, 134]. A te-
lomeric TTAGGG Repeat-Associated Factor (TRAF) also
co-localizes with TRF in 7. brucei BFs and its knockdown
results in a moderate derepression of silent ESs [79]. In addi-
tion, the subunit ORC1/CDC6 of the Origin Recognition
Complex (ORC), which binds to replication origin sites and
functions in DNA replication [135], is enriched in subte-
lomeric regions of T. brucei [135, 136]. ORC1/CDCE6 is as-
sociated with 7. brucei telomeres independently of RAP1
and TRF [136], and its knockdown results in derepression of
ES VSGs and expression of more than one VSG on the cell
surface [135, 136]. Notably the replication origin sites in T.
brucei also collocate with SSRs [135], which are also en-
riched for H3V and H4V [28], subunits of ISWI protein
complex [102] and base J [30, 32]. In addition, knockdown
of Mini-Chromosome Maintenance-binding protein (MCM-
BP) [137], which is part of the MCM complex involved in
chromosome replication [138], also results in derepression of
ES VSGs and genes encoding procyclins [137]. Given that
knockdown of ORCI/CDC6 and MCM-BP both affect ES
transcription and switching [135-137], and knockdown of the
cohesin complex component SSC1 also affects ES switching
[68], it is likely that ES regulation is functionally associated
with chromosome integrity in 7. brucei.

Hence, a series of proteins that affect ES expression in 7.
brucei localize at the telomeres and some of these interact
directly with telomeric DNA (e.g. TRF) while others likely
primarily associate with other proteins (e.g. PIP5Pase and
RAPI1). Some proteins are not exclusively at telomeres but
are also distributed at other chromosomal loci (e.g.
ORC1/CDC6). Nevertheless, perturbation of the function of
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these proteins results in either transcription of silent VSG
genes or VSG switching, supporting their roles in antigenic
variation. The precise mechanism by which these proteins
silence telomeric ESs and results in only a single ES being
transcribed in BFs remains unknown, but it likely entails
control of telomeric chromatin structure, conformation
and/or recruitment to transcriptionally repressed nuclear
sites.

4. INOSITOL PHOSPHATES AND REGULATION OF
VSG EXPRESSION AND SWITCHING

We recently found that the inositol phosphate pathway
(IP pathway, i.e. the inositol phosphate and phosphatidyli-
nositol pathways) contributes to the regulation of VSG gene
expression and VSG switching. Knockdown of PIP5K or
PIP5Pase in BF T. brucei results in derepression of silent
BESs and MESs with no effect on rRNA or procyclin ex-
pression [70]. The PIP5K enzyme catalyzes phosphorylation
of PI4P to PI(4,5)P2 [70, 139]. PIP5K knockdown results in
decreased levels of PI(4,5)P2 and an accumulation of PI4P
both at the plasma membrane [70, 139]. PI(4,5)P2 is pre-
dominantly at the plasma membrane in 7. brucei and in other
organisms, although it also occurs in organelles of yeast and
mammalian cells [70, 139-144]. Conversely, PIP5Pase re-
moves the 5-phosphate from PI(4,5)P2 and PI(3,4,5)P3 [70],
indicating that both PIPSK and PIP5Pase control the synthe-
sis of phosphatidylinositol molecules. In addition, overex-
pression of PLC, the enzyme that cleaves PI(4,5)P2 into
Ins(1,4,5)P3, also results in derepression of VSGs. Thus,
PI(4,5)P2 is likely a key molecule in the regulation of ES
transcription. PIP5K and PLC are both located on the plasma
membrane as is PI(4,5)P2, whereas PIP5Pase is in the nu-
cleus at the telomeres, where it interacts with RAP1 [70].
PIP5K knockdown affects the intra-nuclear locations of
RAP1 and TRF and results in telomere repositioning within
the nucleus along with RAP1 and TREF. It also alters glycerol
gradient sedimentation of RAP1 and TRF, implying that
interactions among these telomeric proteins are affected by
perturbation of the IP pathway. Hence, the localization of
PIP5Pase at telomeres, its interaction with RAP1, and the
effects on ES transcription and on telomeric proteins indi-
cates that IP enzymes function in the regulation of telomere
silencing and VSG monoalellic expression in 7. brucei.

The nuclear location of PIP5Pase implies that some
PI(4,5)P2 or PI(3,4,5)P3 may be present in the nucleus.
Phosphatidylinositol is in the nucleus in yeast and mammal-
ian cells [141-144], although whether these molecules are
synthesized there or transported to the nucleus is unknown.
In mammals, PI(4,5)P2 and Ins(1,3,4,5)P4 molecules bind to
the nuclear receptor steroidogenic factor 1 and to histone
deacetylases complexes, respectively, and regulate transcrip-
tion [143, 145]. PI(4,5)P2 also interacts with Upstream Bind-
ing Factor (UBF) forming an anchor for the Pol I pre-
initiation complex [141, 142], and is also involved in RNA
splicing [140]. Neither catalytic nor non-enzymatic functions
for PIP5Pase in the nucleus of 7. brucei cannot be elimi-
nated; however genetic studies with PIPSK and PLC imply a
role for IP metabolites in the regulation of VSG expression
and telomere silencing [70].

We recently found that the IP pathway also regulates 7.
brucei development. Knockdown of inositol polyphosphate
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multikinase (I/PMK), the enzyme that phosphorylates
Ins(1,4,5)P3 and Ins(1,3,4,5)P4 [146], results in development
of BFs to PFs. This process is accompanied by VSG gene
repression and expression of procyclin proteins, in addition
to metabolic and morphological changes to PF characteris-
tics (Cestari et al., manuscript under review). Monoallelic
VSG expression and life cycle development are likely coor-
dinately regulated in 7. brucei, and IP molecules may be part
of the regulatory network that controls gene expression and
development. While the molecular mechanism whereby the
IP pathway regulates ES silencing, monoallelelic ES tran-
scription and antigenic variation remains incompletely un-
derstood, this finding offers a new perspective on how these
various processes may be coordinated.

5. DEVELOPMENTAL REGULATION OF TRAN-
SCRIPTION OF PROTEIN CODING GENES BY RNA
POLYMERASE I

VSG ES and procyclin genes are transcribed by Pol I in
T. brucei, which is unusual, and their expression is develop-
mentally regulated during life cycle which results in expres-
sion of VSGs in BFs and of procyclins in PFs [4, 6]. While
complete transcription of the active ES occurs in slender
BFs, transcription of VSGs is downregulated during the de-
velopment of slender to stumpy BFs [147]. Nuclear run on
experiments show that in stumpy BFs Pol I elongates
through a portion of the ES, e.g. from promoter to ESAGS
(Fig. 2B), but fails to transcribe the VSG gene of the active
ES [147]. In addition, ESs are repressed in PFs, although
transcription still occurs at the promoter region [87, 88, 147].
The data suggest that repression of the active ES during de-
velopment spans through the VSG gene to a region some-
what downstream of the promoter but not the promoter re-
gion itself. ES repression in PFs is also accompanied by re-
positioning of the active ES from the nucleoplasm to the
perinuclear region and the absence of ES and Pol I co-
localization and transcription, as shown by the lack of Pol I-
dependent BrUTP incorporation [5, 67, 147]. The relocation
of the active ES to the perinuclear region indicates that the
ES chromatin environment may play a role in the develop-
mental regulation of ES transcription, perhaps by controlling
its accessibility to areas of active transcription and RNA
processing. In contrast to ESs, procyclin loci which are also
transcribed by Pol I localize at the nucleolar periphery [67].
Repression of telomeric ESs in PFs is also dependent on
RAP1 as indicated by ES VSG derepression upon RAPI
knockdown in this stage. The RAPI knockdown in PFs in-
creases accessibility of ES chromatin to micrococcal nucle-
ase [134], suggesting that RAP1 contributes to the mainte-
nance of a chromatin structure in PFs that represses ES tran-
scription. Interestingly, VEX1 is located at multiple te-
lomeres in PFs while it is specifically located at the active
ES in BFs [79]. The association of VEX1 with multiple te-
lomeres in PFs may provide the ability of any ES to be acti-
vated in BFs [50]. It is noteworthy that 7. brucei usually re-
activates the same ES in BFs after infection [148], and thus
other features of the ES may play a role in determining ES
reactivation after cyclic transmission. The molecular basis
underlying the coordinated regulation of VSG monoallelic
transcription in BFs and procyclin transcription in PFs is
unknown. However, many of the factors that regulate repres-
sion of ESs are also at the procyclin and rRNA loci, e.g.
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NLP, ISWI, MCM-BP [102, 103, 137, 149], and they may
regulate procyclin gene expression. Even less is known re-
garding regulation of transcription by Pol I in metacyclic
forms, which reactivate VSG expression from MESs in the
insect salivary gland prior to mammalian infection. Overall,
the regulation of Pol I transcription of ESs and procyclin loci
in T. brucei appears to depend, at least in part, on their ge-
nomic location, the nuclear organization and distribution of
telomeres in the nucleus, chromatin structure and factors that
regulate chromatin accessibility to Pol I.

6. FINAL REMARKS: THE COMPLEX SYSTEM
REGULATING ANTIGENIC VARIATION

The regulation of VSG gene expression during antigenic
variation and cell development is a multifaceted process that
involves control of Pol I transcription, chromatin structure,
nuclear organization, allelic exclusion and telomere silenc-
ing. These processes are inherently integrated with other
cellular processes such as the cell cycle, DNA replication
and recombination. They are also coordinated with physio-
logical changes that occur throughout the life cycle, e.g. gene
expression, cell morphology and metabolism. This complex
regulatory system may also involve cell signaling and quo-
rum sensing, both of which may have significant roles in
coordinating the processes controlling VSG expression dur-
ing antigenic variation and development.

CONCLUSION

The current data suggest a model of ES transcriptional
control whereby Pol I transcription initiates at all ESs but
only elongates through one ES [72, 88]. The enrichment in
basal transcription factors at the active ES promoter, or post-
translational modifications such as SUMOylation, may also
favor Pol I recruitment and transcription of the active ES
compared to silent ESs [73, 110]. The elongation of Pol I
through silent ESs is in part controlled by the structure of the
ES chromatin, which is enriched with histones and chroma-
tin modifying enzymes that contribute to form a compacted
structure that represses Pol I transcription [83, 85, 102, 111,
121]. The distribution of chromatin modifying proteins along
the ES appears to be somewhat distinct, since knockdown of
some genes affects only transcription of genes proximal to
the promoter [83, 111, 122], whereas knockdown of other
genes affects transcription of the entire ES and thus the VSG
gene [31, 70, 71, 79] (Fig. 3). This may also be due to ES
repression by telomeric proteins, e.g. RAP1, TRAF and
PIP5Pase, implying that the location of ESs near the te-
lomeres is critical for its regulation [87]. It is unknown
whether these telomeric proteins bind only to the telomeric
repeats or also bind to other ES sequences. Yeast telomeres
have been proposed to fold onto the subtelomeric chromatin
in a manner that is dependent on chromatin binding proteins
and modifications, e.g. the SIR2 complex and RAP1, which
blocks transcription [150, 151]. 7. brucei has telomere loops
[152] but it is unknown if this functions in telomere silencing
or other ES conformations are involved. The sub-nuclear
location of telomeres also appears to contribute to the control
of monoallelic VSG expression [70, 128, 129] and ES tran-
scriptional repression during life cycle development [67].
The location of telomeres in the nucleoplasm in BFs may
favor transcription and potentially switching between ESs,
perhaps due to ES accessibility to transcriptional and RNA
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processing machineries, whereas ES re-location to the nu-
clear periphery in PFs may contribute to its repression. The
mechanisms underlying the selective transcription of only
one ES at time are still poorly understood. The identification
of VEX1 [79], TDP1 [78] and SUMOylation [75] at the site
of expression, i.e. ESB, suggests that multiple proteins, and
potentially multiple levels of regulation, may be involved in
the selection of a single ES for transcription. Interestingly,
some of the molecules regulating ES transcription are also
present at procyclin loci and SSRs, some of which also regu-
lates Pol II transcription [31, 94, 102], suggesting that multi-
ple factors including genomic context and chromosome lo-
cus are important for transcriptional regulation in trypano-
somes. Finally, the finding that the IP pathway controls VSG
expression and cell development provides a new dimension
for our understanding of VSG gene regulation [70]. It sug-
gests that IPs may be part of a complex regulatory network
that controls VSG expression and switching, and perhaps the
coordination of multiple molecular processes, e.g. chromatin
structure, telomere silencing and Pol I monoallelic transcrip-
tion, during antigenic variation and development. There are
still many unanswered fundamental questions related to the
regulation of antigenic variation, allelic exclusion and devel-
opmental regulation of Pol I transcription. Answering these
questions will likely provide novel insights into mechanisms
that regulate gene expression and antigenic variation in 7.
brucei.
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