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1. Introduction

Telomeres are nucleoprotein complexes located at the ends of linear chromosomes. In most
eukaryotic cells, telomere DNA consists of simple repetitive TG-rich sequences, with the
TG-rich strand running 5" to 3" towards the chromosome ends. Telomere DNA contains both
the duplex region and a 3’ G-rich single-stranded overhang at the very end. In human,
mouse, a hypotrichous ciliate, and trypanosomes, the single-stranded telomere G-overhang
invades the double-stranded region and forms a T-loop structure (Griffith et al. 1999;
Munoz-Jordan et al. 2001; Murti & Prescott 1999; Nikitina & Woodcock 2004), which has
been proposed to play an important role in chromosome end protection (de Lange 2002).

A number of proteins have been identified to specifically associate with the telomere DNA,
and this telomere complex appears to be largely conserved from protozoa to mammals. The
telomere protein complex termed “Shelterin” is well characterized in mammalian cells (Fig.
1) (de Lange 2005). Within the complex, TTAGGG Repeat binding Factor 1 (TRF1) and TRF2
are duplex telomere DNA binding factors (Bilaud et al. 1997; Broccoli et al. 1997; Chong et
al. 1995), Protection of Telomeres 1 (POT1) is a single-stranded telomere DNA binding factor
(Baumann & Cech 2001), while Repressor Activator Protein 1 (RAP1) (Li et al. 2000), TRF1-
Interacting Nuclear factor 2 (TIN2) (Kim et al. 1999), and TPP1 (previously known as POT1-
interacting protein PIP1 (Ye et al. 2004), TIN2 interacting protein TINT1 (Houghtaling et al.
2004), or POT1- and TIN2-interacting factor PTOP (Liu et al. 2004)) do not directly contact
telomere DNA but tightly associate with TRFs or POT1. Very recently, a trimeric CST
complex containing Conserved Telomere maintenance Component 1 (CTC1), STN1, and
TEN1 have also been identified in human cells to bind the single-stranded telomere DNA
(Miyake et al. 2009; Wan et al. 2009).

In fission yeast Schizosaccharomyces pombe, SpTaz1 (a TRF homolog), SpRap1, SpPotl, SpPoz1
(a TIN2 homolog), SpTpz1 (a TPP1 homolog), SpTenl, and SpStn1 have been identified (Fig.
1), and the complex is very similar to that in mammalian cells (Dehe & Cooper 2010). Recent
studies in our lab has led to the identification of TRF (Li et al. 2005), RAP1 (Yang et al. 2009),
and TIN2 (Jehi S. & Li B., unpublished data) homologues in Trypanosoma brucei, a protozoan
parasite belongs to the kinetoplastids group (Fig. 1), although no specific single-stranded
telomere DNA binding proteins has been identified in this organism. These studies
indicated that the TRF-RAP1-TIN2-TPP1-POT1 complex is at least partially conserved from
protozoan to mammalian cells. However, the telomere complex in budding yeast
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Saccharomyces cerevisiae is much less conserved (Fig. 1). ScRapl, instead of a TRF homolog,
binds the duplex telomere DNA (Longtine et al. 1989b), while TIN2, TPP1, and POT1
homologs appear to have been lost, and the ScCdc13/ScTen1/ScStnl complex binds the
single-stranded telomere DNA (Grandin et al. 1997, 2001; Nugent et al. 1996).
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Fig. 1. The telomere complexes in human cells, budding and fission yeasts, and a protozoan
parasite, Trypanosoma brucei. Proteins specifically associate with the telomeres are shown
and marked. The telomerase holoenzyme is also shown. In human cells, TERT and TERC are
the protein and the RNA component, respectively. Est1A/B is part of the holoenzyme, while
Dyskerin interacts with TERC and plays an important role for TERC maturation. The
telomerase (Trtl and TR) and its associated Est1 has been identified in S. pombe. In S.
cerevisiae, the core telomerase (Est2 and TLC1) is associated with Estl and Est3, while TLC1
interacts with Sm proteins to maintain its stability.

Telomeres have two essential functions. First, binding of telomere proteins masks the
natural chromosome ends so that telomeres are not recognized as DNA double strand
breaks (DSB) and are protected from illegitimate DNA degradation, repair, and
recombination processes (Stewart et al. 2011). Hence, the telomere structure is essential for
genome integrity. Second, conventional DNA polymerases are incapable of fully replicate
the ends of linear DNA molecules, and telomeres are expected to shorten progressively after
each round of DNA replication (Levy et al. 1992). Fortunately, a specialized reverse
transcriptase called telomerase can synthesize de novo the telomere G-rich strand DNA
according to its internal RNA template and effectively solve this “end replication problem”
(Greider & Blackburn 1987; Zvereva et al. 2010). Both chromosome end protection and
telomere maintenance are complicated processes and are regulated at multiple levels. For
more comprehensive reviews on these topics, please refer to (Cifuentes-Rojas & Shippen
2011; Palm & de Lange 2008; Stewart et al. 2011)

It is worth to point out that recombination mechanisms can be activated to maintain the telomere
length when telomerase is absent in many organisms including yeasts and mammals (Bryan et al.
1995; Hande et al. 1999; Lendvay et al. 1996; Lundblad & Szostak 1989; Nabetani & Ishikawa
2011; Niida et al. 2000; Singer & Gottschling 1994). In S. cerevisize, when telomerase is
dysfunctional, a RAD51-dependent recombination pathway can amplify the subtelomeric Y’
element to generate Type I survivors (Le et al. 1999; Teng & Zakian 1999), and a RAD50-
dependent recombination pathway can amplify the telomere repeats to give rise to Type II
survivors (Le et al. 1999; Lundblad & Blackburn 1993; McEachern & Blackburn 1996; Teng &
Zakian 1999; Teng et al. 2000). Both pathways depend on RADS52, indicating that
recommendation events are involved. In ~10% of human tumor cells, telomeres are maintained
by a telomerase-independent mechanisms termed ALT (Reddel et al. 1997). In the ALT cells,
telomere lengths are typically very heterogeneous, ranging from <3 kb to >50 kb (Bryan et al.
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1995, 1997; Grobelny et al. 2000; Murnane et al. 1994; Opitz et al. 2001). Telomere maintenance in
ALT cells appears to also involve recombination between different telomeres: when a plasmid
tag was targeted into a telomere in a clonal ALT cell, with increasing population doubling, a
progressive increase in the number of chromosomes containing the tagged telomeres was
observed by FISH analysis (Dunham et al. 2000). Using a Chromosome Oriented-FISH (CO-
FISH) analysis (Bailey et al. 2001), a detailed analysis of a number of mortal cell strains, in vitro
immortalized cell lines, and cancer-derived cell lines showed that postreplicative exchanges
involving a telomere and another TTAGGG-repeat tract occurred frequently in ALT cells but
only rarely or never in non-ALT cells (Bailey et al. 2004; Londono-Vallejo et al. 2004), further
suggesting that telomere recombination is a main pathway for telomere maintenance in ALT
cells. In addition, one unusual telomere maintenance has been observed in telomerase negative
Trypanosoma brucei cells (Dreesen & Cross 2006b). At least for a subset of telomeres that are
marked with subtelomeric silent VSG expression sites (see below), the telomere can be as short as
~40 bp. Yet, these telomeres can be maintained stably for several tens of population doublings.
However, the underlying mechanism is completely unknown.

2. Telomere position effect (TPE)
2.1 The phenomenon of TPE

Telomere position effect or TPE has been observed in a number of organisms, where the
telomere structure exerts a variegated repressive effect on the transcription of genes located
at subtelomeric regions.

TPE was first observed in D. melanogaster as a phenomenon of position effect variegation
(PEV), which is a silencing effect on a gene located near a heterochromatic region in general
(Gehring et al. 1984; Hazelrigg et al. 1984; Levis et al. 1985). A few years later, TPE was
observed in S. cerevisiae (Gottschling et al. 1990): When a URA3 marker together with a short
TGi3 telomere seed sequence is inserted to the left arm of chromosome VII at the
subtelomeric region, the original VII-L telomere breaks off, and a new telomere forms from
the seed ~1.1 kb from the URA3 transcription starting site. This URA3 gene can be
expressed, allowing cells to grow on uracil lacking medium, but it can also be suppressed,
allowing cells to grow on 5-FOA-containing medium (5-FOA will be converted to a toxic
compound by the functional URA3 gene product). Therefore, the silencing effect is
variegated and its regulation appears to be epigenetic. Similarly, a subtelomeric ADE2
marker can be either expressed (colonies are white when growing on low adenine medium)
or silenced (colonies are red). In addition, the transcriptional state is quite stable, inheritable
for a number of generations, giving rise to yeast colonies with red and white sectors.

A fundamental aspect of TPE is position dependent, which reflects that the silencing
machinery works in a cis-acting fashion - association of the machinery with the telomere is
necessary for an effect on subtelomeric genes. Studies in several organisms revealed a
common theme: telomere DNA is the anchor, and one or two telomere binding proteins
would recruit the silencing machinery to the telomere to establish TPE.

2.2 TPE in S. cerevisiae

Extensive studies in the last couple of decades have led to a fairly good understanding of
TPE in S. cerevisiae. One of the key players for TPE in S. cerevisiae is Rap1l (Kyrion et al. 1993),
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which binds telomere DNA directly (Giraldo & Rhodes 1994; Konig et al. 1996; Longtine et
al. 1989a) and recruits Sir3 and Sir4 silencers to the telomere through its C-terminal RCT
domain (Buck & Shore 1995; Chen et al. 2011; Cockell et al. 1995; Feeser & Wolberger 2008;
Hecht et al. 1996; Liu & Lustig 1996; Luo et al. 2002; Moretti & Shore 2001; Moretti et al.
1994).

S. cerevisine Rapl has a central myb domain that is quite similar to the classical myb DNA
binding motif, with the three helices forming a helix-turn-helix structure (Fig. 2) (Konig et al.
1996). In addition, ScRapl also has a myb-like domain baring an atypical long insertion
between its first and second helices (Konig et al. 1996). Nevertheless, the myb and myb-like
domains are able to coordinate with each other and enable ScRapl to bind the duplex
telomere DNA directly (Konig et al. 1996). It is interesting to note that human RAP1 appears
to contain only one myb domain (Li et al. 2000), whose third helix presents a negatively
charged surface (Hanaoka et al. 2001), so it does not interact with telomere DNA directly.
Rather, human RAP1 is tethered to the telomeres through its interaction with TRF2, a
duplex telomere DNA binding factor. Similarly, S. pombe Rapl seems to rely on SpTazl, the
duplex telomere DNA binding factor in S. pombe and a TRF homolog (Cooper et al. 1997; Li
et al. 2000), to recruit it to the telomere. In support of this, SpRapl is rarely found to
localized at the telomere in SpTazl null cells (Cooper et al. 1997; Kanoh & Ishikawa 2001).
However, it is not clear whether residue amount of SpRap1 may still be associated with the
telomere independent of SpTazl. The RAP1 homolog has also been identified in
Trypanosoma brucei, a protozoan parasite, and it seems to have both the myb and myb-like
domains (Yang et al. 2009). Preliminary structural analysis of the myb-like domain suggests
that TbRAP1 may have some weak sequence non-specific DNA binding activities (Zhao Y.
& Li, B. unpublished data), but more careful analyses are necessary before a clear conclusion
can be drawn.
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Fig. 2. Domain structure of RAP1 homologs. All RAP1s have a BRCT, a myb, and an RCT
domain. In addition, except human RAP1, which has a Coil domain, all other RAP1
homologs have a myb-like domain next to the myb domain.

Other than the myb domain, RAP1 homologs have an N-terminal BRCA1 C Terminus
(BRCT) domain at the N-terminal half of the protein (Bork et al. 1997; Callebaut & Mornon
1997; Li et al. 2000; Yang et al. 2009), which is usually found in proteins involved in DNA
damage response or cell cycle checkpoint and is often capable of binding proteins with
phosphorylated peptide (Bork et al. 1997; Callebaut & Mornon 1997; Glover et al. 2004).
However, the function of BRCT domain in RAP1 homologs is still unknown. The very C-
terminal region of RAP1 homologs is also conserved and termed RAP1 C-terminus (RCT)
domain, which appears to be a protein-interacting domain, too (Li et al. 2000). Human RAP1
has an additional coiled-coil domain next to the myb domain, which may also have a
protein-protein interaction function (Li et al. 2000; O'Connor et al. 2004). Therefore, one
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striking feature of RAP1 is that it has several protein interacting domains, suggesting that
this protein has a “recruiter” function that tethers various proteins to telomeres.

In addition to ScRap1, the yKu70/80 dimer is another factor that can recruit silencing factors
to the telomere in the budding yeast (Boulton & Jackson 1998; Laroche et al. 199§;
Tsukamoto et al. 1997). Ku70/80 is a heterodimer complex that binds DNA ends in a
sequence-independent manner (Riha et al. 2006). They were originally identified in
mammalian V(D)] recombination process and play an essential function in the classical
NHE] pathway (Critchlow & Jackson 1998; Weaver et al. 1995). The function of Ku homolog
at telomeres varies in different organisms, and deletion of yKu leads to multiple defects
including heat sensitivity, shortened telomere length, longer telomere G-overhang,
abolished TPE, and mislocalization of ScRapl in nucleus (Boulton & Jackson 1996, 1998;
Driller et al. 2000; Smith et al. 2008).

Recruitment of Sir2, Sir3, and Sir4 to telomeres is essential for establishment of the
heterochromatic structure at the subtelomeric regions and TPE (Aparicio et al. 1991). Unlike
Sir2 and Sir3, Sir4 remains telomere-bound when other Sir proteins are absent (Bourns et al.
1998; Luo et al. 2002), and Sir2/4 binds to chromatin independently of deacetylation at
H4K16 and loss of Sir3 interaction in an in vitro analysis (Johnson et al. 2009), suggesting
that Sir4 is the first one to be recruited to the telomere to initiate the silencing. Either ScRap1
or yKu can recruit Sir4 to the telomere, and ScRapl can also recruit Sir3 (Luo et al. 2002;
Martin et al. 1999; Moretti & Shore 2001, Moretti et al. 1994; Tsukamoto et al. 1997).
Together, Sir3 and Sir4 can recruit Sir2 (Bourns et al. 1998; Buchberger et al. 2008; Martino et
al. 2009; Moazed et al. 1997; Strahl-Bolsinger et al. 1997), which is an NAD*-dependent
histone deacetylase (Landry et al. 2000; Smith et al. 2000; Tanny et al. 1999). Sir2 activity and
the interaction between Sir3/4 and histone tails are necessary for propagating of the
heterochromatic structure from telomere to chromosome internal regions (Hoppe et al.
2002).

Sir2 can remove the acetyl group from histone H3 at K9 and K14 residues and from histone
HA4K16 (Imai et al. 2000). Particularly, unacetylated H4K16 can be recognized by Sir3 (Hecht
et al. 1995). Binding of Sir3 on H4K16 will block Dotl (Altaf et al. 2007), which specifically
methylates histone H3K79 (Feng et al. 2002; Lacoste et al. 2002; Ng et al. 2002; van Leeuwen
et al. 2002). As an antagonizing effect, methylation of H3K79 by Dotl will prevent Sir3 from
binding the nucleosome (Ng et al. 2002). Similarly, Setl and Set2 methylates H3 on K4 and
K36 residues, respectively (Krogan et al. 2002; Nagy et al. 2002; Roguev et al. 2001; Strahl et
al. 2002), and methylated histone H3 prevents Sir4 from binding the nucleosome (Tompa &
Madhani 2007; Venkatasubrahmanyam et al. 2007). Therefore, binding of Sir3 and Sir4
recruits Sir2, which deacetylates neighboring histone tails and allows subsequent binding of
Sir3 and Sir4 to neighboring nucleosome. Repetitive Sir3 and Sir4 binding and Sir2 action
effectively propagate the heterochromatin structure (Rusche et al. 2002). Finally, Sir2 activity
can be counteracted by Sas2-dependent acetylation of H4K16 (Ehrenhofer-Murray et al.
1997; Kimura et al. 2002; Reifsnyder et al. 1996; Suka et al. 2002). In fact, a gradient of
acetylated H4K16 has been observed where internal chromosomal regions are
hyperacetylated while telomeric regions are hypoacetylated, which also corresponds to an
inverse gradient of Sir3 binding to chromatin (Kimura et al. 2002).

TPE in S. cerevisiae appears to depend on the length of the telomere tract: the longer the
telomere, the stronger the silencing effect (Eugster et al. 2006; Kyrion et al. 1993; Renauld et
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al. 1993). Presumably, longer telomeres are bound by more ScRapl proteins, which in turn
recruit more Sir proteins to the telomere and lead to stronger silencing.

In S. cerevisine, TPE levels at different telomeres vary dramatically, particularly at native
telomeres (Loney et al. 2009; Pryde & Louis 1999). This is largely because different telomeres
have different composition of subtelomeric elements (Zakian & Blanton 1988). S. cerevisiae
has two subtelomeric elements, X (contains a core X element) and Y (Fig. 3) (Louis 1995;
Zakian & Blanton 1988). The X element is present at all yeast telomeres, and core X has an
ARS consensus sequence (ACS) that is bound by the ORC complex (which is the DNA
replication origin recognition complex) and an ABF1 binding site (Diffley & Stillman 1989;
Foss et al. 1993; Marahrens & Stillman 1992; Micklem et al. 1993; Rao et al. 1994; Wyrick et al.
2001). The core X element can reinforce silencing when located near a master silencer such
as the telomere, but itself does not convey any silencing effect (Lieb et al. 2001). Therefore,
core X is considered as a protosilencer (Boscheron et al. 1996; Lebrun et al. 2001). The X-ACS
(ORC binding site) and the ABF1 binding sites of the core X both contribute to silencing at
XI-L telomere (Diffley & Stillman 1989; Wyrick et al. 1999). In addition, Sirl, which is not
required for TPE at the truncated telomeres (Aparicio et al. 1991), participates in silencing at
XI-L telomere (Fourel et al. 1999; Pryde & Louis 1999), presumably by interaction with ORC
(Triolo & Sternglanz 1996). The Y’ element is not ubiquitous at all yeast telomere. Only 50-
70% of telomeres are marked with 1-4 copies of subtelomeric Y’ elements, which always
reside between the X element and the telomere (Chan & Tye 1983a, b; Zakian & Blanton
1988) (Fig. 3). Y’ has two open reading frames (ORF), an ARS, and a SubTelomeric
Antisilencing Region (STAR) element adjacent the telomere repeats. Within the X and Y’
elements, there is a small domain of repression centering on the X-ACS, but limited
repression is observed through out the Y’ (Pryde & Louis 1999). Therefore, TPE at X-only
telomeres is usually stronger.
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Fig. 3. The subtelomere elements in S. cerevisiae. The telomere-proximal region of S. cerevisiae
subtelomere contains a ubiquitous Core X element and 0-4 copies of Y’ elements.
Degenerated telomere repeats and SUC/RTM gene families separates the X and Y’ elements,
while variable tandem repeats separate the Y’ and the telomere TGy.3 repeats. The telomere-
distal part of yeast subtelomere consist of MAL and MEL gene families as large patches of
homologous sequences.

At truncated telomeres with targeted reporter genes, TPE levels decrease exponentially with
increased distance to the telomere, and the silencing effect spreads inward continuously
(Gottschling et al. 1990; Renauld et al. 1993). This is not always true at the native telomeres.
Regions closer to telomeres may not be affected by TPE because of the STAR boundaries,
while regions more distal to telomeres may resume TPE because of nearby protosilencers
such as the core X (Pryde & Louis 1999). Therefore, TPE may not spread continuously along
a native telomere.
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In S. cerevisiae, telomeres are clustered into several foci and are mainly located at the
periphery of the nucleus (Gotta et al. 1996). Escl is a protein that localizes at the nuclear
periphery and plays an important role in the association of telomeres with nuclear envelope
(Taddei & Gasser 2004). First, Escl interacts with the PAD4-domain of Sir4. Second, Escl can
also interact with yKu in the S phase, which contributes to the periphery localization of
telomeres independently (Taddei & Gasser 2004). Although nuclear periphery localization is
not strictly required for TPE (Gartenberg et al. 2004), artificial tethering a reporter gene
flanked by silencers to nuclear periphery facilitates the silencing (Andrulis et al. 1998). It is
therefore hypothesized that the telomere-clustering site might be a subnuclear compartment
that is concentrated with silencing factors such as Sir proteins.

2.3 TPE in S. pombe

Silencing has been observed at pericentromeric loci, mating type loci, and
telomeres/subtelomeres in S. pombe (Grewal & Jia 2007). These loci all have the same
signature heterochromatic structure - methylated H3K9 that is bound by Swi6 (HP1
homolog) (Ekwall et al. 1995; Nakayama et al. 2001). Methylation of H3K9 by Clr4 and
subsequent Swi6 binding at pericentric and mating type loci are mediated by RNAi-RITS
complex (Cam et al. 2005; Hall et al. 2002; Noma et al. 2004; Petrie et al. 2005; Sadaie et al.
2004; Volpe et al. 2002). For a comprehensive review about the RNAi-mediated gene
silencing in S. pombe, please refer to (Creamer & Partridge 2011). TPE in S. pombe is mediated
through at least two independent pathways: an SpTazl-dependent and an RNAi RITS-
dependent pathway (Kanoh et al. 2005; Park et al. 2002; Sugioka-Sugiyama & Sugiyama
2011). The SpTazl-dependent pathway relies on the telomere repeat DNA. SpTaz1, SpRapl,
SpPoz1, SpTpzl, SpCcql, and SpPotl interact one with another and form the core telomere
protein complex at the S. pombe telomere (Dehe & Cooper 2010). SpCcql also interacts with
SHREC, which promotes the Clr4-dependent methylation of H4K9 (Sugiyama et al. 2007).
As a separate mechanism, a cenH-like sequence is found at the subtelomeric regions of S.
pombe telomeres, which is used by RNAi-RITS pathway for establishment of Swi6
heterochromatin (Kanoh et al. 2005). Therefore, TPE depends on not only the telomere
sequence but also subtelomeric elements in S. pombe.

2.4 TPE in D. melanogaster

D. melanogaster is the first organism in which TPE was observed (Gehring et al. 1984;
Hazelrigg et al. 1984; Levis et al. 1985), and its telomere consists of reverse transposon
elements instead of the simple repetitive TG-rich sequences (Pardue & DeBaryshe 2008),
which is very different from most other eukaryotes (see Chapter 5). At the very end of the
reverse transposon arrays (including HeT-A, TART, and TAHRE, or the HTT array (Abad et
al. 2004; Biessmann et al. 1992; Levis et al. 1993)) lies the cap, which is bound by sequence-
nonspecific proteins such as HP1 and HOAP to protect the very end of the chromosome
independent of HTT array (Cenci et al. 2003; Fanti et al. 1998). At regions immediately
internal to the HTT array lie the telomere-associated sequences (TAS), which contain several
kilobases of complex satellite repetitive DNA sequences (Karpen & Spradling 1992; Walter
et al. 1995).

Not only is D. melanogaster telomere sequence unusual, but also has TPE in D. melanogaster
some unique features. First, TAS, rather than HTT array, is the telomere silencer (Biessmann



202 Reviews on Selected Topics of Telomere Biology

et al. 2005). Reporter genes targeted inside TAS or in HTT close to TAS are repressed, while
those targeted inside HTT array but more than 5 kb away from TAS are not (Boivin et al.
2003). This may be partly because the transposon elements contain transcribed ORFs
(Biessmann et al. 1994). Second, although usually both methylated H3K9 and methylated
H3K?27 are markers for inactive chromatin, methylated H3K9 is found at HTT but not at TAS
while methylated H3K27 is absent from HTT but present at TAS and the cap (Andreyeva et
al. 2005). E(Z) is a histone methyltransferase that modifies H3K27, and it is also found to be
enriched at TAS. However, although HP1 usually binds methylated H3K9, it does not
associate with the HTT array (Frydrychova et al. 2008). Furthermore, silencing level depends
on TAS array length and orientation (Mason et al. 2003), but the spreading of silencing
varies among different telomeres, possibly because of different HTT and TAS composition at
various telomeres (Cryderman et al. 1999; Wallrath & Elgin 1995).

2.5 TPE in mammalian cells

TPE has been observed in human and mouse cells (Baur et al. 2001; Koering et al. 2002;
Pedram et al. 2006). By transfecting a linear plasmid carrying a selective marker and a
luciferase gene adjacent to a 1.6 kb telomere repeat seed into the telomerase positive Hela
cells, a new telomere was formed next to the markers, and the luciferase gene was expressed
at a level on average ten-fold lower than when it is at non-telomeric sites. Human TPE is
similar to that in yeast - it is variegated and spreads from the telomere inwardly. The
silencing strength is also dependent on the length of the telomere, although there is no
simple correlation between telomere length and TPE level in both human and yeast (Baur et
al. 2001; Koering et al. 2002). TPE in human cells appears to be mediated by the
heterochromatic chromatin structure, as treatment with Trichostatin A, an inhibitor of class I
and II histone deacetylases, led to decreased TPE. Normally, all three HP1 paralogs associate
with telomeres (Koering et al. 2002). However, after Trichostatin A treatment, both histone
H3 methylation and the amount of telomere-associated HP1 decrease (Koering et al. 2002).
Human subtelomeric elements are much more complicated than that in yeast (Fig. 4).
Although some studies suggested that certain subtelomeric elements are important for
telomeric silencing, no consistent observations have been made.

3. Telomere and subtelomere recombination

As mentioned above, telomere recombination can serve as an important means for telomere
maintenance when telomerase is absent in yeast and mammalian cells (McEachern & Haber
2006; Nabetani & Ishikawa 2011). in addition, telomere recombination can participate in
telomere length regulation in telomerease positive cells, too. In S. cerevisiae, abnormally long
telomeres are observed to shorten in an apparently single-step process called telomere rapid
deletion (TRD) (Li & Lustig 1996). TRD depends on RADS52, indicating that DNA
recombination is involved. Further analysis showed that it is an intrachromatid telomere
recombination event and depends on telomere clustering. However, telomere recombination
appears to be a low frequent event in wild-type cells. As discussed above, in mammalian
cells, sister telomere exchanges and extrachromosomal telomere circles resulted from
introchromatid telomere recombination are rarely observed in non-ALT cells (Londono-
Vallejo et al. 2004), which is presumably because telomere recombination events are
normally inhibited by telomere specific proteins: Both the N-terminus deletion mutant of
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TRF2 and depletion of RAP1 led to an elevated telomere sister chromatid exchanges when
analyzed by CO-FISH, and the N-terminus deletion mutation of TRF2 also led to an
increased extrachromosomal telomere circles presumably as a result of elevated
intrachromatid telomere recombination (Martinez et al. 2010; Sfeir et al. 2010; Wang et al.
2004).

Subtelomeric repeats are the sequences located next to telomeres. They are defined as
patchworks of blocks that are duplicated near the ends of multiple chromosomes and are
highly dynamic with very heterogeneous sequences, sizes, and copy numbers (Mefford &
Trask 2002). However, similar organization of subtelomere elements have been observed in
organisms that are distantly related such as Homo sapiens, S. cerevisiae, and Plasmodium
falciparum.

Although a detailed sequence database is still lacking for human subtelomere elements on
all chromosome ends, recent studies have revealed a common structure (Fig. 4): a proximal
and a distal subtelomeric domain is separated by a stretch of degenerate TTAGGG repeats
(Mefford & Trask 2002). The telomere-proximal (closer to telomere) domain usually contains
short repetitive sequences that can be found at many chromosome ends, while the telomere-
distal (more chromosome internal) domain usually consist of longer blocks of homologous
sequences that are only found at a few chromosome ends (Brown et al. 1990; Cross et al.
1990; de Lange et al. 1990; Ijdo et al. 1992; Wilkie et al. 1991). In addition, genes belonging to
the olfactory receptor family have been found in subtelomeric region (Trask et al. 1998).
Olfactory receptor is a membrane-spanning receptor in the sensory neuroepithelium of the
nose that bind volatile odorants. Upon binding the ligand, the receptor initiates a signaling
cascade that results in transmission of an electrical signal to the brain (DeMaria & Ngai
2010). In any olfactory receptor cell, only one type of olfactory receptor is expressed
(Serizawa et al. 2004; Shykind 2005), which is not unlike the monoallelic expression of
surface antigen genes in several microbial pathogens (see below).

The subtelomeres of S. cerevisiae also consist of two domains that are separated by the Core
X element (Fig. 3) and often a stretch of degenerate telomere repeats (Louis 1995). The Core
X element is present at all telomeres with a 57-92% of sequence identity across different
chromosomes (Louis & Haber 1991; Louis et al. 1994). The telomere-proximal domain
consist of 0-4 repeats of Y’ elements, which are highly conserved (98-99% sequence identity)
across all chromosomes (Louis & Haber 1992). The telomere-distal domain contains
sequence blocks that are only homologous to a few subtelomeres and includes gene families
that function in the use of different carbon sources such as MAL (a-glucosidase/maltose
permease) and MEL (a-glactosidase) (Carlson & Botstein 1983; Carlson et al. 1985; Charron
& Michels 1988; Charron et al. 1989; Louis & Haber 1992; Naumov et al. 1992; Ness & Aigle
1995; Turakainen et al. 1993; Viswanathan et al. 1994).

In Plasmodium falciparum that causes malaria in humans, subtelomeres are also arranged into
two major domains (Fig. 5A) (Scherf et al. 2001): The telomere-proximal domain consists of
six Telomere-Associated Repetitive Elements (TAREs), which are variable tandem repeats
(De Bruin et al. 1994; Figueiredo et al. 2002; Pizzi & Frontali 2001), and a couple of these
elements are transcribed as long non-coding RNA (Broadbent et al. 2011). The telomere-
distal domain consists of a number of gene families including rif and var genes that encode
virulence factors expressed at the surface of the infected host cells and involved in antigenic
variation (see below) (Cheng et al. 1998; Rubio et al. 1996).
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Fig. 4. The organization of subtelomere elements on human chromosomes. The telomere-
proximal region usually consists of short patches of homologous DNA sequences that are
common at multiple chromosome ends. The telomere-distal region, on the other hand,
consists of longer patches of homologous DNA sequences, and degenerated telomere
repeats separate the distal and proximal regions.
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Fig. 5. (A) The organization of subtelomere elements in P. falciparum. Immediately internal
to the telomere tract are six Telomere-Associated Repeat Elements (TAREs 1-6), with the
largest one, rep20, located furthest away from the telomere repeats. One or two var genes are
usually found immediately upstream of rep20, followed by the rifin, stevor, and Pf60 gene
families. Depending on the upstream flanking sequences, three classes of var genes have
been identified. The ones with associated UpsB and UpsA are located at subtelomeric
regions and transcribed in opposite directions as drawn, while the ones with associated
UpsC are located as gene arrays in chromosome-internal loci (B).

Subtelomere sequences from many organisms appear to have been duplicated and
dispersed among many chromosome ends. It has been hypothesized that translocation
recombination events may lead to swapping of chromosome ends, gene conversion events
may lead to replacement of all or part of a subtelomeric region by another, and
transposition-like events may lead to duplications (Mefford & Trask 2002). In addition,
many of these events appear to occur recently because subtelomeric content of a given
chromosome varies markedly among individuals. In human cells, FISH analysis revealed
high degree of recent genomic rearrangement in human subtelomeres, and sequencing
analysis showed that for the two homologous alleles of 16p, sequence identity decreases
from 99.8% at unique chromosomal sequence region to 93% at subtelomeric region
(Linardopoulou et al. 2005). These studies suggested a two-step event contributed to
subtelomere organization: initial interchromosomal translocation events predominantly
mediated by NHE] created new blocks of homologous sequences, and subsequent mutations
or homology-directed sequence transfers further enhance sequence variations and spread
the subtelomeric elements to other chromosomes (Linardopoulou et al. 2005). The human
subtelomere regions therefore exchange sequences at a remarkably high rate and represent
recombination hot spots. In S. cerevisiae, although subtelomeres are poor substrates for
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meiotic recombination because chiasmata formed near the ends of chromosomes are much
less efficient at promoting homologous chromosome segregation (Su et al. 2000), a high level
of nucleotide divergence among Saccharomyces yeasts has been observed at the subtelomeres
(Teytelman et al. 2008). In S. pombe, mutations disrupting heterochromatin led to elevated
subtelomeric duplication and rearrangements that are RAD50-dependent, indicating that
subtelomeres are susceptible to high rate of homologous recombination but the
heterochromatic telomere structure can help suppress these events (Bisht et al. 2008).

The subtelomere elements do not seem to have any essential functions (Corcoran et al. 1988;
Murray & Szostak 1983; Pologe & Ravetch 1988; Thompson et al. 1997), but they can be
useful in more than one way. Recombination at subtelomere regions can contribute to
telomere maintenance (McEachern & Haber 2006; Nabetani & Ishikawa 2011). As described
above, in telomerase negative S. cerevisiae cells, Type I survivors amplify subtelomeric
elements using a RAD51-dependent mechanism (Le et al. 1999; Teng & Zakian 1999). In
addition, subtelomeric DNA recombination appears to be a major factor for genome
plasticity, which may help to diversify the sequences of subtelomeric genes (Corcoran et al.
1988; De Bruin et al. 1994; Louis 1995; Pologe & Ravetch 1988; Trask et al. 1998). Particularly
for several microbial pathogens, subtelomere recombination appears to play important roles
in antigenic variations (see below).

4. Telomere functions in regulation of microbial pathogen virulence
4.1 Antigenic variation and phenotypic switch in microbial pathogens

Living organisms, either unicellular or multicellular, have evolved sophisticated ways to
adjust to their living environment for a better survival. Many microbial pathogens that
infect mammals have adopted antigenic variation to avoid eradication by the host immune
system so that they can maintain persistent infections and enhance the chances of being
transmitted to new hosts (Deitsch et al. 2009).

Antigenic variation is the phenomenon that a pathogen changes its surface antigen
presented to the host immune system regularly and much more frequently than
spontaneous gene mutation. The term of antigenic variation usually encompasses both
phase variation (the expression of an individual antigen switches between “on” or “off”
states) and true antigenic variation (the expression of a certain antigen switches among
different forms). In the latter case, the antigen is usually expressed in a mutually exclusive
manner - a single gene from a multi-copy gene family is expressed at any time. In addition,
many microbial pathogens can go through phenotypic switching in response to
environmental conditions - change of gene expression patterns that leads to a change in
organismal phenotypes, which, in turn, can also contribute to the virulence of the pathogen.
For example, expression of a different type of certain surface molecule may enhance or
weaken adhesion of the pathogen to the host and therefore affect the virulence of the
pathogen. In general, both antigenic variation and phenotypic switching can occur through
two general types of mechanisms: genetic and epigenetic (Deitsch et al. 2009). A genetic
event involves changes in DNA sequences of an antigen encoding gene or its regulatory
elements so that either its expression level or its gene product is changed. An epigenetic
event only affects a gene expression level but does not change its DNA sequences. However,
recent studies suggest that epigenetic changes such as chromatin remodeling may also
influence genetic events such as DNA recombination (Benetti et al. 2007; Bisht et al. 2008).
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Antigenic variation occurs widely among various microbial pathogens including virus,
bacteria, fungi, and parasites (Deitsch et al. 2009). Common mechanisms of antigenic
variation have been evolved in different pathogens, including bacteria, fungi, and parasites,
possibly due to similar selection pressure exerted from the mammalian immune responses.
However, in this chapter, we will focus on those mechanisms that are influenced by the
telomere structure.

4.2 TPE participates in the regulation of EPA expression in C. glabrata

Candida glabrata is part of the normal human mucosal flora and usually commensal. It is a
prevalent yeast pathogen, ranking only second to Candida albicans, and like C. albicans, it can
cause opportunistic mucosal and bloodstream infections in immunocompromised
individuals. During infection, binding of the pathogen to host cells, host cell proteins, or
microbial competitors would help to reduce the chance of clearance by the host. Therefore,
the adherence of C. glabrata to host cells has been proposed to play an important role in its
virulence (Kaur et al. 2005).

When cultured human epithelial cells are used, 95% of in vitro C. glabrata adherence depends
on an adhesin molecule encoded by the EPAI gene (Kapteyn et al. 1999), which binds the
host N-acetyl lactosamine-containing glycoconjugates (Castano et al. 2005). The EPA1 gene
belongs to the EPA gene family. So far, a total of 23 putative EPA genes and pseudogenes
have been identified in C. glabrata strain BG2 based on their sequence similarity (Kaur et al.
2005). Seven EPA genes encode full-length GPI-anchored proteins, among which Epal is a
lectin (Cormack et al. 1999), Epa6 and Epa7 are confirmed to be adhesins (Castano et al.
2005), while Epa2 and Epa3 are predicted to be cell wall proteins (De Las Penas et al. 2003).
All seven EPA genes located at subtelomeric regions (Fig. 6) (Castano et al. 2005; De Las
Penas et al. 2003; Iraqui et al. 2005). EPA1, EPA2 and EPA3 are at the same subtelomere, and
EPA1 is the furthest from the telomere (De Las Penas et al. 2003). EPA4 and EPA5 are
located on a different subtelomere as near-perfect inverted repeats (De Las Penas et al.
2003). EPA6 and EPA?7 are located on yet two other subelomeres, both are only ~2.5 kb from
the telomere tracts (Castano et al. 2005).

Normally, only EPA1 gene is active, while EPA2-7 genes are silenced by TPE (Castano et al.
2005; De Las Penas et al. 2003). Like S. cerevisiae, TPE in C. glabrata dependents on telomere
DNA binding factor Rapl. Deletion of the C-terminal 28 amino acids of Rapl led to
derepression of EPA4-7 and in another case, also EPA2 and EPA3 (De Las Penas et al. 2003).
This rap1 allele is equivalent to rapl-21 mutant allele in S. cerevisiae (Liu & Lustig 1996),
which causes similar loss of TPE phenotype. Silencing of subtelomeric EPA genes also
depends on Sir proteins (Castano et al. 2005; De Las Penas et al. 2003). Deletion of SIR3 led
to hyper expression of EPA1 and derepression of EPA2-7, although the derepression of
EPA2 and EPA3 is very mild, and derepression of EPA4/5 is also not as strong as that of
EPA6 and EPA7. Deletion of SIR4 also led to derepression of EPA6. In addition, deletion of
RIF1 led to elongated telomeres and dererepssion of EPA4-7, but not EPA2 or EPA3
(Castano et al. 2005). The different derepression of different EPA genes indicated that TPE at
different telomeres varies, which is the same as in S. cerevisiae at native telomeres. In the case
of deletion of SIR3 or RIF1, expression of EPA6 and EPA7 appears to be the reason or at least
one of the reasons for hyper-adherent phenotype, demonstrating that TPE can be directly
involved in regulation of pathogen virulence (Castano et al. 2005). Interestingly, Epa6
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expression is associated with the ability of C. glabrata cells to form biofilm on plastic surface
(Iraqui et al. 2005). Biofilm formed by microbial pathogens can increase infection probability
and is of great clinical importance because microorganisms adopting this life form is more
tolerant or resistant to host defense machinery and anti-microbial agents than free cells.
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Fig. 6. EPA1-7 are located at subtelomeric loci in C. glabrata. The positions of seven EPA
genes at their respective chromosome end loci are shown. EPA1 is furthest away from the
telomere and is the only one that is expressed normally, while EPA 2-7 are usually silenced
by TPE.

This TPE regulated adhesin gene expression is well exploited by C. glabrata to sense a
particular host environment. C. glabrata is an nicotinic acid (NA or vitamin niacin)
auxotroph, as it lost all the BNA genes involved in the NA synthesis except BNA5
(Domergue et al. 2005). When growing in urine, where NA is limited, the activity of Sir2, an
NAD+*-dependent histone deacetylase, decreases correspondingly since NA is the precursor
of NAD*. As a consequence, TPE level decreases and EPAI, 6, and 7 genes are highly
expressed (Domergue et al. 2005). This effect can be reverted by adding NA or a related
compound nicotinamide (NAM). Most importantly, when using an established murine
model of urinary track infection, transurethrally inoculated C. glabrata has an elevated
colonization frequency in bladder and kidney, which is dependent on EPA1, 6 and 7 gene
expression, and mice fed with high-NA diet are no longer susceptible for high rate of
colonization of C. glabrata (Domergue et al. 2005). Therefore, in C. glabrata, TPE plays an
important role in regulation of expression of virulence genes.

A similar regulatory role of TPE has also been observed in S. cerevisiae, which is not a human
pathogen. In S. cerevisiae, 5 flocculin genes of the FLO family encode cell-wall glycoproteins
that regulate cell-cell and cell-surface adhesion, which are important for cell flocculation
(Reynolds & Fink 2001; Van Mulders et al. 2009). In this family, FLO11 is located at a non-
telomeric locus and is usually expressed, while FLO1, 5, 9, and 10 are at subtelomeric
regions (10-40 kb from the telomere repeats) and are normally silenced (Halme et al. 2004).
Silencing of FLO10 requires Sir3 and yKu, suggesting that FLO gene silencing and TPE share
some common mechanisms. However, silencing of FLO10 does not require Sir2 and is
promoter dependent, indicating that this silencing is not identical to TPE.

4.3 Sir2-mediated TPE plays an essential role in manoallelic expression of var genes
in P. falciparum

Plasmodium falciparum is a protozoan parasite in the Apicomplexa phylum that causes the
most severe form of malaria, which is a debilitating and sometimes fatal disease mostly
found in tropical and subtropical regions of the world and is most common in Africa. After
P. falciparum cells being injected into a mammalian host by a female Anopheline mosquito,
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the sporozoites first invade hepatocytes. At this liver stage, parasites undergo asexual
multiplication and differentiate into merozoites, which eventually burst from the hepatocyte
and invade erythrocytes (red blood cells). While inside the erythrocytes, individual
merozoite enlarges and differentiates into mononucleated ring trophozoites. The
trophozoite’s nucleus then divides asexually to produce a schizont with several nuclei.
Subsequently, schizont divides and produces more mononucleated merozoites. When the
erythrocyte erupts eventually, more merozoites and toxins are released to the host
bloodstream. The released merozoites will infect more erythrocytes, and the synchronous
rupture of the infected erythrocytes is the reason for the periodical fever and chills, typical
symptoms of malaria. Some merozoites differentiate into sexual gametocytes inside the
erythrocytes. These can be taken up by another mosquito and sexual reproduction is
completed inside the insect intestine wall, after which, sporozoites are formed and migrated
to the salivary gland of the mosquito, ready to infect next mammalian host when the
mosquito takes another blood meal.

One major reason why it is very difficult to eliminate Plasmodium parasites once an infection
is established is that P. falciparum undergoes antigenic variation at the erythrocyte stage
(Dzikowski & Deitsch 2009). Merozoites produce P. falciparum erythrocyte membrane
protein 1 (PfEMP1), which is encoded by var genes and is transported to the infected
erythrocyte membrane (Baruch et al. 1995; Smith et al. 1995; Su et al. 1995). Expression of
PfEMP1 on the infected cell surface allows the infected erythrocyte to adhere to the
endothelium of the post-capillary venules and avoid circulation through the spleen, where
the infected cells will be destroyed (Baruch 1999). Therefore, expression of PFEMP1 on host
cell surface is critical for prolonged parasite infection. However, PIEMP1 is also susceptible
to host antibody recognition and subsequent immune attack. As an important pathogenesis
mechanism, P. falciparum regularly switches the expressed PfEMP1, therefore effectively
evading the host immune attack (Roberts et al. 1992). Other proteins encoded by rif and
stevor genes appear to be also important for P. falciparum virulence (Kaviratne et al. 2002;
Khattab & Meri 2011; Kyes et al. 1999), but var gene switching is by far the best understood.

There are ~60 var genes in the P. falciparum genome (Gardner et al. 2002). However, only one
var gene is expressed at any moment (Roberts et al. 1992). Based on its upstream regulatory
elements, var genes can be classified into three groups (Fig. 5) (Kraemer & Smith 2003;
Lavstsen et al. 2003). Those with UpsA and transcribed towards the telomere and those with
UpsB and transcribed away from the telomere are located at subtelomeric loci (Fig. 5A),
while the ones with UpsC are located at chromosome internal loci (Fig. 5B) (Gardner et al.
2002; Kraemer & Smith 2003; Lavstsen et al. 2003; Voss et al. 2000). Monoallelic expression of
var gene is regulated at the DNA level, affected by epigenetic factors such as the chromatin
structure, and depends on its subnuclear localization (Dzikowski & Deitsch 2009).
Telomeres appear to be important in the latter two mechanisms.

All var genes contain a larger exon 1, an intron of ~800 bp, a smaller exon 2, and two
promoters (Calderwood et al. 2003; Su et al. 1995). The promoter located upstream of exon 1
drives the expression of the var gene, which is subject to mutually exclusive expression
regulation and hence only one is active at any time, while the promoter located within the
intron appears to be active in most if not all var genes (Epp et al. 2009). Studies have shown
that proper silencing of the var gene relies on the intron promoter activity, the pairing of the
upstream and intron promoters, and passing through at least one cell cycle (Calderwood et
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al. 2003; Deitsch et al. 2001; Dzikowski et al. 2007; Frank et al. 2006). The detailed mechanism
underlying the regulatory role of the intron promoter is still unknown. However, it has been
proposed that the sterile transcripts resulted from the intron promoter may contribute to var
gene silencing in a similar way as how non-coding RNA is involved in chromatin-mediated
silencing and the inactivation of genes (Ralph & Scherf 2005).

Other studies have shown that epigenetic factors also contribute to var gene expression
regulation. For example, acetylated histone H3 and methylated H3K27 are found at active
var gene promoters, while tri-methylation of H3K9 is found at silent var gene promoters
(Chookajorn et al. 2007; Duraisingh et al. 2005; Freitas-Junior et al. 2005; Lopez-Rubio et al.
2007). Particularly relevant to this chapter, TPE has been shown to play an important role in
var gene expression regulation (Duraisingh et al. 2005; Freitas-Junior et al. 2005; Tonkin et al.
2009). TPE was first observed in P. falciparum by targeting a reporter gene to the rep20
repeats located at the subtelomeric regions (Fig. 5A) (Duraisingh et al. 2005). Rep20 is the
most telomere-distal TARE and is usually adjacent to the subtelomeric var gene promoter.
TPE in P. falciparum is similar to that in S. cerevisiae in that it depends on Sir2 (Duraisingh et
al. 2005; Freitas-Junior et al. 2005; Tonkin et al. 2009). However, PfSir2 is both a histone
deacetylase and an ADP-ribosyltransferase (Chakrabarty et al. 2008; Merrick & Duraisingh
2007), and the Sir2-dependent TPE spreads much further away along the chromosome in P.
falciparum (~55 kb) than in S. cerevisiae (~3 kb). PfSir2 is localized at the telomeres, and
histones H4 acetylation is absent from the telomeres (Freitas-Junior et al. 2005). By
examining subnuclear localization of a number of genetic markers along chromosome 2 in
FISH, it is also inferred that chromatin structure is more condensed for telomere-proximal
regions than telomere-distal ones (Freitas-Junior et al. 2005). The direct evidence of
involving TPE in var gene regulation came from the observation that deletion of PfSir2 led to
a significant increase in transcription of a subset of var genes, particularly the var genes with
UpsA and at the subtelomere regions (Duraisingh et al. 2005).

Telomeres appear to be involved in another layer of var gene expression regulation - specific
subnuclear localization (Dzikowski & Deitsch 2009). Several studies showed that silent var
genes and active var genes are located in different compartments of the nucleus (Ralph et al.
2005). Specifically for var2csa located at a subtelomeric locus, when it is silent, it is
predominantly colocalized with telomere clusters (84%) at the nuclear periphery. However,
when var2csa is active, it moves to a different nuclear periphery location away from the
telomere clusters (Mok et al. 2008; Salanti et al. 2003). It is therefore hypothesized that
telomeres are generally clustered in a heterochromatic region of the nuclear periphery
where silent var genes are also located. Upon activation, var genes will leave the
heterochromatic region and move to a euchromatic region in the nuclear periphery,
allowing transcription to occur (Ralph et al. 2005). However, contrary observations were
made for episomal located var genes, which tend to co-localize with the telomere cluster
when activated (Voss et al. 2006). In addition, chromosome internally located var genes
appear to co-localize with the telomere clusters independently of their transcriptional status
(Voss et al. 2006). Nevertheless, it is clear that active var gene is relocated to a specialized
peri-nuclear compartment for its proper transcription. In addition, var genes located at
subtelomeres or chromosome internal loci appear to be differently regulated regarding their
subnuclear localization. Apparently, in addition to telomeres, other genome environment
factors are involved in var gene expression regulation.
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4.4 RAP1-mediated silencing is essential for monoallelic expression of VSGin T.
brucei

The kinetoplastids are a group of flagellated protozoa. Three members of kinetoplastids are
of great clinical importance because they cause human diseases: Trypanosoma brucei causes
human African trypanosomiasis or sleeping sickness, Trypanosoma cruzi causes South
America trypanosomiasis or Chagas Disease, and several Leishmania species cause
leishmaniasis. Of these three trypanosomatids (the kinetoplastid organisms that only have a
single flagellum), only T. brucei undergoes antigenic variation, which is an important
mechanism of its pathogenesis and one of its most interesting physiological aspects (Barry &
McCulloch 2001).

Trypanosoma brucei is transmitted between its mammalian hosts by its insect vector, tsetse
(Glossina spp.). T. brucei has several different life forms through its life cycle (Matthews
2005). While inside the mid-gut of a tsetse fly, T. brucei cells are in the procyclic form (PF),
which is a non-virulent proliferative stage. After T. brucei cells migrate into the salivary
gland of the tsetse fly, they differentiate into the metacyclic form. At this stage, T. brucei cells
stop proliferating and acquire virulence. When a tsetse fly takes a blood meal, T. brucei cells
can be injected into a mammalian host. T. brucei cells stay in the bloodstream or extracellular
spaces in its mammalian host, and they quickly differentiate into bloodstream form (BF).
The slender bloodstream form is proliferative, while the stumpy bloodstream form is
quiescent, non-proliferative. When a tsetse fly takes a blood meal from the infected
mammalian host, stumpy bloodstream form T. brucei cells can quickly differentiate into the
procyclic form, ending the life cycle. Throughout its life cycle, T. brucei cells are covered
with surface glycoproteins. At the PF stage, several Procyclic Acidic Repetitive Proteins
(PARPs, or procyclins) are expressed at its surface, while the metacyclic form and
bloodstream form cells express variant surface glycoproteins (VSGs) as their surface
glycoprotein (Mehlert et al. 1998).

Because T. brucei cells stay in extracellular spaces in its mammalian host, they are exposed to
the host’s immune system and are not only vulnerable to the innate immune response
(inflammations, complements, etc.) but also constantly threatened by the adaptive immune
responses (antibody, killer T cells, etc.). However, T. brucei has evolved a sophisticated
antigenic variation mechanism and regularly switches its surface VSG coat, thus effectively
evading the host’s immune attack (Barry & McCulloch 2001).

Antigenic variation in T. brucei has two essential aspects: switch to express a different VSG
gene (VSG switching) and monoallelic expression of VSG. Although there are ~1,500 VSG
genes and pseudogenes in the T. brucei genome (Berriman et al. 2005), only one type of VSG
is expressed at any time. After a new VSG gene is turned on, it is essential to turn off the
previously active VSG so that the old surface antigen is no longer presented to the host
immune system. In addition, expressing only one VSG gene at a time would allow the VSG
gene pool to be used for a maximum period of time, enabling a persistent infection.
Therefore, both VSG switching and monoallelic expression of VSG are critical for antigenic
variation and have been the focus of intensive research for several decades.

T. brucei has many unusual intriguing physiological aspects. In addition to the fact that it
undergoes antigenic variation (Barry & McCulloch 2001), most of T. brucei genes are
arranged in polycistronic transcription units (Johnson et al. 1987; Mottram et al. 1989), and
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Fig. 7. Distribution of VSG genes in T. brucei genome. (A) In a bloodstream form VSG
expression site (B-ES), the VSG gene is the last one in the large polycistronic transcription
unit and is located within 2 kb from the telomere repeats. A stretch of 70 bp repeats with
various length is located upstream of the VSG gene followed by a number of ES associated
genes (ESAGs). (B) The metacyclic VSG expression site (M-ES) is a monocyctronic
transcription unit also located at subtelomeric region. (C) Most VSG genes (and some ESAG
genes) are found in gene arrays located at subtelomeric regions on megabase chromosomes.
Short stretches of 70 bp repeats are found upstream of each gene. (D) On minichromosomes,
single VSG genes and upstream 70 bp repeats are also found at subtelomeric regions.

the large polycistronic transcripts are trans-spliced so that each mature RNA molecule has a
common 5" end spliced leader element (Liang et al. 2003). In BF T. brucei cells, VSGs are
expressed exclusively from bloodstream form VSG expression sites (B-ESs), which are RNA
polymerase I (RNAP I)-transcribed, polycistronic transcription units located at subtelomere
loci (Fig. 7A) (de Lange & Borst 1982; Gunzl et al. 2003). B-ESs usually consists of a number
of Expression Sites-Associated Genes (ESAGs) upstream of the VSG gene, which is the last in
the unit and usually within 1.5 kb from the telomere repeats, while the promoter is often 40-
60 kb upstream of the VSG (Hertz-Fowler et al. 2008). In contrast, at the metacyclic stage,
VSGs are expressed from metacyclic VSG expression sites (M-ESs), which are monocistronic
transcription units located at the subtelomeric regions (Fig. 7B), with the promoter located
only ~ 5 kb from the telomere (Cornelissen et al. 1985; Lenardo et al. 1984). Although the M-
ESs have much simpler organizations than the B-ESs, much less is understood about
metacyclic than bloodstream VSG expression regulation. T. brucei has multiple B-ESs (e.g.
Lister 427 has 15 different B-ESs), usually carrying different VSGs, but all B-ESs have very
similar genomic organization with ~90% sequence identity (Hertz-Fowler et al. 2008). Earlier
studies focused on B-ES promoters also showed that they are almost always identical (Pham
et al. 1996; Zomerdijk et al. 1990, 1991). Therefore, how T. brucei manages to fully express
only one B-ES and VSG had been a great puzzle for more than a couple of decades.

A number of studies in the last decade have shown that VSG expression is regulated at
multiple levels. First, transcription elongation from B-ES promoter appears to be regulated.
Silent B-ES promoters are actually mildly active (Vanhamme et al. 2000). Transcription is
initiated from these “silent” promoters, but transcription elongation is quickly attenuated
after a few kilobases, effectively stopping transcription long before the VSG genes. Second,
chromatin structure is very different from the active to silent B-ESs. The active B-ES has very
few nucleosomes while silent ESs are packed with nucleosomes (Figueiredo & Cross 2010;
Stanne & Rudenko 2010). A number of studies also showed that chromatin remodeling
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plays an important role, particularly in regulating the B-ES promoter activity: Depletion of a
Swi/Snf homolog, TbISWI, led to an elevated transcription from the silent ES promoters,
although VSG expression is not affected (Hughes et al. 2007; Stanne et al. 2011); Deletion of
the histone H3K79 methyltransferase TbDotlb led to a 10-fold increase in transcription
throughout the silent ESs (Janzen et al. 2006); Of the three T. brucei histone deacetylase
homologs, DAC3 is required for B-ES promoter silencing at both BF and PF stages, and
DACI antagonizes basal telomeric silencing in BF cells without affecting B-ES transcription
(Wang et al. 2010); And depletion of TbSpt16, a subunit of the FACT chromatin remodeling
complex, also led to an ~20-fold increase in silent B-ES promoter transcription in both BF
and PF cells (Denninger et al. 2010). Third, ever since the discovery that VSGs are
exclusively expressed from subtelomeric regions (de Lange & Borst 1982), it has been
proposed that telomeres may play an important role in VSG expression regulation (Dreesen
et al. 2007). This hypothesis was supported by the fact that T. brucei also has TPE (Glover &
Horn 2006; Horn & Cross 1997). When a neo reporter gene driven by a B-ES promoter or an
rDNA promoter (both are transcribed by RNAP I) is inserted into a silent B-ES, repression of
the neo gene is observed to be stronger at loci immediately upstream or downstream the
VSG gene than at loci 7 or 16 kb upstream of the telomere repeats (Horn & Cross 1997). In a
later study, the neo reporter gene with an rDNA promoter was integrated to a telomere not
marked with any B-ES. Again, higher neo expression is detected at a locus 5 kb upstream of
the telomere than at a locus only 2 kb from the telomere in both BF and PF cells, further
confirming that TPE exist in T. brucei regulation (Glover & Horn 2006). Interestingly, when
the same reporter cassette is inserted in a silent B-ES at the same distance from the telomere
as in a non-ES telomere, stronger silencing effect is detected in the silent B-ES, suggesting
that in addition to TPE, other factors are involved in B-ES expression regulation (Glover &
Horn 2006).

Although the earlier studies provided promising evidence for TPE, direct evidence linking
TPE and VSG silencing was lacking for a long time. In addition, although the T. brucei Sir2
homolog plays an essential role in TPE at reporter marked telomeres without native B-ESs,
its deletion does not affect VSG silencing at all (Alsford et al. 2007). Furthermore, Glover et
al. was able to target an I-Sce I digestion site together with a neo reporter gene downstream
of the VSG gene and immediately upstream of the telomere in a telomerase null
background. Induction of ectopic I-Sce I expression led to immediate cleavage and loss of
the marked telomere. Within 9 hours, degradation of the reporter gene and the subtelomeric
VSG gene was also observed. Although a mild derepression of the reporter gene was
observed shortly before it was degraded, the VSG gene was not derepressed at all (Glover et
al. 2007). These observations raised a great deal of doubts whether telomeres are indeed
necessary for proper VSG silencing.

It was difficult to exam the roles of the telomere in antigenic variation directly without
identifying any telomere specific proteins. Earlier attempts to identify telomere DNA
binding factors in T. brucei using biochemical approaches led to the identification of a couple
of telomere DNA binding activities without identification of the responsible proteins (Eid &
Sollner-Webb 1995, 1997).

Approximately nine years ago, the nearly completed T. brucei genome database allowed us
to use an in silico approach to identify potential telomere protein homologs in T. brucei (Li et
al. 2005). Because T. brucei telomere DNA consists of the same TTAGGG repeats as
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vertebrates, it was reasoned that the duplex telomere binding protein in T. brucei is likely to
have a conserved functional domain for recognizing the double-stranded TTAGGG repeats
as mammalian TRF homologs. Indeed, a T. brucei TRF homolog with a C-terminal conserved
myb domain was identified in the genome database and was subsequently proved to bind
the duplex TTAGGG repeats directly both in vitro and in vivo.

Although the initial study found that depletion of TbTRF does not affect VSG expression, a
yeast 2-hybrid screen using TbTRF as bait led to the identification of T. brucei RAP1
homolog (Yang et al. 2009). Subsequent co-IP, immunofluorescence (IF), and Chromatin IP
(ChIP) analyses further confirmed that TbRAP1 is an integral component of the T. brucei
telomere complex. Extensive studies on S. cerevisize Rapl showed that it has a major
function in establishment and maintenance of TPE (Kyrion et al. 1993; Liu et al. 1994). To
determine whether TbRAP1 has a conserved function in TPE, we depleted TbRAP1 in BF
cells using an RNAi approach (Shi et al. 2000), as TbRAP1 is essential for cell viability. As
soon as the protein level of TbRAP1 started to decrease, a derepression of silent B-ES-linked
VSGs can be detected (Yang et al. 2009). Using quantitative RT-PCR analysis, it was shown
that all B-ES-linked silent VSGs had an elevated expression level upon depletion of TbRAP1,
although the level of derepression varies among different VSGs, ranging from 8-56 fold.
This is similar to situations in S. cerevisiae, where different levels of TPE are observed at
different native telomeres (Pryde & Louis 1999). Subsequently, it was confirmed by IF that
multiple VSGs are expressed simultaneously in individual cells on cell surface (Yang et al.
2009). In addition, such VSG derepression effect is TbRAP1-specific, as depletion of TbTRF
did not affect VSG silencing at all. Most importantly, the TbRAP1-mediated silencing is
position dependent. First, only subtelomeric B-ES-linked VSGs were affected. Genes located
in chromosome internal regions including RNAP I transcribed rDNA and RNAP II
transcribed telomerase protein gene, a ribosomal protein gene, and a glycolytic protein gene
were not affected. Second, along a same B-ES, the telomere-adjacent VSG gene is almost
always derepressed at a higher level than a VSG pseudogene located 7-20 kb away from the
telomere. The silencing effect spreads 40-60 kb away from the telomere and can cause
derepression of a reporter gene targeted immediately downstream of the B-ES promoter. It
is therefore convinced that the TbRAP1-mediated silencing originates from the telomere,
demonstrating for the first time that the telomere structure indeed plays an essential role in
VSG expression regulation.

Recent work from our lab has led to further understanding of the underlying mechanisms of
TbRAP1-mediated VSG silencing. First, silencing appears to depend on the association of
TbRAP1 with the local chromatin, as more TbRAP1 proteins seem to associate with silent B-
ESs than the active B-ES in the same BF cells when analyzed by ChIP (Unnati P. & Li B.,
unpublished data). This is consistent with the observation that proximity to telomeres leads
to stronger TbRAP1-mediated silencing, as TbRAP1 is an intrinsic part of the telomere
complex. Second, depletion of TbDRAP1 resulted in more loosely packed chromatin structure
at the silent B-ESs in PF cells: using a FAIRE (Formaldehyde-Assisted Isolation of
Regulatory Elements) approach, more silent B-ES-linked VSG DNA can be extracted after
depletion of TbRAP1 than in wild-type cells, indicating fewer nucleosomes are packed in the
chromatin after B-ESs are derepressed. Although the details of histone modifications at the
silent or derepressed B-ESs are unknown, this finding suggests that the TbRAP1-mediated
VSG silencing is similar to ScRapl-mediated TPE in yeast, both involves establishment of
heterochromatin structure at the telomere vicinity.
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Therefore, studies on the functions of T. brucei telomere proteins have finally proved the
hypothesis and clearly shown that the telomere structure is important for subtelomeric VSG
silencing. However, the involvement of telomere in VSG expression regulation does not
necessarily exclude other mechanisms mentioned above. In fact, TbRAP1-mediated
silencing appears to block the elongation of the basal level transcription from the silent B-ES
promoters, because in TbRAP1 deficient cells, derepressed VSGs are expressed at a level that
is still ~100 fold lower than when the same VSG is in a fully active B-ES (Yang et al. 2009).
Therefore, the observed quick attenuation of transcription elongation along silent B-ESs may
well be the combined effect of a basal level transcription initiated from silent B-ES
promoters and a TbRAP1-mediated TPE. The fact that derepressed VSGs are not expressed
at its fullest potential also suggests that B-ES promoters are regulated by additional factors
other than TPE. This is consistent with the observations that a number of chromatin
remodeling factors are involved in B-ES promoter regulation as mentioned above.

Recent studies have made great contributions to our understanding of how VSG expression
is silenced. However, how is allelic-exclusive expression of VSG achieved is not fully
understood. It has been proposed that sufficient amount of RNAP I machinery, which is
responsible for high level VSG transcription, may be accessible for only one B-ES, which
would effectively ensure its monoallelic expression (Horn & McCulloch 2010). In an IF
analysis, Navarro and Gull found that in BF T. brucei cells, RNAP I forms a small nuclear
focus in addition to the large focus inside the nucleolus, where it transcribes rRNA. By
labeling nascent RNA with Br-UTP, they confirmed that the extranucleolar RNAP I was
transcriptionally active. Furthermore, by tagging the active B-ES with an array of Lac
operator sequences and expressing an ectopic GFP-Lac I fusion protein, they were able to
visualize that the active B-ES but not the silent ones is co-localized with RNAP I in this
extranucleolar body termed ES body (ESB), which only exists in BF but not PF cells (Navarro
& Gull 2001). It is therefore hypothesized that ESB, enriched with RNAP I, can only
accommodate one B-ES, which would effectively limit the number of active B-ES to one. In
support of this view, when two different B-ESs were tagged with selective markers
immediately downstream of their respective promoters and forced to be active
simultaneously, the two B-ESs appear to switch back and force rapidly and locate next to
each other in the nucleus, presumably competing for available RNAP I at ESB (Chaves et al.
1999).

4.5 Telomere proteins influence VSG switching frequency in T. brucei

As mentioned above, antigenic variation in T. brucei has two major aspects: monoallelic VSG
expression and VSG switching. We have discussed about monoallelic VSG expression
regulation above. Here we will review mechanisms involved in VSG switching and its
regulation.

VSG switching can occur through several different pathways (Fig. 8) (Barry & McCulloch
2001). In the so-called in situ switch, a silent B-ES promoter is turned fully active while the
originally active B-ES promoter is turned off. This type of switch does not involve any DNA
rearrangements, only B-ES promoter activities change. There are 15 B-ESs carrying
distinctive VSGs in the T. brucei Lister 427 cells, providing a small number of possible in situ
switch opportunities (Hertz-Fowler et al. 2008). However, in situ VSG switching is usually a
rare event, and VSG switching involving DNA recombination events are much more
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prevalent (Robinson et al. 1999). T. brucei has more than 1,500 VSG genes and pseudogenes
in its genome (Fig. 7), providing a large gene pool for the homologous recombination-
mediated VSG switching (Berriman et al. 2005).

There are 11 pairs of megabase chromosomes (0.9-5.7 Mb), several intermediate
chromosomes (300-900 kb), and ~100 copies of minichromosomes (50-100 kb) in T. brucei
genome (Alsford et al. 2001; Berriman et al. 2005; Melville et al. 2000). The majority of VSG
genes are found in long tandem arrays of repeated genes at subtelomeric locations on
megabase chromosomes (Fig. 7C). Approximately 200 copies of VSG genes are found
immediately upstream of telomeres of the minichromosomes, which carry besides the VSG
genes, only repetitive sequences, including 177 bp repeats in the chromosome internal
region and telomere repeats at the chromosome ends (Fig. 7D) (Alsford et al. 2001). The rest
of VSGs are found in VSG expression sites. In addition to the 15-20 copies of B-ESs located
at megabase and intermediate chromosomes that express VSG at the bloodstream form stage
(Fig. 7A), there are several hundred copies of metacyclic VSG ESs (M-ESs), and 1-2% of
which are expressed at the metacyclic stage (Fig. 7B) (Graham et al. 1998; Turner et al. 1988).
Similar to B-ESs, M-ESs are located at subtelomeric regions of megabase chromosomes.
However, unlike B-ESs, M-ESs are monocistronic transcription units, and their individual
promoter is only ~5 kb upstream of the telomere repeats (Pedram & Donelson 1999). The
VSG genes found in subtelomeric gene arrays and at minichromsome subtelomeres are often
referred to as basic VSG copies because these loci are transcriptional silent. However, these
basic VSG genes can be copied into the active B-ES via DNA recombination (Fig. 8).

In gene conversion events, a silent VSG is copied into the active B-ES while the originally
active VSG is lost. In this event, the donor can be any functional VSG gene in the genome.
There is almost always a stretch of 70 bp repeats upstream of a VSG gene, in which
homologous recombination can initiate as DNA double strand breaks (Boothroyd et al.
2009). In rare occasions, several VSG donors have been identified in a single VSG switching
event, where each donor contributes only a fragment of the gene, generating a new mosaic
VSG gene product (Marcello & Barry 2007). Such mechanism has been proposed to be useful
in late stage of persistent infection. More often, a silent B-ES is used as a donor possibly
because long stretch of 70 bp repeats (2 to >14 kb) and telomere repeats (3 to 20 kb) are
found to flank the VSG gene in any B-ES, and efficient homologous recombination can
initiate from these sites. In fact, all B-ESs have very similar genome organization and are
~90% identical in sequences, so gene conversion event can initiate at places upstream of 70
bp repeats and often a whole silent B-ES can be copied to replace the active B-ES (Hertz-
Fowler et al. 2008; Pays et al. 1983b). Therefore, the terms of VSG gene conversion and ES
gene conversion are used to differentiate different types of gene conversion events (Kim &
Cross 2010). In addition to gene conversion, reciprocal crossover event can occur in a VSG
switching (Rudenko et al. 1996). In this case, the crossover usually occurs at the 70 bp
repeats, and the silent and active VSGs (often together with their respective downstream
telomeres) simply trade places without deletion of large fragments of genetic information. It
is worth to note that in a crossover switching, the originally silent VSG often comes from a
silent B-ES, but it can also be from a minichromosome subtelomere.

It has been shown that some key players in the homologous DNA recombination pathway
including TbRAD51 and TbBRCA2 are important for VSG switching in T. brucei (McCulloch
& Barry 1999). In homologous recombination, searching for DNA sequence homology and
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Fig. 8. VSG switching can occur through in situ switch, gene conversion, or crossover. Top
Middle, before switching, an active B-ES (with a longer red arrows extended from its
promoter), a silent B-ES (with a shorter blue arrow extended from its promoter), a VSG gene
at a minichromosome subtelomere, and an array of VSG genes and pseudogenes on a
megabase chromosome are shown. In situ switch (top left) results from turning on (longer
blue arrow) of the silent B-ES and turning off (shorter red arrow) of the active B-ES
simultaneously without any DNA rearrangements. In gene conversion, a silent VSG gene is
duplicated into the active B-ES, and the originally active VSG gene is lost. The VSG donor
can come from a silent B-ES (bottom-left), a minichromosome subtelomere (bottom-middle),
or a VSG gene array (bottom-right). In VSG cross-over (top-right), the active VSG and a
silent VSG (most often from a silent B-ES) exchange their loci reciprocally, resulting in a new
VSG gene in the active B-ES without losing any genetic information. The cross-over site is
often found within the 70 bp repeats upstream of the VSG genes, although it can locate more
upstream because all B-ES have high sequence homology.

subsequent strand-invasion is a key step. In eukaryotes, the RecA homolog RAD?51 is the key
player in this step (Holthausen et al. 2010). RAD51 polymerizes around ssDNA to assemble a
nucleoprotein helical filament (Holloman 2011). With the help of ATP, RAD51 extends the
DNA structure and carries out the strand exchange process. After ATP is hydrolyzed, the
extended state is relieved and the filament is disassembled. Factors contributing to filament
assembly and disassembly thus provide a means for regulating homologous recombination.
When ssDNA is coated with RPA (a single strand-specific DNA binding protein), it will not be
accessible by RAD51 without the help of a mediator, such as BRCA2 (Holloman 2011). In T.
brucei, six RAD5]1 related proteins have been identified: RAD51, DMC1, RAD51-3, RAD51+4,
RAD?51-5, and Rad51-6 (Proudfoot & McCulloch 2005). Among these, deletion of TbRAD51
and TbRAD51-3 led to a decrease in VSG switching rate while deletion of TbRAD51-5 did not
have any effect (Proudfoot & McCulloch 2005). In addition, deletion of TbBRCA?2 also led to a
similar decreased VSG switching rate (Hartley & McCulloch 2008).

Homologous recombination is important for the repair of ssDNA gaps, double-strand
breaks, and stalled replication forks that arise during DNA synthesis. However, aberrant
and inappropriate mitotic homologous recombination, such as high frequency of sister
chromatid exchanges, posts a threat to genome stability. The RecQ helicase BLM (or Sgs1 in
yeast) forms a complex with type 1A topoisomerase TOPO III (or Top3 in yeast) and an OB
fold containing RMI1 (Mankouri & Hickson 2007). This so-called RTR complex has been
shown to suppress aberrant and inappropriate homologous recombination. It has been
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shown recently that in T. brucei, the homologues of TOPO3 and RMI1 also form a complex
(Kim & Cross 2011). In addition, both Tb'TOPO3a and TbRMI1 are involved in regulation of
VSG switching (Kim & Cross 2010, 2011). Deletion of TbTOPO3a or TbRMI1 led to 10-40 or
~4 fold of increase, respectively, in VSG switching frequency. Particularly, the VSG gene
conversion frequency was increased more than 10 fold in either TboTOPO3a null or TbRMI1
null cells. These observations suggest that the TbTOPO3a and TbRMI1 complex is important
to suppress aberrant homologous recombination to maintain integrity of the active VSG B-
ES.

Apparently, homologous recombination is a major pathway for VSG switching. In fact, it
has been shown that gene conversion is the preferred mechanism for VSG switching
(Robinson et al. 1999). However, exactly how VSG switching is regulated is less clear.
Several recent studies now indicate that the telomere structure can also influence VSG
switching greatly.

It has been shown that the active VSG-marked telomere is less stable than the silent
telomeres (Bernards et al. 1983; Horn & Cross 1997; Myler et al. 1988; Pays et al. 1983a; van
der Ploeg et al. 1984). Rapidly shortened active telomere arises frequently, which is quite
similar to the TRD observed in yeast cells carrying abnormally long telomeres (Li & Lustig
1996). Presumably the active transcription of the telomere is a major cause for the brittle
telomere (Rudenko & Van der Ploeg 1989). With the presence of telomerase, shortened
telomeres are elongated quickly (Horn et al. 2000). With frequent truncation and elongation,
telomere length at the active chromosome end is often much more heterogeneous than those
at silent telomeres (Bernards et al. 1983). However, in the absence of telomerase, the
truncated active telomere remains short, allowing the isolation of clones baring extremely
short active telomere in a relatively short culturing period (Dreesen & Cross 2006a).
Interestingly, when such telomerase negative clones were obtained that carry extremely
short active telomere, these clones tend to switch to express a new VSG (Dreesen & Cross
2006a). This observation led to the hypothesis that shorter telomeres may cause higher VSG
switching rate (Dreesen et al. 2007). It is speculated that all active telomeres are prone to
large telomere fragment deletions due to its active transcription state, but shorter telomeres
is more likely to have a deletion landed in the subtelomeric region and to cause damage in
the active VSG gene, which will force the parasite to go through VSG switching. Introducing
a break at the I-SCE I site targeted immediately upstream of the active VSG gene led to a
250-fold increase in VSG switching frequency, confirming part of this theory that damage to
the active VSG gene will force the parasite to switch (Boothroyd et al. 2009). In consistent
with this observation, deplete the active VSG using the RNAi approach also led to elevated
VSG switching rate (Aitcheson et al. 2005).

Whether telomere length plays a direct role in VSG switching is harder to confirm. In
consistence with the hypothesis, several T. brucei strains with only limited propagation in a
laboratory (usually called pleomorphic strains) have much higher VSG switching rate (104
to 102 per population doubling) and relatively shorter telomeres (3-12 kb long, with an
average of 8-10 kb) (Dreesen & Cross 2008). In contrast, the 427 Lister strain has been
extensively propagated in the laboratory, has a VSG switch rate of 10-¢ per generation, and
has telomeres ranging 3-20 kb with an average of 15 kb (Munoz-Jordan & Cross 2001). More
direct evidence supporting this theory came from a recent study using newly developed
MACS-based VSG switching analysis: in 427 Lister strain, in telomerase null cells that most
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telomeres are very short (less than 2 kb), the VSG switching frequency was increased ~10
fold compared to wild-type cells carrying long telomeres, confirming that the telomere
length does influence VSG switching (Cross GAM & Papavasiliou FN, personal
communications). However, telomere length is probably only one of many reasons for the
high VSG switching rate in the pleomorphic strains: The telomerase null 427 strain has
extremely short telomeres (as short as ~40 bp), but the VSG switching rate is only 10 fold
elevated; The telomeres in the pleomorphic strains are only a little shorter than those in the
427 strain (8-10 kb vs 15 kb on average), but the VSG switching rate is 100-10,000 fold
higher in pleomorphic cells than in the 427 strain.

In addition to telomere length, our recent studies indicated that telomere-specific proteins
play important roles in antigenic variation. Using a double-marked cell line established by
Kim and Cross (Kim & Cross 2010), we were able to estimate VSG switching rate and
examine switching pathways in T. brucei cells depleted of individual telomere proteins. In
this switching reporter cell line, a blasticidin-resistance gene (BSD) had been inserted at the
promoter driving the VSG2 B-ES and a puromycin-resistance gene fused to the Herpes
simplex virus thymidine kinase (PUR-TK) downstream of the 70-bp repeats in the same B-ES
(Fig. 9). VSG switchers are expected to lose the PUR-TK marker or repress PUR-TK
expression, making cells resistant to ganciclovir (GCV). After VSG switching, the
mechanism of switching can also be determined by examination of various markers. In-situ
switching occurs by inactivating the active B-ES and activating one of silent B-ESs.
Therefore, in-situ switchers will preserve BSD and VSG2 genes but repress their expression.
ES gene conversion occurs through recombination near the B-ES promoter, which allows
duplication and translocation of an entire silent B-ES to the VSG2 subtelomere. These
switchers will lose BSD and VSG2 genes. Recombination near VSGs can result in either
duplicative gene conversion of a new VSG to the VSG2 B-ES (VSG gene conversion) or in
VSG crossover switching. In both cases, the BSD gene will be at the active promoter, but
these two recombinants can be distinguished by VSG2 absence (VSG gene conversion) or
presence (crossover).
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Fig. 9. Strategy for analyzing VSG switching in a double-marked T. brucei cell line. The
parent cell line is shown in the center. Several different switching events are shown on either
side.

In T. brucei, TObTRF is the duplex telomere DNA binding factor (Li et al. 2005), and it
associates with TbTIN2. TbTIN2 was also observed to be localized at telomeres by IF and
ChIP analyses, and TbTIN2 interacts with TbTRF in vivo in co-IP experiments, indicating
that TbTIN2 is an intrinsic component of the T. brucei telomere complex (Jehi S. & Li B.
unpublished data). Using the above described VSG switching assay, we observed that a
transient depletion of TbTIN2 led to an ~3.8 fold increase in VSG switching frequency. In
addition, 93% of all switching events are ES gene conversion in TbTIN2 deficient cells
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compared to 80% of the switchers were resulted from ES gene conversion in wild-type cells.
Because TbTIN2 is essential for cell viability, it is only transiently depleted in the experiment
so that switchers can be recovered. Therefore, the phenotype in true TbTIN2 null cells is
expected to be more severe. TbTRF appears to have a similar influence on VSG switching
(Benmerzouga I. & Li B., unpublished data). We have established viable cell lines that
express a single TbTRF allele with a point mutation in its DNA binding myb domain. In
vitro Isothermal Titration Calorimetry (ITC) analysis and in vivo ChIP analysis both
confirmed that the mutant TbTRF has a severely reduced telomere DNA binding activity
(Zhao Y., Benmerzouga I. & Li B., unpublished data). VSG switching frequency is ~3 fold
higher in the TbTRF mutant than in wild-type cells. In the TbTRF mutant, 41% of the
switchers were VSG gene conversion events compared to only 8% in wild-type cells.
Depletion of another telomere protein, TbRAP1, also led to >7 fold of increase in VSG
switching frequency, and 65% of all switchers resulted from VSG gene conversions, but only
30% of switchers resulted from ES gene conversion (Nanavaty V. & Li B., unpublished data).
Depleting of TbRAP1 also led to derepression of subtelomeric VSGs (Yang et al. 2009),
which is not observed in TbTRF or TbTIN2 deficient cells. Therefore, TbRAP1 appears to
regulate VSG expression and VSG switching differently from TbTRF and TbTIN2.

These preliminary data indicate that the telomere structure is not only important for proper
VSG silencing but also plays an important role in regulating VSG switching rate. It is
possible that disruption of the heterochromatic telomere structure, especially in the case of
depletion of TbRAP1, elevated subtelomeric homologous recombination and led to higher
VSG switching rate, similar to what was observed in S. pombe (Bisht et al. 2008).

4.6 Does telomere affect switching of subtelomere-located surface antigen in
P. carinii and B. burgdorferi?

Pneumocystis carinii is a fungus that solely dwells in the lung tissue of mammals. Normally,
P. carinii infection does not cause any symptom, but in immunocompromised individuals it
can cause pneumonia. The complete life cycle of P. carinii is still not very well defined,
mainly because of the lack of a continuous cultivation system. However, it is obvious that P.
carinii can survive in the lower respiratory tract where strong and effective defense systems
normally work to eliminate invaders, and the reason for persistent and effective P. carinii
infection is that it undergoes antigenic variation at a high frequency (Cushion & Stringer
2010).

The major surface glycoprotein (MSG) is one of the major surface molecules of P. carinii that
is involved in antigenic variation (Stringer 2005). MSG is encoded by the MSG gene family.
So far 73 MSG genes have been identified, all are located at the subtelomeric loci (Fig. 10)
(Keely & Stringer 2009). There are 17 chromosomes in P. carinii (Hong et al. 1990), indicating
that on average at least 2 MSG genes are at each telomere, which is often the case in cloned
terminal fragments from various chromosomes (Keely et al. 2005; Wada & Nakamura 1996).
Similar to the situation in T. brucei, only one MSG gene is transcribed at any time.
Transcribed MSG messengers always contained an upstream conserved sequence (UCS)
(Edman et al. 1996; Sunkin & Stringer 1997, Wada & Nakamura 1996; Wada et al. 1995),
which has only one copy in the P. carinii genome (Edman et al. 1996; Wada et al. 1995),
suggesting that MSG is transcribed from a specific expression site marked with the unique
UCS element. In addition, translation initiation codon on an MSG mRNA is located in the
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sequence transcribed from the UCS (Edman et al. 1996; Wada et al. 1995). Therefore,
transcribing MSG from UCS-containing expression site is essential for proper MSG
translation. Furthermore, the UCS encoded peptide contains a signal sequence that targets
the pre-MSG protein into the endoplasmic reticulum, where it can be cleaved and
glycosylated, then deposited on the cell surface (Sunkin et al. 1998). Hence the UCS peptide
is also essential for MSG function, although it is not present on MSG found on the cell
surface because it is likely removed in the endoplasmic reticulum.
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Fig. 10. Gene arrays at the ends of three Pneumocystis carinii chromosomes. MSG genes (cyan
colored arrows) are located closest to the telomere and subtelomeric repetitive sequences. A
single copy UCS is found in the active MSG expression site immediately upstream of the
MSG gene.

If P. carinii contains only one UCS-containing MSG expression site, how does it achieve
antigenic variation? Computational analysis of MSG gene sequences suggested that these
genes commonly undergo recombination (Keely & Stringer 2009; Keely et al. 2005; Wada &
Nakamura 1996), which is not unlike the VSG switching in T. brucei. Similar to VSG, MSG is
also the last transcribed gene on the chromosome (Keely et al. 2005, Wada & Nakamura
1996). The proximity of MSG genes to telomeres suggests that the MSG switching events
might also be regulated by the telomere structure, although this has not be investigated at
all.

In a different microbial pathogen Borrelia burgdorferi, the spirochete that causes the Lyme
disease, the gene encoding variant surface antigen is found at a subtelomere region on a
linear plasmid (Zhang et al. 1997). B. burgdorferi also undergoes antigenic variation, and the
liproprotein VIsE is the variant surface protein (Norris 2006; Schwan et al. 1991; Steere et al.
2004; Zhang & Norris 1998a; Zhang et al. 1997). VISE is encoded by the vls gene family
located on the linear plasmid 1p28-1 (Fig. 11). Immediately next to the telomere is the active
vlsE expression site. More upstream is the silent vls gene cluster (Zhang et al. 1997). Bacteria
lost the 1p28-1 exhibit an intermediate infectivity phenotype where it is hard to establish a
persistent infection in the mouse model (Bankhead & Chaconas 2007). Deletion of vIsE and
silent vls cassettes also led to reduced persistent infection, indicating that antigenic variation
through vls switching is an important virulence mechanism in B. burgdorferi (Bankhead &
Chaconas 2007; Labandeira-Rey & Skare 2001; Purser & Norris 2000; Zhang et al. 1997). The
vlsE and the silent vls genes are highly homologous at the sequence level, and most of the
sequence differences within the cassette regions are concentrated in six variable regions,
VR1-VR6 (Zhang & Norris 1998b). Segmental gene conversion between the silent cassettes
and the vIsE cassette region occurs as early as 4 days after infection in mice, and appears to
continue throughout the course of infection (Zhang & Norris 1998a). Because these
recombination events appear to involve random segments of any silent cassette and occur
continuously during infection, an almost unlimited number of VIsE amino acid sequence
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permutations are theoretically possible (Zhang & Norris 1998b). Apparently, vls switching is
not so unlike the VSG switching in T. brucei or MSG switching in P. carinii. However,
nothing is known about the telomere structure at the ends of 1p28 or any protein(s)
associated with it. Therefore, it is unclear whether the nearby telomere structure might
exhibit any influence to vls switching.

vISE cassette

Direct Repeats

Promoter
/ \ elomere

Lipoprotein
vis cluster leader

sequence Unique region

Fig. 11. The organization of vIsE and the array of silent vls genes on 1p28 linear plasmid of B.
burgdorferi. The vls1 gene (moss colored arrow) is expressed from the vIsE expression site
next to the telomere (pink arrows). The direct repeats (barred boxes) and the unique regions
(green boxes) flanking the vls1 gene and the lipoprotein leader sequence (rouge box)
upstream of vls1 are marked. The silent array includes vls 2-16 genes (various colored
arrows) going to the opposite direction from vls1 are located at the internal region of the
linear plasmid.

5. Conclusions

In many organisms, telomere forms a specialized heterochromatic structure that can
influence the expression of genes located nearby. It appears that a number of microbial
pathogens have conveniently taken advantage of this telomere position effect to regulate
expression of surface antigen-encoding gene families at subtelomeric regions. Further
studies of the telomere structure and telomere specific proteins in these microbial pathogens
should provide more insight about the allelic exclusion expression of surface antigen genes.
Similarly, the subtelomeric region in many eukaryotic cells appear to be a recombination hot
spot, which has been proposed to contribute to gene diversity. This could be one of the
reasons why many gene families encoding virulence factors are located at subtelomeric loci.
One cannot help to speculate that the intrinsic plastic nature of the subtelomeres might
facilitate antigenic variation. On the other hand, unchecked homologous recombination
could cause hazardous genome instability, and the telomere structure with telomere-specific
proteins appears to suppress subtelomeric recombination to maintain a relatively stable
genome organization.
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