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Subtelomeres consist of sequences adjacent to telomeres and contain genes involved in important cellular 
functions, as subtelomere instability is associated with several human diseases. Balancing between subtelomere 
stability and plasticity is particularly important for Trypanosoma brucei, a protozoan parasite that causes human 
African trypanosomiasis. T. brucei regularly switches its major variant surface antigen, variant surface glycoprotein 
(VSG), to evade the host immune response, and VSGs are expressed exclusively from subtelomeres in a strictly 
monoallelic fashion. Telomere proteins are important for protecting chromosome ends from illegitimate DNA 
processes. However, whether they contribute to subtelomere integrity and stability has not been well studied. We 
have identified a novel T. brucei telomere protein, T. brucei TRF-Interacting Factor 2 (TbTIF2), as a functional 
homolog of mammalian TIN2. A transient depletion of TbTIF2 led to an elevated VSG switching frequency and an 
increased amount of DNA double-strand breaks (DSBs) in both active and silent subtelomeric bloodstream form 
expression sites (BESs). Therefore, TbTIF2 plays an important role in VSG switching regulation and is important 
for subtelomere integrity and stability. TbTIF2 depletion increased the association of TbRAD51 with the telomeric 
and subtelomeric chromatin, and TbRAD51 deletion further increased subtelomeric DSBs in TbTIF2-depleted 
cells, suggesting that TbRAD51-mediated DSB repair is the underlying mechanism of subsequent VSG switching. 
Surprisingly, significantly more TbRAD51 associated with the active BES than with the silent BESs upon TbTIF2 
depletion, and TbRAD51 deletion induced much more DSBs in the active BES than in the silent BESs in TbTIF2-
depleted cells, suggesting that TbRAD51 preferentially repairs DSBs in the active BES.
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Introduction

The ends of linear chromosomes form specialized 
nucleoprotein complexes termed telomeres, which of-
ten consist of simple repetitive TG-rich sequences (e.g., 
(TTAGGG)n in vertebrates and Trypanosoma brucei) and 
associated proteins. Sequences located next to telomeres 
are subtelomeres. In contrast to previous beliefs that sub-

telomeres are barren regions of no importance, they con-
tain genes involved in important cellular functions, and 
instability of human subtelomere regions is often associ-
ated with diseases. For example, the double homeobox 4 
(DUX4) gene locates in the D4Z4 repeat array at human 
4q35 subtelomere [1]. Drastically reduced D4Z4 repeat 
number can lead to abnormal DUX4 transcription and is 
associated with facioscapulohumeral muscular dystrophy 
(FSHD) [2]. Submicroscopic deletion of subtelomeric 
6p25 and 9q has been recognized as clinically identifi-
able syndromes [3, 4]. In addition, some OR genes en-
coding olfactory receptors are located at subtelomeres, 
and changes in subtelomeres contribute to the diversity 
of the OR gene family [5].

Subtelomeres are particularly important for a number 
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of microbial pathogens that undergo antigenic variation, 
including T. brucei that causes human African trypano-
somiasis, Plasmodium falciparum that causes malaria, 
Pneumocystis jirovecii that causes pneumonia, and Bor-
relia burgdorferi that causes Lyme disease [6]. These 
pathogens regularly switch their major surface antigen 
to evade the host immune response, and genes encoding 
variant surface antigens are expressed exclusively (or 
sometimes in P. falciparum) from subtelomeric regions 
in a strictly monoallelic fashion [6]. Therefore, plasticity 
at subtelomeric regions is necessary for these microbial 
pathogens. However, maintaining a relatively stable 
subtelomere is also important, as unstable subtelomeres 
can lead to loss of functional surface antigen genes. How 
do these pathogens maintain a delicate balance between 
stability and plasticity at their subtelomeres is not well 
known.

Maintenance of subtelomere stability is challeng-
ing because subtelomeres often consist of DNA blocks 
duplicated on multiple chromosomes and are highly 
dynamic with very heterogeneous sequences, sizes, and 
copy numbers [7]. Human subtelomeres are hot spots of 
interchromosomal recombination and segmental duplica-
tions [8]. A high level of nucleotide divergence among 
Saccharomyces yeasts has been observed at the subtelo-
meres [9]. Similarly in T. brucei, subtelomeres have been 
considered fragile sites and undergo DNA recombination 
frequently [10].

It is well known that proteins associated with the 
telomere are essential for maintaining the telomere sta-
bility [11]. However, whether telomere proteins directly 
contribute to subtelomere stability has not been well 
studied. “Shelterin” is a six-member complex that asso-
ciates with the vertebrate telomere [12]. In the complex, 
TRF1 and TRF2 bind the duplex TTAGGG repeats [13-
15], and the TPP1/POT1 heterodimer binds the telomeric 
single-stranded 3′ overhang [16]. As a core component 
of Shelterin, TIN2 interacts with TRF1, TRF2, and TPP1 
directly [17-21]. Shelterin components are essential 
for preventing the natural chromosome ends from be-
ing processed as double-strand breaks (DSBs) [12]. For 
example, TRF2 suppresses ATM activation and POT1 
inhibits ATR activation at the telomere [22]. In addition, 
telomere proteins are important for telomeric DNA repli-
cation. Deletion of TRF1 results in replication fork stall-
ing in telomere repeats and fragile telomeres [23], and 
TRF2 coordinates with its interacting factor Apollo, a 5′ 
exonuclease, to relieve topological stress during telomere 
replication [24]. X. laevis TRF2 and fission yeast TAZ1 
that binds the duplex telomere DNA are also required 
for DNA replication at the telomere [25, 26]. Mamma-
lian TIN2 also interacts directly with SA1, a telomere-

specific cohesin subunit [27, 28], and HP1γ [29], which 
is required to establish/maintain telomere cohesion and 
maintain proper telomere length [29]. Presumably, repli-
cation stress or improper sister telomere pairing resulting 
from dysfunctional telomere proteins can affect subtelo-
mere stability, but this has not been shown in microbial 
pathogens such as T. brucei.

T. brucei is the causal agent of human African try-
panosomiasis, which is fatal without treatment. Blood-
stream form (BF) T. brucei stays in extracellular spaces 
inside the mammalian host and regularly switches its ma-
jor surface antigen, variant surface glycoprotein (VSG), 
to evade the host immune response [30]. T. brucei has 
more than 2 000 VSG genes and pseudogenes [31], but 
VSGs are exclusively expressed from BF expression 
sites (BESs), which are polycistronic transcription units 
at subtelomeres [32]. VSG is the last gene in any BES, 
located less than 2 kb from the telomere and 40-60 kb 
downstream of the BES promoter [33]. T. brucei has 
multiple BESs (15-20 in the lister 427 strain used in this 
work), but only one is fully active, expressing a single 
type of VSG at any time [34, 35].

VSG switching has several major pathways [36]. In 
in situ switching, an originally silent BES is expressed, 
while the originally active BES is silenced without DNA 
rearrangements. Other major VSG switching pathways 
are homologous recombination (HR) mediated. In cross-
over (CO) events, part of the active BES, including the 
VSG gene, changes place with that of a silent BES with-
out losing any genetic information. In gene conversion 
(GC) events, a silent VSG is copied into the active BES 
to replace the active VSG gene, resulting in the loss of 
the originally active VSG and duplication of the newly 
active VSG. GC is the preferred mechanism of VSG 
switching [36]. It can encompass only the VSG gene 
and its neighboring regions (VSG GC) or the entire BES 
(ES GC). Several proteins play important roles in VSG 
switching. RAD51 binds to the single-stranded 3′ over-
hang at DNA DSBs following 5′ resection and promotes 
strand invasion during HR [37]. Deletion of TbRAD51 or 
TbRAD51-3 leads to decreased VSG switching frequen-
cies [38, 39]. TbBRCA2 is similarly required for efficient 
VSG switching [40]. In contrast, deletion of TOPO3 and 
RMI1 leads to more frequent VSG switching [41, 42]. 
Recent studies showed that inducing DSBs in the active 
BES increases the VSG switching rate, and different VSG 
switching mechanisms are used depending on the DSB 
position [10, 43]. As high as 25% of DSBs downstream 
of the active VSG result in the loss of the entire active 
BES [10], and an accompanying in situ switch can give 
rise to ES loss coupled with in situ switchers (ES loss + 
in situ). Interestingly, DSBs in silent BESs seldom lead 
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to VSG switching [10]. However, how DSBs in the active 
and silent BESs lead to different outcomes is not well 
known.

T. brucei is transmitted by the tsetse fly (Glossina 
spp.). In the midgut of the insect host, procyclic form (PF) 
T. brucei expresses procyclins instead of VSG. Upon 
reaching the salivary glands, T. brucei differentiates into 
the metacyclic form, reacquires infectivity, and expresses 
metacyclic VSGs (mVSGs) from metacyclic ESs (MESs), 
which are monocistronic transcription units located in 
subtelomeric regions [44]. mVSGs are silenced soon after 
T. brucei cells are transmitted into the mammalian host.

We have shown that a telomere protein, TbRAP1, 
plays an essential role in silencing subtelomeric VSGs 
[45, 46]. However, it is not known whether telomere pro-
teins influence VSG switching, although extremely short 
telomeres (~1.5 kb) elevate VSG switching frequencies 
by ~10-fold [47]. In this study, we identified a novel T. 
brucei telomere protein, T. brucei TRF-Interacting Factor 
2 (TbTIF2), that interacts with TbTRF and is functionally 
homologous to mammalian TIN2. A transient depletion 
of TbTIF2 by RNAi led to an increase in VSG switching 
frequency where most switchers arose from GC events, 
indicating that telomere proteins are indeed important for 
VSG switching regulation and contribute to subtelomere 
stability. Depletion of TbTIF2 increased subtelomeric 
DSBs, indicating that TbTIF2 contributes directly to 
subtelomere integrity. More TbRAD51 associated with 
telomeric and subtelomeric chromatin following TbTIF2 
depletion, and this increase was, surprisingly, much 
stronger at the active BES than at silent ones. Deletion 
of TbRAD51 further increased subtelomeric DSB levels 
in TbTIF2-depleted cells, particularly in the active BES, 
suggesting that TbRAD51-mediated DSB repair in the 
active BES is the underlying mechanism of the increased 
VSG switching and that the choice of DSB repair mecha-
nisms may be influenced by transcriptional status of the 
DSB site.

Results

T. brucei TIF2 is a telomeric protein
We have previously identified T. brucei TRF as a 

telomere-binding protein [48]. We have also identified 
TbRAP1 as a TbTRF-interacting factor and have shown 
that TbRAP1 is essential for silencing of subtelomeric 
BES-linked and metacyclic VSG genes [45, 46]. To fur-
ther investigate telomere functions in antigenic variation, 
we attempted to identify additional TbTRF-interacting 
factors.

In order to pull down the TbTRF protein complex spe-
cifically, we established a TbTRF single-allele knockout 

PF strain with the remaining endogenous TbTRF allele 
tagged with an N-terminal FLAG-HA-HA (F2H) epitope. 
This strain grows normally (Supplementary information, 
Figure S1A), indicating that the sole F2H-TbTRF allele 
is functional. We immunoprecipitated (IP) the whole cell 
extract with the FLAG monoclonal antibody M2 (Sigma), 
eluted the IP product with the FLAG peptide, and im-
munoprecipitated the eluate with the HA monoclonal 
antibody 12CA5 (MSKCC monoclonal AB core). The 
final IP product was separated on a polyacrylamide gel 
(Supplementary information, Figure S1B) and analyzed 
by mass spectrometry. WT cells without the F2H tag 
were treated exactly the same way and proteins identi-
fied in the final IP product by mass spectrometry were 
considered as background contaminants. In addition to 
TbTRF, we identified a novel protein (TriTrypDB ID: 
Tb427.03.1560) in the TbTRF IP product.

To verify the interaction between Tb427.03.1560 and 
TbTRF, we first performed yeast two-hybrid analysis. 
Full-length Tb427.03.1560 and TbTRF interact much 
more strongly than TbTRF homodimerization (Figure 1A 
and Supplementary information, Figure S1C), confirm-
ing that Tb427.03.1560 interacts with TbTRF directly 
when analyzed in yeast. We therefore named this protein 
T. brucei TRF-Interacting Factor 2 (TbTIF2; TbRAP1 is 
TbTRF-interacting factor 1 [45]). Sequence analysis of 
TbTIF2 did not identify any functional domains. How-
ever, alignment of TbTIF2 with known telomere proteins 
showed that it is weakly homologous to TIN2 (14% se-
quence identity between TbTIF2 and human TIN2; Sup-
plementary information, Figure S1D). T. brucei telomere 
proteins exhibit significant similarities to their vertebrate 
homologs only within functional domains. The identity 
between TbTRF and vertebrate TRFs is 18%-22% in the 
Myb domain and 9%-12% in the TRFH domain, respec-
tively [48]. The identity between TbRAP1 and vertebrate 
RAP1s is 8%-23% within various functional domains 
[45]. In addition, yeast two-hybrid analysis using vari-
ous fragments of TbTIF2 and TbTRF showed that the N-
terminal half of TbTIF2 interacts with the TRFH domain 
of TbTRF (Figure 1A), which is partially conserved with 
the situation in mammalian cells, where the N-terminal 
half of TIN2 interacts with a short peptide in the linker 
region of TRF2, while a short stretch towards the C-
terminal half of TIN2 interacts with the TRFH domain 
of TRF1 [49]. Therefore, TbTIF2 is likely a functional 
homolog of vertebrate TIN2.

To further characterize TbTIF2, we established T. bru-
cei strains that carry a C-terminally F2H-tagged TbTIF2 
at its endogenous locus and found that TbTIF2 and Tb-
TRF co-immunoprecipitated in both BF (Figure 1B) and 
PF (Supplementary information, Figure S1E) cells when 
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Figure 1 TbTIF2 interacts with TbTRF and associates with telomeres. (A) TbTIF2 and TbTRF interact in yeast two-hybrid 
analysis. Top, different Gal4 Activation Domain (GAD)-fused TbTIF2 fragments (starting and ending amino acids of each frag-
ment are listed in the parentheses) were tested for their interaction with LexA-fused full-length TbTRF or just LexA (empty). 
The expression of GAD-TbTIF2 fragments was examined by western blotting (Supplementary information, Figure S1C). 
Middle, different LexA-fused TbTRF fragments were tested for their interaction with the GAD-fused full-length TbTIF2. Control 
experiments testing the interaction between LexA-TbTRF and GAD alone were performed previously [48]. β-galactosidase 
activities, shown as average (calculated from at lease four independent tests) ± standard deviations, reflect the expression of 
the reporter LacZ gene resulting from the interaction between the LexA- and GAD-fused proteins. A summary of the interac-
tion between TbTIF2 and TbTRF is shown at the bottom. (B) TbTIF2 and TbTRF interact in vivo. Whole Cell Extract (WCE) 
was prepared from SM/TbTIF2-F2H. The soluble fraction of the lysate (soluble lysate) was cleared with protein G beads (IP 
input) and Immunoprecipitated with TbTRF antibody 1261 [48], HA antibody 12CA5, or no antibody. IP supernatant (sup) and 
IP product (pellet) were subsequently analyzed by western blotting using HA antibody F-7 (Santa Cruz Biotechnology, Inc.) 
or chicken anti-TbTRF antibody 606 [45]. (C) Immunofluorescence analysis of SM/TbTIF-F2H cells using 12CA5 and 1261. 
DAPI stains DNA in both the nucleus (larger blue circle) and the kinetoplast (small blue dot). (D) ChIP analysis in SM/TbTIF2-
F2H cells using F-7, 1261, or mouse IgG (M-IgG). ChIP products were hybridized with a TTAGGG or a 50 bp repeat probe. 
Representative slot blots are shown in Supplementary information, Figure S1F. The blots were exposed to a phosphorimager 
and results were quantified by ImageQuant. Average was calculated from at least three independent experiments. In this and 
following figures, error bars represent standard deviation. Numbers next to the brackets indicate P-values (unpaired t-tests) 
between different experiments. P < 0.05 is considered to be significant.

we used either TbTRF antibody or HA antibody for IP, 
further confirming that TbTIF2 and TbTRF interact in 
vivo.

Immunofluorescence using an HA antibody and a Tb-
TRF antibody (served as a marker for the telomere) in 
TbTIF2-F2H-containing cells showed that TbTIF2 and 
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TbTRF co-localized in the nucleus (Figure 1C), indicat-
ing that TbTIF2 is located at the telomere. Chromatin IP 
(ChIP) with an HA antibody in these cells showed that 
telomeric DNA was significantly enriched in the ChIP 
product (Figure 1D and Supplementary information, Fig-
ure S1F), while the 50 bp repeat DNA located upstream 
of BES promoters was not (Figure 1D and Supplementa-
ry information, Figures S1F and S2A). These results in-
dicate that TbTIF2 is a component of T. brucei telomere 
complex.

TbTIF2 is essential for cell viability and mildly affects 
VSG silencing at some telomeres

To examine the functions of TbTIF2, we established 
TbTIF2 RNAi strains in a BF strain that express T7 poly-
merase and Tet repressor and allow inducible expres-
sion of the RNAi construct (SM, [50]). One endogenous 
TbTIF2 allele was also tagged with F2H in these cells. 
Since these cells express VSG2, we named them 2/TIF2i. 
Northern blotting using the TbTIF2 probe and western 
blotting using an HA antibody showed that the levels of 
TbTIF2 RNA (Supplementary information, Figure S2B) 
and TbTIF2 protein (Figure 2A) were substantially de-
creased following induction of TbTIF2 RNAi by doxy-
cycline. TbTIF2-depleted cells experienced a growth 
arrest within 24 h (Figure 2B), indicating that TbTIF2 
is essential for cell proliferation. FACS analysis showed 
that depletion of TbTIF2 led to a decrease in G1 cells (2C) 
and an increase in G2/M (4C) and polyploidy cells (6C 
and 8C) (Supplementary information, Figure S3). This is 
similar to the situation in mouse cells, where deletion of 
TIN2 leads to polyploidization resulting from endoredu-
plication [51].

To explore whether TbTIF2 is involved in regulation 
of subtelomeric VSG expression, we performed quantita-
tive RT-PCR (qRT-PCR) using primers specific to several 
BES-linked VSGs. In 2/TIF2i cells where normally only 
VSG2 is active, we observed an ~10-fold derepression 
of VSG14 but no significant derepression (consistent, 
>2-fold increase of mRNA level) of other BES-linked 
VSGs upon depletion of TbTIF2 (Figure 2C). VSG14 re-
sides in BES8, which is the shortest BES (~10 kb) in our 
lab strain, containing only ESAG7, 70 bp repeats, and 
VSG14, while most other BESs are 40-60 kb long (Sup-
plementary information, Figure S2A) [33]. BES10 is the 
second shortest BES (25-30 kb) in this strain [33], and 
we observed occasional, though not consistent derepres-
sion of VSG15 that resides in BES10 (Figure 2C). Thus, 
TbTIF2 may affect BES promoters that are close to telo-
meres. Because MESs are monocistronic transcription 
units whose promoters are usually only 5 kb upstream of 
the telomere (Supplementary information, Figure S2A), 

Figure 2 TbTIF2 is essential for cell survival. (A) Induction of 
TbTIF2 RNAi led to a decreased TbTIF2 protein level. Whole 
cell extracts were prepared from 2/TIF2i clone B9 cells at differ-
ent time points after induction of TbTIF2 RNAi. HA antibody F-7 
and EF-2 antibody (as a loading control, Santa Cruz Biotechnol-
ogies) were used in western blotting analyses. (B) Depletion of 
TbTIF2 by RNAi led to a growth arrest in T. brucei cells. Growth 
curves for SM/TbTIF2-F2H and 2/TIF2i cells in the presence 
(+) or the absence (−) of doxycycline (Dox). Average population 
doublings were calculated from three independent cultures. (C) 
TbTIF2 depletion had mild effects on subtelomeric VSG silenc-
ing. mRNA levels for several BES-linked VSGs and mVSGs 
were estimated by qRT-PCR at different time points after induc-
tion of TbTIF2 RNAi. The fold changes in mRNA levels were cal-
culated from three independent experiments. 0 h values are all 
equal to “1” but not shown. Changes significantly different from 
that of rRNA are indicated by asterisks. ***P < 0.001 (unpaired 
t-tests).
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we tested whether mVSGs are affected by TbTIF2 deple-
tion. We examined the mRNA levels of mVSG531, 639, 
and 397 [52] and found that mVSG531 and mVSG397 
were derepressed by 3-4-fold upon depletion of TbTIF2 
(Figure 2C). In an independent TbTIF2 RNAi strain, S/
TIF2i (see below), we observed the same VSG derepres-
sion pattern: VSG14 was derepressed by 6-7-fold, while 
mVSG539 and mVSG397 were derepressed by 2-3-fold 
upon TbTIF2 depletion (Supplementary information, 
Figure S2C). Therefore, depletion of TbTIF2 led to a 
mild derepression of certain subtelomeric VSGs.

TbTIF2 suppresses VSG switching
To test whether TbTIF2 affects subtelomeric VSG 

switching, we introduced the inducible TbTIF2 RNAi 
construct into the SM-derived HSTB261 strain, which 
was designed for VSG switching analysis (Supplementary 
information, Figure S4) [42]. We obtained two inde-
pendent S/TIF2i clones (“S” stands for “switching”), in 
which one endogenous TbTIF2 allele was tagged with 
F2H.

HSTB261 cells carry a blasticidin resistance (BSD) 
marker immediately downstream of the active BES pro-
moter and a puromycin resistance (PUR) gene fused with 
the Herpes simplex virus thymidine kinase (TK) gene be-
tween the 70 bp repeats and the active VSG2 gene in the 
same BES (Supplementary information, Figure S4). All 
VSG switchers are expected to lose the expression of TK 
and become resistant to ganciclovir (GCV), a nucleoside 
analogue, allowing easy selection of VSG switchers. Be-
cause TbTIF2 is essential for cell survival, we recovered 
switchers after only transient TbTIF2 depletions. Induc-
ing TbTIF2 RNAi in S/TIF2i cells for 30 h resulted in a 
transient growth arrest (Figure 3A) and a temporary de-
crease in TbTIF2 protein level for ~24 h (Figure 3B). The 
recovered cells experienced a growth arrest again upon 
reinduction of TbTIF2 RNAi (Supplementary informa-
tion, Figure S5A), indicating that these cells did not lose 
the TbTIF2 RNAi construct or the RNAi mechanism.

We performed the switching assay as reported previ-
ously [42]. The parental HSTB261 cells, control cells 
carrying an empty vector (S/v), and two independent S/
TIF2i clones (A12 & A14) were incubated with or with-
out doxycycline for 30 h, washed extensively, and al-
lowed to recover for 2-3 days. All cells were cultured for 
the same number of population doublings to allow a fair 
comparison of switching frequencies among different 
strains. Subsequently, cells were plated in the presence of 
GCV to select for switchers and in the absence of GCV 
to determine the plating efficiencies. Plating efficiencies 
(Supplementary information, Figure S5B) were used to 
normalize the final VSG switching frequencies.

We found that a transient depletion of TbTIF2 led to a 
4.2-5.8-fold increase in VSG switching frequency when 
compared to S/v cells, while uninduced S/TIF2i and pa-
rental cells exhibited similar VSG switching frequencies 
to S/v cells (Figure 3C). To confirm that this effect was 
specifically due to depletion of TbTIF2, we performed 
a complementation analysis. An inducible expression 
vector containing FLAG-HA (FH)-tagged TbTIF2 was 
transfected into S/TIF2i A14 cells. Culturing S/TIF2i + 
TbTIF2-FH cells in the presence of doxycycline for 30 h 
resulted in a decrease in the endogenous TbTIF2 mRNA 
level (Supplementary information, Figure S5C, left) and 
a simultaneous increase in TbTIF2-FH mRNA (Supple-
mentary information, Figure S5C, left) and protein (Sup-
plementary information, Figure S5C, right) levels. This 
induction did not cause cell growth arrest (Supplementary 
information, Figure S5D). The VSG switching frequency 
in these cells was comparable to that in S/v cells (Figure 
3C), indicating that the elevated VSG switching frequen-
cy was specifically due to depletion of TbTIF2. There-
fore, our observations indicate that TbTIF2 suppresses 
VSG switching. The bulk telomeres in S/TIF2i cells are 
15 kb long on average, and depletion of TbTIF2 did not 
result in a dramatic telomere shortening within the time 
frame of the switching experiment (Supplementary infor-
mation, Figure S5E). Therefore, increased VSG switch-
ing following TbTIF2 depletion was not due to extremely 
short telomeres.

VSG switching can occur through several pathways 
including in situ switching, crossover (CO), VSG and ES 
gene conversion (GC), and ES loss + in situ switching. 
By examining marker genotypes and antibiotic resistance 
phenotypes in the recovered switchers, we can determine 
the mechanism of a given switching event (Supplemen-
tary information, Figure S4). However, this assay can-
not differentiate between ES GC and ES loss + in situ 
events. These can only be differentiated by pulsed-field 
gel electrophoresis (PFGE) of intact chromosomes fol-
lowed by Southern analysis. The majority of switchers 
in TbTIF2-depleted and control cells (~90%) arose from 
VSG GC and ES GC/ES loss + in situ events (Figure 
3D), suggesting that GC is the predominant mechanism 
of VSG switching under these conditions. ES GC/ES 
loss + in situ is most popular (60%-75%) in control cells 
and became even more prevalent when TbTIF2 was 
transiently depleted (> 80%; Figure 3D), indicating that 
there were more subtelomeric gene rearrangements when 
TbTIF2 was depleted. Therefore, TbTIF2 is important 
for subtelomere stability. To verify each VSG switching 
mechanism in several representative switchers, we de-
termined their active VSGs by RT-PCR using a spliced 
leader primer (common to all T. brucei mRNAs) and 
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a VSG C-terminal primer (common to VSGs) followed 
by sequencing analysis. PFGE of intact chromosomes 
from these switchers followed by Southern analyses 
using probes specific for VSG2, BSD, and the newly ac-
tive VSG confirmed all predicted switching mechanisms 
(Supplementary information, Figure S6). ES loss + in 
situ switchers were present in both the parental strain and 
TbTIF2-depleted cells (Supplementary information, Fig-
ure S6; data not shown), indicating that this mechanism 
is not unique in TbTIF2 RNAi cells.  

Depletion of TbTIF2 increased DSBs in subtelomeric 
BESs

Because most VSG switchers arose from HR-mediated 

events, we wondered whether depletion of TbTIF2 led 
to more DSBs in subtelomeric BESs. We performed a 
Ligation-Mediated PCR (LMPCR) assay to directly de-
tect DSBs along BESs [10, 43]. In this assay, a double-
stranded adaptor with a blunt end and a staggered end 
was ligated to genomic DNA at the DSB followed by 
PCR using locus-specific primers and Southern analysis 
(Figure 4A). Blunt-ended broken DNA can be ligated 
to the blunt end of the adaptor directly, while staggered 
broken DNA ends can be converted to blunt ends by T4 
DNA polymerase before ligation. The staggered end of 
the adaptor and single-stranded DNA breaks are not ex-
pected to be ligated in this assay [53].

Following induction of TbTIF2 RNAi for 24 h, we 

Figure 3 Transient depletion of TbTIF2 led to an elevated VSG switching frequency. (A) Induction of TbTIF2 for 30 h led to a 
growth arrest for ~24 h. S/TIF2i clone A14 and S/v cells were cultured without doxycycline, with doxycycline for 30 h, or with 
doxycycline throughout the experiment. Average population doublings were calculated from four independent experiments 
to plot the growth curve. (B) The TbTIF2 protein level decreased for ~24 h when TbTIF2 RNAi was induced for 30 h in S/
TIF2i cells. Western blotting analyses were performed using HA antibody F-7 and EF-2 antibody. S/v cells were treated the 
same way as a control. (C) VSG switching frequencies in S/TIF2i and control cells. Cells were cultured with doxycycline for 
30 h or without doxycycline as indicated. Average switching frequencies were calculated from 4-12 independent assays. 
P-values (unpaired t-tests) between S/v and other cells are shown as numbers on top of the corresponding columns. (D) 
VSG switching pathways in S/TIF2i and control cells. Percent of each VSG switching pathway of total events was plotted. 
Listed on top of each column is the number of switchers analyzed. Detailed switcher characterization results are listed in 
Supplementary information, Tables S3-S6.
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Figure 4 Depletion of TbTIF2 led to increased amount of DSBs at subtelomeric BES regions. (A) The principle of LMPCR. 
LMPCR analyses were performed in S/TIF2i clone A14 (B-D) and S/v (E) cells. The LMPCR products were hybridized with 
VSG2 (B), VSG21 (C), Tb427.9.9970 (which encodes a putative small nuclear RNA gene activation protein 50, SNAP50) (D), 
and 70 bp repeat (E) probes. In each panel of this figure and Figure 6, the Ethidium bromide (EtBr)-stained LMPCR products 
are shown at the top, the Southern blot result is shown in the middle, and the PCR products using primers specific to TbRAP1 
are shown at the bottom as a loading control. The amounts of input genomic DNA, either treated (+) or untreated (−) with T4 
DNA polymerase, were marked on top of each lane. Molecular weight markers (in kb unless otherwise indicated) are labeled 
on the left. (F) The signal intensities of LMPCR products (treated with T4 DNA polymerase) were quantified by ImageQuant 
from Southern blots exposed to phosphorimagers. The fold changes were calculated by dividing post TbTIF2 depletion value 
by preinduction value. The average was calculated from at least three independent experiments. Error bars represent stan-
dard deviation. P-values (unaired t-tests) were calculated using Graphpad Prism between values at each subtelomeric locus 
and that at Tb427.9.9970. Asterisks indicate significant difference. *P < 0.05; **P < 0.01; ***P < 0.001. 

detected substantially more LMPCR products at BES 
promoter (Supplementary information, Figure S7A) 
and 70 bp repeat regions (Supplementary information, 
Figure S7B), indicating that TbTIF2 is important for 
subtelomere integrity. Since all BESs have nearly iden-
tical promoter and 70 bp repeat sequences [33], these 

results did not distingusih whether DSBs are in the ac-
tive or silent BESs. We therefore used specific probes 
to detect DSBs at active or silent single-copy gene loci. 
Because LMPCR is semiquantitative, it is unfair to com-
pare the absolute amount of DSBs at different loci due 
to possible different PCR amplification efficiencies and 
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different probe hybridization efficiencies. We therefore 
estimated the change of DSB amount before and after 
depletion of TbTIF2 at individual locus, then compared 
whether TbTIF2 has similar effects at different loci. To 
avoid variation that resulted from different RNAi induc-
tions, we performed LMPCR at two pairs of active and 
silent loci using genomic DNA isolated from the same 
induction experiments. We observed increased amount 
of LMPCR products following TbTIF2 depletion at the 
active VSG2 (Figure 4B) and the silent VSG21 (Figure 
4C) loci. ΨBES1 and ΨBES11 are unique VSG pseudogenes in 
the active VSG2-containing BES1 and the silent VSG16-
containing BES11, respectively (Supplementary infor-
mation, Figure S7I, top) [33, 45]. We observed increased 
LMPCR products at ΨBES1 (Supplementary information, 
Figure S7C) and ΨBES11 (Supplementary information, 
Figure S7D) loci, too. Quantification of LMPCR signals 
(in ImageQuant) from at least three sets of independent 
experiments showed similar fold of increase at all four 
loci (Figure 4F), indicating that TbTIF2 depletion led to 
similar increases in DSB levels in both active and silent 
BESs. 

Subsequently, we performed the LMPCR analysis 
in an independent TbTIF2 RNAi strain (9/TIF2i) that 
expresses VSG9 and carries BSD at the active BES pro-
moter and PUR at the silent VSG2-containing BES pro-
moter (Supplementary information, Figure S7I, bottom) 
[45]. Again, we detected more LMPCR products at both 
loci after depletion of TbTIF2 (Supplementary informa-
tion, Figure S7E and S7F), indicating that this phenotype 
was not specific for any particular VSG expresser. In 
contrast, approximately the same levels of LMPCR prod-
ucts were detected at a random single-copy chromosomal 
locus (Tb427.9.9970) before and after TbTIF2 depletion 
(Figure 4D and 4F), suggesting that TbTIF2 influences 
DSB amount primarily at subtelomeric regions. In most 
cases, blunt-ended DSBs represented a small fraction of 
all breaks (Figure 4 and Supplementary information, Fig-
ure S7, compare + and −T4 DNA polymerase). TbTIF2 
depletion induced both blunt and stagger ended DSBs. 
As a control, S/v cells were examined the same way and 
we did not detect elevated LMPCR products at 70 bp re-
peats (Figure 4E), the ΨBES1 locus (Supplementary infor-
mation, Figure S7G), or BES promoters (Supplementary 
information, Figure S7H). The increased DSB amount 
in TbTIF2 depleted cells could result from increased 
DSB formation or decreased DSB repair. Our current as-
say cannot differentiate between these two possibilities. 
Nevertheless, our data demonstrate that TbTIF2 plays an 
important role in subtelomere integrity maintenance.

We also examined whether depletion of TbTIF2 al-
tered chromatin structure by the Formaldehyde-Assisted 

Isolation of Regulatory Elements (FAIRE) analysis [54]. 
In this assay, chromatin is fixed by formaldehyde. After 
sonication, nucleosome-free DNA fragments are enriched 
in the phenol-chloroform extracted fraction. We com-
pared the FAIRE-extracted DNA before and after TbTIF2 
depletion at several subtelomeric VSG loci, BES promot-
ers, and a random chromosomal locus (Tb427.2.2440) in 
S/TIF2i, 2/TIF2i, and S/v cells. We only observed a mild 
change in FAIRE-extracted DNA before and after deple-
tion of TbTIF2 at some VSG loci (Supplementary infor-
mation, Figure S5F). Thus, TbTIF2 depletion does not 
affect chromatin structure significantly, suggesting that 
such changes are unlikely the main reason for elevated 
VSG switching frequency.

Depletion of TbTIF2 significantly increases association 
of TbRAD51 with the active BES

TbRAD51 and some of its paralogues are required 
for most VSG switching events [38, 39]. Since TbTIF2 
depletion elevated the DSB amount at BESs, we hypoth-
esized that more TbRAD51 might associate with BESs. 
To test this, we first performed immunofluorescence us-
ing the TbRAD51 antibody. TbRAD51 forms distinct 
foci in cell nuclei in response to DNA damage [55]. 
Indeed, in WT SM/TbTIF2-F2H cells treated with phleo-
mycin, we observed large, bright TbRAD51 foci in the 
nucleus (Supplementary information, Figure S8A, right). 
In 2/TIF2i cells treated with doxycycline, we observed 
similar distinct TbRAD51 foci in the nucleus (Supple-
mentary information, Figure S8B, right), confirming that 
depletion of TbTIF2 led to an elevated amount of DSBs. 
In contrast, in untreated 2/TIF2i cells (Supplementary 
information, Figure S8B, left) or in WT cells treated with 
or without doxycycline (Supplementary information, 
Figure S8A, middle and left), TbRAD51 did not form 
distinct large foci in the nucleus but gave a hazy staining 
pattern. A significant increase in the number of cells that 
have distinct TbRAD51 foci was seen when TbTIF2 was 
depleted (Figure 5A). Therefore, depletion of TbTIF2 re-
sulted in a DNA damage response-like phenotype where 
TbRAD51 forms distinct foci in the nucleus.

To further determine whether TbRAD51 exhibited an 
increased association with telomeres and subtelomeres 
in TbTIF2-depleted cells, we performed ChIP analysis 
using the TbRAD51 antibody in S/TIF2i cells. Deple-
tion of TbTIF2 led to an increase in the association of 
TbRAD51 with TTAGGG and 50 bp repeats, suggesting 
that TbTIF2 dysfunction led to more DSBs at telomeres 
and subtelomeres (Figure 5B). Our T. brucei strain has 
nearly 250 telomeres due to its ~100 minichromosomes 
in addition to 11 pairs of megabase chromosomes and a 
few intermediate chromosomes. However, there are only 
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Figure 5 Depletion of TbTIF2 led to increased TbRAD51 association with telomeric and subtelomeric chromatin. (A) Quan-
tification of cells with punctate nuclear TbRAD51 foci at various time points after induction of TbTIF2 RNAi in S/TIF2i A14 
cells. Number of cells counted was indicated in the parentheses. Averages were calculated from three independent experi-
ments. Numbers on columns indicate P-values (unpaired t-tests) compared to the 0 h value. (B, C) ChIP analysis using the 
TbRAD51 antibody or rabbit IgG. ChIP products and input DNA were hybridized with either a TTAGGG or a 50 bp repeat 
probe in Southern blotting, which were exposed to a phosphorimager. The hybridization signal intensity was quantified by Im-
ageQuant, and averages were calculated from four independent experiments (B). ChIP products were analyzed by qPCR us-
ing primer pairs specific to various loci (Supplementary information, Table S1). Averages were calculated from 5-10 indepen-
dent experiments (C). In both B and C, numbers on top of brackets indicate P-values (unpaired t-tests) comparing TbRAD51 
ChIP values before and after TbTIF2 depletion.

nearly 20 BESs. The level of increase in TbRAD51 asso-
ciation with TTAGGG and 50 bp repeats is similar (Figure 
5B), suggesting that TbRAD51 might be recruited to in-
dividual BESs at higher concentration than to individual 
telomeres that do not have any adjacent BES. To achieve 
better resolution, we performed ChIP experiments us-
ing the TbRAD51 antibody followed by qPCR using 

primers specific to BES promoters, PUR and VSG2 in 
the active BES, and VSG21, VSG16, and ΨBES11 in silent 
BESs (Supplementary information, Figure S7I, top) [45]. 
We observed a significant increase in the association of 
TbRAD51 with BES promoters, PUR, and VSG2 (Figure 
5C), confirming that TbRAD51 associated more with 
subtelomeric BESs upon TbTIF2 depletion. Surprisingly, 
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this increase was mostly restricted in the active BES, 
since the association of TbRAD51 with the silent VSG21 
was not significantly changed (Figure 5C). Although 
more TbRAD51 associated with the silent VSG16 and 
ΨBES11, the increase was not as dramatic as that at the ac-
tive VSG2 locus (Figure 5C). Since we observed similar 
increases in DSB amounts at both active and silent BESs 
upon depletion of TbTIF2 (Figure 4F), this observation 
suggests that TbRAD51 preferentially associates with 
DSBs in the active BES. No significant increase was 
observed for the association of TbRAD51 with the chro-
mosome internal tubulin array or the Tb427.9.9970 locus 
(Figure 5C), supporting our conclusion that depletion of 
TbTIF2 does not induce DSBs at chromosome internal 
loci.

Subtelomeric DSBs in TbTIF2-depleted cells are further 
increased by TbRAD51 disruption

Upon depletion of TbTIF2, DSB levels increased at 
subtelomeric BESs, as did association of TbRAD51 with 
the active BES, indicating that TbRAD51 associates with 
and repairs DSBs in the active BES, which can lead to 
VSG switching, while DSBs in silent BESs may not be 
repaired by TbRAD51-mediated HR. To test this hypoth-
esis, we deleted both alleles of TbRAD51 in S/TIF2i 
cells and tried to perform the VSG switching assay. How-
ever, these cells were less healthy than the S/TIF2i cells, 
and even a transient induction of TbTIF2 RNAi resulted 
in an irreversible cell growth arrest, preventing us from 
carrying out switching assays.

We therefore performed LMPCR in the S/TIF2i/
TbRAD51∆ cells. Similar to S/TIF2i cells, depletion 
of TbTIF2 increased DSB levels at BES promoters 
(Supplementary information, Figure S9A), 70 bp repeats 
(Supplementary information, Figure S9B), active ΨBES1 
(Figure 6A), silent ΨBES11 (Figure 6B), active VSG2 (Sup-
plementary information, Figure S9C), and silent VSG21 
(Supplementary information, Figure S9D) loci. More 
strikingly, the amount of DSBs at subtelomeric BESs 
were much higher when TbRAD51 was deleted than 
when it was not (Figure 6 and Supplementary informa-
tion, S9), indicating that loss of TbRAD51 exacerbated 
the increased DSB phenotype in TbTIF2-depleted cells. 
To avoid variations between different inductions and 
LMPCR experiments, we always induced S/TIF2i and S/
TIF2i/TbRAD51∆ cells at the same time using exactly 
the same conditions. By quantifying the signal intensity 
of LMPCR products, we found that after depletion of 
TbTIF2, the amount of DSBs in the TbRAD51∆ back-
ground was 2.7-fold and 4.5-fold of that in the TbRAD51 
wild-type background at the active VSG2 and ΨBES1 locus, 
respectively, but only 1.6-fold and 1.5-fold at the silent 

VSG21 and ΨBES11 locus, respectively (Figure 6C). This 
suggests that DSBs in the active BES were preferentially 
repaired by TbRAD51-dependent mechanism.

Discussion

Telomere proteins and antigenic variation
Our current and previous studies showed that T. brucei 

telomere proteins play important roles in antigenic varia-
tion, monoallelic VSG expression and VSG switching, 
which are critical pathogenesis mechanisms in T. brucei 
[45, 46]. Among the three known T. brucei telomere 
proteins, TbTIF2 suppresses VSG switching but only 
mildly affects BES promoters that are close to telomeres. 
This is different from TbRAP1, depletion of which led 
to dramatic subtelomeric VSG derepression [45, 46]. In 
contrast, TbTIF2’s effect on VSG silencing is similar to 
that of TbTRF, which does not affect BES-linked VSG 
silencing [45]. Although both TbTIF2 and TbRAP1 in-
teract with TbTRF, the interaction between TbTIF2 and 
TbTRF is much stronger than that between TbRAP1 and 
TbTRF based on yeast two-hybrid and co-IP analyses 
(this study and [45]). Our observations suggest that Tb-
TIF2 may function in the same pathway as TbTRF but 
not TbRAP1. Further studies of functions of TbTRF and 
TbRAP1 in VSG switching would shed more light on the 
interplay between T. brucei telomere proteins in antigen-
ic variation.

Telomere proteins in subtelomere integrity and stability 
maintenance

In this study, we found that depletion of TbTIF2 in-
creased DSBs at subtelomeres and elevated recombina-
tion events that lead to VSG switching, demonstrating 
that TbTIF2, a telomere protein, is important for main-
taining subtelomere integrity and stability. 

More TbRAD51 associates with telomeric DNA upon 
TbTIF2 depletion, indicating that TbTIF2 depletion led 
to more telomeric DSBs. This is consistent with the no-
tion that telomere proteins are important for protecting 
chromosome ends [11]. Loss of mammalian TIN2 led to 
both chromatid-type and chromosome-type telomere fu-
sions [51]. It is possible that TbTIF2 depletion results in 
similar telomere fusions and subsequent breakage-fusion-
bridge cycle, which can result in DNA amplification and 
large terminal deletions [57]. Some of the ES loss + in 
situ switching that we observed might have been a con-
sequence of the breakage-fusion-bridge cycle, although 
telomere fusions have not been reported in T. brucei. It 
was reported previously that a considerable percent (22%) 
of cells with DSBs downstream of the active VSG lose 
the whole active BES [10]. TbTIF2 depletion-induced 
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Figure 6 More subtelomeric DSBs persisted when TbRAD51 was deleted in TbTIF2-depleted cells. The LMPCR products 
from S/TIF2i A14 and S/TIF2i/TbRAD51∆ C6 cells were hybridized with the ΨBES1 (A) or ΨBES11 (B) probe. (C) The signal in-
tensities of LMPCR products (treated with T4 DNA polymerase) were quantified by ImageQuant from Southern blots exposed 
to phosphorimagers. The fold changes were calculated by dividing post TbTIF2 depletion value in S/TIF2i/∆TbRAD51 cells 
by that in S/TIF2i cells on the same gel. The average was calculated from at least three independent experiments. Error bars 
represent standard deviation. P-values (unpaired t-tests) between pairs of loci were indicated.
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DSBs were detected at subtelomeres including the region 
downstream of the active VSG2, which may also explain 
why we obtained ES loss + in situ switchers.

TbTIF2 may contribute to subtelomere stability 
through other means. First, TbTIF2 may be required for 
proper telomeric DNA replication, as some telomere 
proteins do in other organisms [23, 24, 26]. Fork stalling 
in the absence of TbTIF2 could increase DSB formation 
at the telomere vicinity, and increased DNA topologi-
cal stress could also lead to more DSBs at subtelomeres. 
Second, TbTIF2 may play an important role in telomere 
cohesion formation/maintenance. Mammalian TIN2 
interacts with SA1 [27, 28], an ortholog of SCC3 and a 
telomere-specific cohesin subunit that is important for 
sister telomere cohesion. TbTIF2 is a functional homolog 
of TIN2 and may have similar functions to TIN2. De-
fective sister telomere pairing due to TbTIF2 depletion 
could lead to low efficiency of DNA damage repair via 
the sister chromatid, resulting in more DSBs in subtelo-
meric BESs. This in turn could lead to loss of terminal 
chromosome fragments. In addition, a lack of sister telo-
mere pairing is expected to allow more flexible pairing 
and HR between non-sister telomeres, which in turn may 
result in more frequent VSG switching. The predomi-
nant VSG switching pathway is ES GC/ES loss + in situ 
switching in TbTIF2-depleted cells, which is consistent 
with this hypothesis. Interestingly, partial depletion of 
TbSCC1 or other cohesin subunits TbSMC1 and TbSCC3 
also led to premature dissociation of sister chromatids at 
the active BES and increased VSG switching frequency 
[58], although in situ switching appears to be the pre-
ferred pathway in cohesion-defective cells, which is not 
exactly the same as in TbTIF2-depleted cells, where a 
significant portion of the VSG switchers arose from ES 
loss + in situ or ES GC switching. Our first model that 
TbTIF2 is important for telomeric DNA replication sug-
gests that more DSB formation is the reason for more 
subtelomeric DSBs in TbTIF2-depleted cells, while the 
second model suggests that less DSB repair is the reason. 
However, both factors could contribute to the observed 
phenotypes. More investigations are necessary to further 
discern these two underlying mechanisms.

TbRAD51-dependent HR-mediated DNA damage repair 
and VSG switching

RAD51 is a major player in HR-mediated DNA dam-
age repair [37]. VSG switching is mostly dependent on 
TbRAD51 [39], its paralogue TbRAD51-3 [38], and its 
interacting factor BRCA2 [40]. In addition, HR-mediated 
GC events are the preferred mechanism for VSG switch-
ing in our lab strain [39, 42]. Depletion of TbTIF2 led 
to more DSBs at subtelomeric BESs and an increased 

TbRAD51 association with subtelomeric chromatin. 
TbRAD51 disruption further increased subtelomeric 
DSBs in TbTIF2-depleted cells. These observations in-
dicate that TbRAD51-mediated HR is a major pathway 
for repair of the elevated DSBs at subtelomeres. Repair 
of these induced DSBs presumably contributed to the 
increased VSG switching frequency in TbTIF2-depleted 
cells. In S/TIF2i/TbRAD51∆ cells, the DSBs induced by 
TbTIF2 depletion were not repaired due to the lack of 
TbRAD51, which is likely the reason for subsequent cell 
lethality.

TbTIF2 depletion led to increased TbRAD51 associa-
tion with subtelomeric chromatin, which was more at 
active loci than at silent loci. In addition, we detected 
stronger increases of DSBs at the active loci than at the 
silent loci in S/TIF2i/TbRAD51∆ cells. The extra DSBs 
detected in the TbRAD51∆ background were presumably 
repaired by TbRAD51 in S/TIF2i cells. TbTIF2 depletion 
induced similar level of DSBs at the active and silent 
loci. Therefore, TbRAD51 preferentially repairs DSBs in 
the active BES. The active BES differs from silent BESs 
in that it is actively transcribed by RNA polymerase I 
[59]. In addition, the active BES forms an open chroma-
tin structure depleted of most nucleosomes, while silent 
BESs are packed with nucleosomes [60, 61]. Our data 
suggest that the transcriptional status and/or the chroma-
tin structure of the DSB site may influence the choice of 
DSB repair mechanism. In yeast, two independent HR 
pathways are involved in telomere maintenance in telom-
erase-negative cells [62]: amplification of subtelomeric 
Y′ elements is RAD51-dependent, while amplification 
of telomeric repeats is RAD50-dependent. In T. brucei, 
DSBs at silent BESs can be repaired by TbRAD51-in-
dependent microhomology-mediated end joining [10] or 
possibly other mechanisms such as TbRAD50-dependent 
pathway. However, more studies are necessary to test this 
hypothesis. A RAD50 DNA repair-like protein (Tb427t-
mp.01.0340) has been annotated in TriTrypDB, although 
its characterization has not been reported. Alternatively, 
DSBs in silent BESs are well tolerated and may not be 
repaired, as loss of BES following DSB induction in si-
lent BESs has been observed frequently [10].

Telomere protein evolution from protozoa to mammals
We have identified TbTIF2 as a functional homolog 

of TIN2. TbTIF2 does not have any telomere DNA bind-
ing domains, thus it relies on TbTRF to localize to the 
telomere, which is presumably essential for its function 
in subtelomere integrity and stability maintenance. It 
is worth noting that human TRF2 interacts with Apollo 
in the same way that human TRF1 interacts with TIN2. 
Apollo and TIN2 share a conserved TRF-interacting mo-
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tif Y/F-X-L-X-P, where X can be any residue [49]. Inter-
estingly, TbTIF2 has a Y-F-L-C-P motif at its C-terminus 
(Supplementary information, Figure S1D). However, 
yeast two-hybrid analysis showed that the C-terminal 
half of TbTIF2 did not interact with TbTRF. A careful 
examination of the TbTRF sequence showed that TbTRF 
lacks the conserved region in the TRFH domain of hu-
man TRF1 and TRF2 that is essential for recognizing the 
Y/F-X-L-X-P motif [48], explaining why the C-terminus 
of TbTIF2 does not interact with TbTRF. Therefore, al-
though the TIN2-TRF/TbTIF2-TbTRF interaction is con-
served, the detailed interaction surfaces on the two pro-
tein pairs have changed through evolution. This makes 
the interaction domain between TbTRF and TbTIF2 an 
attractive target for anti-parasite agents, as the interaction 
is specific for T. brucei and not present in its host.

Materials and Methods

ChIP
ChIP was performed according to [64]. ChIP products were 

hybridized with a TTAGGG or a 50-bp repeat probes in slot blot 
analysis. Alternatively, qPCR using primers specific to various 
BES loci (Supplementary information, Table S1) was performed to 
detect unique sequences in ChIP products.

LMPCR
LMPCR were performed according to [43]. More details are 

described in Supplementary information, Data S1. Primers used in 
LMPCR are listed in Supplementary information, Table S2.

VSG switching assay
Switching assays were performed according to [42]. 

Additional details are described in Supplementary information, 
Data S1. Detailed switcher analyses are listed in Supplementary 
information, Tables S3-S6.

FAIRE
FAIRE was performed according to [46] except that the amount 

of isolated DNA was estimated by qPCR using SsoAdvanced 
SYBR Green in a CFX96 Connect (Bio-Rad). The FAIRE result 
was calculated by dividing FAIRE-extracted DNA amount with 
the input DNA amount, and the fold changes in FAIRE results 
between TbTIF2-depleted and uninduced cells were plotted.

qRT-PCR
qRT-PCR was performed as described previously [45] except 

that the samples were analyzed using SsoAdvanced SYBR Green 
in a CFX96 Connect (Bio-Rad). Primers used in qRT-PCR are 
described in the previous study [45].

Yeast two-hybrid analyses
Yeast two-hybrid analyses were carried out as described in [48].

Immunofluorescence
Immunofluorescence was carried out as described in [48]. 

Cell images were captured by a DeltaVision image restoration 

microscope (Applied Precision/Olympus), deconvoluted by using 
measured point spread functions, and edited with Photoshop.
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