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ABSTRACT

Telomere repeat-containing RNA (TERRA) has been
identified in multiple organisms including Try-
panosoma brucei, a protozoan parasite that causes
human African trypanosomiasis. T. brucei regularly
switches its major surface antigen, VSG, to evade
the host immune response. VSG is expressed ex-
clusively from subtelomeric expression sites, and
we have shown that telomere proteins play impor-
tant roles in the regulation of VSG silencing and
switching. In this study, we identify several unique
features of TERRA and telomere biology in T. bru-
cei. First, the number of TERRA foci is cell cycle-
regulated and influenced by TbTRF, the duplex telom-
ere DNA binding factor in T. brucei. Second, TERRA
is transcribed by RNA polymerase I mainly from a
single telomere downstream of the active VSG. Third,
TbTRF binds TERRA through its C-terminal Myb do-
main, which also has the duplex DNA binding activity,
in a sequence-specific manner and suppresses the
TERRA level without affecting its half-life. Finally, lev-
els of the telomeric R-loop and telomere DNA damage
were increased upon TbTRF depletion. Overexpres-
sion of an ectopic allele of RNase H1 that resolves
the R-loop structure in TbTRF RNAi cells can partially
suppress these phenotypes, revealing an underlying
mechanism of how TbTRF helps maintain telomere
integrity.

INTRODUCTION

Telomeres are dynamic nucleoprotein complexes at chro-
mosome ends that help maintain genome integrity and
chromosome stability (1). Earlier studies showed that
telomeres are usually assembled into a heterochromatic
structure and are typically associated with the silent chro-
matin markers (2). Yet, recent studies have identified telom-
eric repeat-containing long, non-coding RNA (lncRNA),
TERRA, in many organisms (3). In addition, TERRA has
been shown to be the product of telomeric repeat transcrip-
tion in human cells (4), mouse ES cells (5), Saccharomyces
cerevisiae (6), Schizosaccharomyces pombe (7), Arabidopsis
thaliana (8), and Trypanosoma brucei (9,10). TERRA can
be transcribed from multiple telomeres (4,11–16), but fre-
quently not all telomeres are transcribed (9,17,18), and
transcription from intrachromosomal telomeric sequences
can be abundant (8). TERRA has been shown to play im-
portant roles in telomere protection (19–21), regulation of
telomere length (22–24), and telomere recombination (25)
in mammalian and yeast cells. TERRA may also play a role
in gene expression regulation in mouse ES cells (21).

RNA-FISH analyses have shown that TERRA is as-
sociated with many telomeres in human and mouse cells
(12,16,26). FISH analyses also revealed 1–3 TERRA foci in
the S. pombe nucleus (7). In budding yeast, the MS2-tagged
TERRA is seen to colocalize with its telomere of origin dur-
ing the mid-late S phase (27). In contrast, most TERRA
binding sites are not at the telomere but in distal intergenic
and intronic regions in mouse cells (21). Whether the num-
ber of nuclear TERRA foci changes throughout the cell cy-
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cle has not been reported. On the other hand, the TERRA
level has been reported to change in a cell cycle-dependent
manner. In yeast cells, it dips in the S phase but peaks in the
G2/M phase (28). In Hela cells, the TERRA level is high in
the G1/S and decreases at the late S/G2 phase (29,30).

TERRA was first identified in T. brucei (31), a small frac-
tion of which contains the poly(A) tail (10,31). In addi-
tion, the transcribed TERRA species and its 5′ phospho-
rylation status are dependent on T. brucei life cycle stages
(3,10). However, TERRA subnuclear localization, its func-
tion and regulation in T. brucei are still not well known. T.
brucei is the causative agent of human African trypanoso-
miasis, which is frequently fatal without treatment. While
proliferating in extracellular spaces of its mammalian host,
T. brucei sequentially expresses immunologically distinct
VSGs, its major surface antigen proteins (32). This anti-
genic variation allows T. brucei to effectively evade the host
immune response. At this life cycle stage, VSGs are exclu-
sively transcribed by RNA Polymerase I (RNAP I) (33)
from subtelomeric bloodstream form (BF) VSG expres-
sion sites (ESs), which are polycistronic transcription units
(PTUs), with the VSG gene within 2 kb from the telom-
eric repeats and the promoter 40–60 kb upstream (Sup-
plementary Figure S1A, top) (34,35). T. brucei has a large
VSG gene pool (36), but only one VSG is fully expressed
at any moment (37). Individual VSGs are also found in
metacyclic ESs, which are subtelomeric monocistronic tran-
scription units (with its promotor ∼ 5 kb upstream of the
telomere) and can be expressed when the parasite resides
in the salivary gland of its insect vector (Supplementary
Figure S1A, bottom). VSG switching is frequently medi-
ated by DNA recombination and sometimes through a tran-
scriptional switch (38). DNA double-strand breaks (DSBs)
have been shown to be a potent trigger for VSG switching
(39,40). We have also shown that depletion of telomere pro-
teins, such as TbTRF, the duplex telomere DNA binding
factor (41), and its interacting factors TbRAP1 (42) and
TbTIF2 (43), leads to telomere/subtelomere instability and
higher VSG switching frequencies (9,43–45).

The UG-rich TERRA is transcribed in T. brucei when it
is proliferating in a mammalian host (31). Interestingly, the
TERRA level is not sensitive to �-amanitin (31), suggest-
ing that TERRA is transcribed by RNAP I. We and oth-
ers recently demonstrated that the telomere downstream of
the active ES is indeed transcribed into TERRA (9,10), fur-
ther suggesting that TERRA is transcribed by RNAP I as a
read-through product in T. brucei. An excessive amount of
TERRA can lead to telomere and subtelomere instability
(46), as TERRA has a propensity to form R-loops with the
telomeric repeat-containing dsDNA (20,47), and R-loops
are known to induce DSBs and cause genome instability
(19,48). Indeed, we have shown that depletion of TbRAP1
results in a cell growth arrest, higher TERRA and telom-
eric R-loop levels, more subtelomeric and telomeric DSBs,
and an elevated VSG switching frequency (9). Therefore, it
is important to regulate TERRA at a proper level. However,
except for TbRAP1, no other factors have been known to
regulate the TERRA level in T. brucei.

In this study, we show that TERRA has a very short
half-life. Treating cells with the RNAP I inhibitor BMH-
21 depletes >90% of TERRA, confirming that the major-

ity of TERRA is transcribed by RNAP I in T. brucei. Us-
ing RNA FISH, we find that most T. brucei cells have only
1 - 3 TERRA foci. Surprisingly, the number of TERRA
foci increases as cells progress through the cell cycle, which
has not been reported in other TERRA-expressing organ-
isms. In addition, dramatically bigger and fewer TERRA
foci are frequently observed in cells depleted of TbTRF. We
further demonstrate that TbTRF suppresses the TERRA
and telomeric R-loop levels, and that loss of TbTRF causes
more DSBs in the telomere repeats, revealing a mechanism
of how TbTRF maintains the telomere integrity. TbTRF
also exhibits a TERRA-binding activity that resides in its
C-terminal Myb domain, which was previously found to be
responsible for binding the duplex telomeric DNA (41,44).
In addition, TbTRF binds the duplex telomeric DNA with
a higher affinity than TERRA, and the two nucleic acid in-
teraction interfaces may overlap.

MATERIALS AND METHODS

T. brucei strains

All T. brucei strains used in this study were derived from
BF VSG2-expressing Lister 427 cells that express the T7
polymerase and the Tet repressor (Single Marker, aka SM)
(49). SM/GFP-TbRAP1 and SM/GFP-TbTRF have one
of the endogenous TbRAP1 or TbTRF alleles N-terminally
tagged with GFP. SM/GFP-TbKU80 was established by
transfecting the pLew82-GFP-TbKU80 plasmid (50) into
SM cells. SM/TbTERT-GFP was established by trans-
fecting the pCO57-TbTERT plasmid (51) into SM cells.
The TbTRF RNAi strain was established by transfect-
ing SM cells with the pZJM�-TbTRF-Mid1 plasmid (41).
The TbTRF+/– RNAi strain was described in (41), which
was established by transfecting TbTRF+/– (TbTRF single-
allele knockout) cells with the pZJM�-TbTRF-Mid1 plas-
mid. The parent switching strain (S) was derived from
SM for VSG switching analysis (52). The S/TRFi and
S/TRFi+F2H-TbTRF strains were described in (44). All
BF T. brucei cells were cultured in the HMI-9 medium
supplemented with 10% FBS and appropriate antibiotics.
pLew100-v5-2HA-RNase H1 was targeted to an rDNA
spacer region in the TbTRF+/– RNAi cells to generate the
TbTRF+/– RNAi + 2HA-RNase H1 strain.

TERRA northern hybridization

Total RNA was purified from 80 to 100 million cells us-
ing RNA STAT-60 (Tel. Test Inc.) twice and treated with
10 units of DNase I (ThermoFisher), followed by another
round of purification with RNA STAT-60. The resulting
RNA sample was treated with or without 20 units of RNase
One (Promega) and 20 �g of RNase A (Sigma). For north-
ern blotting, 10 �g of RNA was loaded in each lane. Af-
ter electrophoresis, RNA was transferred to a Nylon mem-
brane and hybridized with a radiolabeled (CCCTAA)4 oligo
probe. The hybridization intensity (whole lane) was quanti-
fied for each sample using ImageQuant (GE) and the rela-
tive amount of TERRA level was calculated. The hybridiza-
tion signals (TERRA species bigger than the largest rRNA
precursor) were counted to estimate the average size of
TERRA in each sample according to (53).



Nucleic Acids Research, 2021, Vol. 49, No. 10 5639

TERRA slot blot hybridizations

RNA isolation and DNase I digestion were performed
the same way as described above. RNA samples were
denatured at 65◦C for 10 min in the presence of for-
mamide and formaldehyde. 2 �g of RNA was spotted on
the Nylon membrane. To prepare the (CCCTAA)n- [or
(TTAGGG)n-] specific probe, the Klenow primer exten-
sion reaction was performed using a duplex TTAGGG re-
peats as the template in the presence of dA, dT and ra-
dioactive dC (or radioactive dG). Alternatively, TELC4
[(CCCTAA)4] and TELG4 [(TTAGGG)4] oligos were
end-labeled by T4 Polynucleotide Kinase and used as
probes.

RT-PCR analysis to determine the origin of TERRA

RNA isolation and DNase I digestion were performed the
same way as described above. Reverse transcription was per-
formed using TELC20, TELG20, or a random hexamer
as the primer (9) and the SuperScript IV Reverse Tran-
scriptase (ThermoFisher) according to the manufacturer’s
protocol. The RT products were PCR amplified using Taq
polymerase (ThermoFisher) with primers specific to VSG2,
VSG3, VSG9, tubulin and rDNA genes, 70 bp repeat, and a
sequence at Chromosome 11 subtelomere (Chr 11sub).

TERRA FISH and TbTRF IF

In TERRA FISH, cells were fixed for 10 min at room
temperature with 2% formaldehyde in 1 mM KCl/16 mM
NaCl/0.2 mM MgSO4/0.4 mM Na2HPO4. Five million
cells were spotted on each silanized coverslip. Cells were de-
hydrated by 70%, 85%, 95% and 100% ethanol (3 min each)
at room temperature before hybridization with the TelC-
Alexa488 or TelG-Cy3 probe (PNA Bio) in the hybridiza-
tion buffer (62.2% formamide, 62.5 mg/ml Dextran Sulfate-
500K, 2.5× SSC, 3.75 mg/ml BSA, 3.75 mg/ml Ficoll, 3.75
mg/ml Polyvinylpyrollidone) overnight at room tempera-
ture. As a control, some cells were treated with 200 �g/ml
RNase A in 2× SSC for 1 hr at 37◦C before hybridization.
After hybridization, cells were washed with 2× SSC/50%
formamide three times at 39◦C for 5 min each, then with
2× SSC three times at 39◦C for 5 min each, followed by
washes with 2× SSC and 4× SSC for 5 min each at room
temperature. DNA was stained with 0.5 �g/ml DAPI in 4×
SSC followed by rinsing with 4× SSC for 5 min. Images
were taken by a DeltaVision Elite deconvolution micro-
scope (Applied precision/Olympus) and deconvolved using
measured point spread functions. Images were processed in
softWoRx.

For combined immunofluorescence (IF) and TERRA
FISH, cells were fixed the same way as in TERRA FISH
and permeabilized with 0.2% NP-40 for 5 min at room tem-
perature. Cells were blocked with PBG (0.2% cold fish wa-
ter gelatin/0.5% BSA/1× PBS) before they were incubated
with a TbTRF rabbit antibody (41) followed by incubation
with an Alexa-594 conjugated donkey anti-rabbit antibody
(Jackson Immunology). Subsequently, TERRA FISH was
performed the same way as described above.

RNA Immunoprecipitation (RNA IP)

50 �l of Dynabeads protein G (ThermoFisher) were washed
and resuspended in 300 �l of antibody binding buffer (1×
PBS/0.02% Tween 20). Antibodies were coupled to the
beads at 4◦C on a rotor. 200 million T. brucei cells resus-
pended in 1 ml NET-5 buffer (40 mM Tris–HCl, pH 7.5, 420
mM NaCl, 0.5% NP-40, 2 mg/ml aprotinin A, 1 mg/ml leu-
peptin, 1 mg/ml pepstatin A and 10 units of RNAsin) were
lysed by freezing/thawing (at −80◦C) three times followed
by centrifugation at 13 krpm for 10 min at 4◦C. Supernatant
(lysate) was collected and equal volume of NET0.5 buffer
(50 mM NaCl, 40 mM Tris–HCl, pH 7.5, 0.5% NP-40) was
added. The diluted lysate was incubated with antibody and
Dynabeads protein G at 4◦C for 3 hrs. After washing three
times with 1× PBS/0.02% Tween 20, IP samples were eluted
(50 mM Tris–HCl, pH8.0, 10 mM EDTA, 1% SDS). RNA
was extracted from all samples by phenol/chloroform fol-
lowed by precipitation with ammonium acetate, ethanol,
and glycogen. All samples were treated with DNase I be-
fore performing the RNA slot blot hybridization.

�H2A ChIP

200 million cells were cross-linked by 1% formaldehyde for
25 min at room temperature with constant mixing, and the
cross-linking was stopped by 0.1 M glycine. Chromatin was
sonicated by a BioRuptor (Diagenode) for four cycles (30-
sec on/30-sec off) at the high output level. 10% of the lysate
was saved as the input fraction, and the rest was equally
divided into two fractions, each incubating with a �H2A
antibody (9) or IgG conjugated with Dynabeads Protein G
(ThermoFisher) for 3 hrs at 4◦C. After extensive washing,
immunoprecipitated products were eluted from the beads,
and DNA was extracted by phenol chloroform and precip-
itated by ethanol followed by Southern slot blot hybridiza-
tion with a telomere probe.

Electrophoretic mobility shift assay (EMSA)

The ds(TTAGGG)12 repeat DNA probe was prepared as
described in (41).

Single-stranded (UUAGGG)12 and (CCCUAA)12 RNA
probes were in vitro transcribed from HpaI/KpnI and
NdeI/HindIII digested pTH12 plasmid (54), respectively,
using the Maxiscript T7/SP6 kit (ThermoFisher) according
to the manufacturer’s protocol.

Recombinant proteins, GST-tagged TbTRF2-382,
TbTRF-sMyb297-357, TbTRF-lMyb280-382, TbTRF-
lMyb280-382R298E, TbTRF2-161, and TbTRF162-297, were
partially purified from E. coli BL21-DE3 cells according to
(41) and (55).

In EMSA, a radiolabeled DNA probe (1 ng) or RNA
probe (2 ng) was incubated with recombinant GST-tagged
TbTRF fragments in EMSA buffer (15 mM Tris–HCl, pH
7.5, 25 ng/�l E. coli DNA, 2.5 ng/�l beta-Casein, 4% Glyc-
erol, and 4 U RNAseIn plus) for 30 min at room tempera-
ture. The mixture was separated on a 0.6% agarose gel in
0.1× TBE before the gel was dried and exposed to a phos-
phorimager.
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Telomeric R-loop Assay

R-loop IP was performed as described in (56) with a
few modifications. Genomic DNA was sonicated using a
BioRuptor (Diagenode) at medium output for eight cycles
with 30 sec pulse each. 10 �g of sonicated DNA was incu-
bated with or without 50 U RNase H (ThermoFisher) for
3 hrs at 37◦C followed by heat inactivation. Both RNase
H-treated and untreated samples were divided equally for
IP using IgG and S9.6 (Kerafast) antibodies. DNA samples
were incubated with antibody-coupled Dynabeads protein
G (ThermoFisher) for 2 hrs at 4◦C. After extensive wash-
ing, IP products were eluted in elution buffer (1% SDS, 0.1
M NaHCO3) for 10 min at 65◦C followed by Proteinase K
treatment at 42◦C for 1 hr in a Thermomixer (Eppendorf).
The DNA was then extracted by phenol chloroform and
precipitated by ethanol followed by Southern slot blot hy-
bridization.

Estimation of the TERRA half-life

WT and TbTRF RNAi cells in log-phase growth were in-
cubated with or without 100 ng/ml doxycycline for 24
hrs. Cells were then treated with 10 �g/ml Actinomycin D
(Sigma) for various lengths of time. RNA was isolated from
50 million cells at each time point according to (9) followed
by northern slot blot hybridization.

Examination of the TERRA level in BMH-21 treated cells

TbTRF RNAi cells in log-phase growth were incubated
with or without 100 ng/ml doxycycline for 21 or 24 hrs.
Both induced and uninduced cells were split equally to
two fractions, which were treated with or without 3 �M of
BMH-21 (Sigma) for 3 hrs (for cells incubated with doxycy-
cline for 21 hrs) or 15 min (for cells incubated with doxycy-
cline for 24 hrs). Subsequently, RNA was isolated from 50
million cells according to (9) followed by northern slot blot
hybridization or RNA FISH analysis.

Quantitative RT-PCR to estimate the level of VSG2-
TERRA-containing polycistronic transcript

TbTRF RNAi cells in log-phase growth were incubated
with or without 100 ng/ml doxycycline for 24 and 30 hrs.
RNA was isolated from 90 million cells according to (9).
Reverse transcription was performed using TELC20 or a
random hexamer as the primer and the SuperScript IV Re-
verse Transcriptase (ThermoFisher) according to the man-
ufacturer’s protocol. Quantitative PCR was performed us-
ing iTaq SYBR Green Supermix with ROX (Bio-Rad) ac-
cording to the manufacturer’s instructions. VSG2 specific
primers were used for qPCR.

RESULTS

The number of nuclear TERRA foci is cell cycle-dependent in
T. brucei

To better understand the functions of TERRA, we first de-
termined the subnuclear localization of TERRA by RNA
FISH using a (CCCTAA)n-containing TelC-Alexa488 PNA

probe (PNA Bio). Only a few TERRA foci were observed
in each T. brucei nucleus (Figure 1A), which were sensitive
to RNase A treatment (Supplementary Figure S1B), indi-
cating that the observed FISH signal was due to the telom-
eric RNA. As a control, RNA FISH using a (TTAGGG)n-
containing TelG-Cy3 PNA probe (PNA Bio) was also per-
formed, which did not show any signal (Supplementary
Figure S1C), indicating that TERRA contains the G-rich
telomere sequence.

We noticed that the number of TERRA foci varied in
different cells. To determine the cell cycle stages in T. bru-
cei, we followed the shape and number of kinetoplasts and
the number of nuclei by DAPI staining (57,58). Cells in
the G1 phase have one nucleus and one spherical kine-
toplast (1N1K). Cells in the early and late S phase have
one nucleus and one elongated or dumbbell-shaped kine-
toplast (1N1eK) (58). Cells in the G2/M phase have one
nucleus and 2 kinetoplasts (1N2K), and post-mitotic cells
have two nuclei and two kinetoplasts (2N2K) (57). RNA
FISH showed that of G1 cells, on average 60% had one
bright nuclear TERRA focus, 28% had two, 11% had three
and 2% had four TERRA foci (Figure 1B). Of cells in the
S phase (both early and late), on average 36% had one nu-
clear TERRA focus, 42% had two, 18% had three and <5%
had four or more foci (Figure 1B). G2/M cells had a very
similar TERRA staining pattern as S cells (Figure 1B). Of
these cells, on average 32% had one, 42% had two, 16% had
three, and <10% had four or more foci (Figure 1B). How-
ever, compared to G1 cells, a significantly smaller portion
of S and G2/M cells had one TERRA focus, but a signifi-
cantly larger portion of S and G2/M cells had two or three
nuclear TERRA foci (Figure 1B, red asterisks). Therefore,
as T. brucei cells progress into the S phase and beyond, there
are more TERRA nuclear foci per cell.

We subsequently examined how many TERRA foci per
nucleus there are in post mitotic cells. To ensure that a cell is
at the post-mitotic stage (2N2K per cell), we used a VSG2-
specific rabbit antibody to mark the cell surface (VSG2 is ex-
pressed in these cells). In combined VSG2 immunofluores-
cence (IF) and TERRA FISH, we found that each of the di-
vided nuclei in a post-mitotic cell had 1–5 TERRA foci, and
most had only 1 or 2 foci (Figure 1C; Supplementary Figure
S1D). For an easier reference, we defined the first nucleus
as the one that always had equal or more foci than the sec-
ond one and categorized four different types of post-mitotic
cells (Figure 1D). In the first nucleus, >50% had a single
TERRA focus (type i); ∼25% had two foci (type ii); ∼12%
had three foci (type iii), and only ∼5% had four or more
TERRA foci (type iv). Therefore, after mitosis, divided nu-
clei have roughly half the number of TERRA foci as those
before mitosis and each nucleus has a similar TERRA stain-
ing pattern as the G1 phase cell (Figure 1B, D). Such cell
cycle-dependent change in the number of nuclear TERRA
foci has never been described in other TERRA-expressing
organisms. On the other hand, the level of TERRA is cell
cycle-regulated in budding yeast (28) and in human Hela
cells (29, 30). However, since synchronizing T. brucei cells
is not feasible without significant side effects (such as HU
treatment), we currently cannot measure precisely whether
the TERRA level changes throughout the cell cycle in T.
brucei cells.
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Figure 1. The number of nuclear TERRA foci increases as cells progress through the cell cycle. (A) Examples of WT cells with various numbers of TERRA
foci at different cell cycle stages. TERRA was stained by a TelC-Alexa488 PNA probe (PNA Bio). DNA was stained by DAPI. All images are of the same
scale, and a size bar is shown in one of the images in each panel. (B) Quantification of percent of WT cells with different numbers of nuclear TERRA foci
at various cell cycle stages. A total of 310 G1, 403 S, and 253 G2/M nuclei were counted. Red asterisks mark significant differences when S or G2/M cells
are compared to G1 cells. In this and other figures, error bars represent standard deviation. Unpaired t-tests were performed, and a significance threshold
of p < 0.05 was set for the null hypothesis. (C) Examples of WT post-mitotic cells (2N2K) with 1–2 TERRA foci per nucleus. Examples of 2N2K cells
with more nuclear TERRA foci can be found in Supplementary Figure S1D. VSG2 was stained to outline the cell surface and ensure the cells are at the
post mitotic phase (each cell has 2N2K). Images of the same cells with (left) or without (right) the VSG2 staining are shown. (D) Quantification of percent
of different types of WT post-mitotic cells. Different types of 2N2K cells are listed in the table at the bottom. A total of 240 cells were counted. (E) The
brightest TERRA focus colocalizes with TbTRF. TbTRF is stained with a rabbit antibody (41). (F) Quantification of percent of TbTRF RNAi cells with
different numbers of nuclear TERRA foci at various cell cycle stages after 24 hrs of RNAi induction. A total of 130–230 cells were counted at each cell
cycle stage. Red asterisks mark significant differences between WT and TbTRF RNAi cells at each corresponding cell cycle stage. Green asterisks mark
significant differences when S or G2/M cells are compared to G1 cells. (G) Examples of TERRA foci in TbTRF-depleted cells at various cell cycle stages.



5642 Nucleic Acids Research, 2021, Vol. 49, No. 10

We noticed that in most cells, one (or occasionally two)
TERRA foci were very bright, while the others were dis-
cernibly fainter (Figure 1A). Although T. brucei has nearly
250 telomeres, the telomeres are clustered together, and
telomere FISH typically shows less than 10 foci per nu-
cleus (41,59). In addition, we have observed that TbTRF,
the duplex telomere DNA binding factor, is almost always
colocalized with the telomere (41). Therefore, we stained
TbTRF with a rabbit antibody (41) as a marker of the
telomere. Combined TbTRF IF and TERRA FISH showed
that the brightest TERRA focus (occasionally a couple
of brightest TERRA foci) was colocalized with TbTRF.
This colocalization was seen in cells at various cell cycle
stages (Figure 1E; Supplementary Figure S1E), which is dif-
ferent from the scenario in budding yeast where TERRA
is seen to colocalize with its telomere of origin in late
S phase (27).

TbTRF depletion results in fewer TERRA foci

A recent study showed that TERRA can be recruited to
telomeres in trans in human Hela cells, and depletion of
TRF1 significantly increased TERRA co-localization at
both short and long telomeres while depletion of TRF2
had a milder effect (60). To test whether TbTRF is involved
in TERRA subnuclear localization, we performed TERRA
FISH in TbTRF-depleted cells. To our surprise, we ob-
served fewer TERRA foci when TbTRF was depleted (Fig-
ure 1F, G; Supplementary Figure S1F). Specifically, signif-
icantly larger fractions of TbTRF-depleted cells than WT
cells (in G1, S and G2/M phases) had only one TERRA
focus (Figure 1F, red asterisks), and significantly smaller
fractions of TbTRF-depleted cells than WT cells (in S and
G2/M phases) had two TERRA foci (Figure 1F, red aster-
isks). In addition, significantly smaller fractions of TbTRF-
depleted cells than WT cells (in G1 and S phases) had three
TERRA foci (Figure 1F, red asterisks). On the other hand,
after depletion of TbTRF, there were still significantly more
G1 cells than S or G2/M cells that had only one nuclear
focus (Figure 1F, green asterisks), and there were signifi-
cantly fewer G1 cells than S or G2/M cells that had three
nuclear foci (Figure 1F, green asterisks), indicating that the
cell-cycle regulated TERRA foci number pattern was still
maintained in TbTRF-depleted cells. Therefore, depletion
of TbTRF leads to more cells having a fewer number of
TERRA foci, which is different from the scenario in Hela
cells (60). Furthermore, most of the single TERRA foci
in TbTRF-depleted cells appear much brighter and bigger
than those in WT cells (Figure 1G; Supplementary Fig-
ure S1F). Some nuclei had a very large TERRA focus only
slightly smaller than the nucleolus (Figure 1G; Supplemen-
tary Figure S1F), which was never found in WT cells (Fig-
ure 1A; Supplementary Figure S1E).

TbTRF suppresses the TERRA level but does not change the
transcription origin of TERRA from the active telomere

We frequently observed very large TERRA foci in TbTRF-
depleted cells, suggesting that TbTRF may also regulate the
TERRA level. We first did northern blotting to examine
the TERRA level in TbTRF RNAi cells. The telomerase

RNA (TbTR) (61) level was detected as a loading control.
Uninduced TbTRF RNAi cells had a comparable amount
of TERRA as that in WT cells (Figure 2A, left), while after
the induction for 24 and 30 hrs, the TERRA level was 3.8-
and 4.4-fold of that in uninduced cells, respectively (Fig-
ure 2A, left). We further estimated the average TERRA
size using the telomere length quantification method pub-
lished in (53). In WT cells and TbTRF RNAi cells after
0, 24, and 30 hrs of induction, the average TERRA size
is 3.19, 3.22, 3.44 and 3.35 thousand nucleotides, respec-
tively, indicating that depletion of TbTRF causes a very
subtle change in the TERRA size, if any. As a control,
all RNA signals were abolished when the samples were
treated with RNase A and RNAse One (Figure 2A, left). We
also examined the TERRA level in TbTRF RNAi + F2H-
TbTRF cells (Figure 2A, right), where an ectopic allele
of FLAG-HA-HA (F2H)-tagged WT TbTRF was targeted
to the rDNA spacer region. In these cells, adding doxy-
cycline induced the expression of both TbTRF RNAi and
the ectopic F2H-TbTRF (Supplementary Figure S2A). The
TERRA level in TbTRF RNAi + F2H-TbTRF cells did
not increase upon adding doxycycline (Figure 2A, right),
indicating that the TbTRF RNAi knockdown phenotype
was complemented by the ectopic TbTRF expression. For
a more precise measurement of the TERRA level, we per-
formed slot blot northern hybridization, which showed that
the TERRA level increased 5- to 8-fold upon depletion of
TbTRF in several independent TbTRF RNAi strains (Fig-
ure 2B; Supplementary Figure S2B, C).

TERRA is expressed from the active VSG-adjacent
telomere but not from those adjacent silent VSGs in WT
cells (9). To determine the TERRA origin in TbTRF RNAi
cells, we performed the RT-PCR experiment (Supplemen-
tary Figure S3A) as described previously (9). After using the
CCCTAA repeat-containing TELC20 oligo (9) as a primer
in reverse transcription, we used primers specific for the ac-
tive VSG2 or silent VSG3 and VSG9 genes for PCR analy-
sis. All these VSGs are located within 2 kb from the telom-
eric repeats in different ESs (34). In uninduced TbTRF
RNAi cells, only VSG2-specific primers yielded clear PCR
products (Figure 3A, top), as observed in WT cells (9).
This indicated that TERRA was transcribed from the ac-
tive VSG2-adjacent telomere, as a result of transcription
read-through into the telomere region. In contrast, when us-
ing a TTAGGG repeat-containing TELG20 primer (9) for
reverse transcription, no PCR products were detected for
any genes tested. As a positive control, primers specific for
all actively transcribed genes yielded PCR products when
a random hexamer was used for reverse transcription (Fig-
ure 3A). It is interesting that we detected transcripts con-
taining the 70 bp repeats (Figure 3A; Supplementary Fig-
ure S1A), although previous RNAseq analysis suggests that
WT cells have a very low steady-state level of 70 bp repeat
transcripts (62). Importantly, after depletion of TbTRF, we
observed the same result as that in uninduced cells (Fig-
ure 3A, bottom). No PCR products were obtained using
primers specific to the silent VSG3 or VSG9 genes, indicat-
ing that TERRA was still transcribed from the active ES-
but not silent ES-adjacent telomeres. As a control, PCR us-
ing primers specific for VSG3 and VSG9 amplified their re-
spective genomic sequences in TbTRF RNAi cells both be-
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Figure 2. Depletion of TbTRF results in a higher TERRA level. (A) Northern analysis of TERRA in TbTRF RNAi cells with or without a complementary
F2H-TbTRF allele. Total RNA was isolated from cells after the induction for 0, 24, and 30 hrs. Equal amounts of RNA samples were treated with or without
RNase A and RNase One. TbTR was detected as a loading control. The relative TERRA levels (after normalization against the TbTR level) were quantified
and indicated at the bottom of the blot. Asterisks represent rRNA precursors as non-specific hybridization signals. (B) A representative TERRA slot blot
of samples from S/TRFi cells (TbTRF RNAi in the strain used for VSG switching analysis (44)) with or without a complementary F2H-TbTRF allele.
Total RNA was isolated from cells after the induction for 0, 24 and 48 hrs. Equal amounts of RNA samples were treated with or without RNase A and
RNase One. Tubulin was detected as a loading control. Average signal intensities were calculated from three slot blot analyses and are shown on the right.
P-values of unpaired t-tests are shown.

fore and after the RNAi induction (Supplementary Figure
S3B, left).

The genome sequence of the Lister 427 strain T. brucei
has recently been updated (35). Most subtelomeres of the
megabase chromosomes harbor VSG gene arrays or VSG
ESs. Among these, the VSG arrays and VSGs in silent ESs
are not transcribed in WT cells (37), and only the active
VSG ES and its downstream telomere are transcribed (9).
However, we did not know whether VSG-free telomeres are
transcribed or not. According to the available genome data,
one of the chromosome 11 subtelomeres is free of any VSG
(35). We were able to identify a 200 bp region within 2
kb from the telomere repeats on chromosome 11 to have
a unique sequence. Using primers specific to this chromo-
some 11 subtelomere, we were able to amplify the expected
PCR product using genomic DNA as the template (Sup-
plementary Figure S3B, right). Subsequently, we performed
the same RT-PCR experiment as described above. Both be-
fore and after depletion of TbTRF, the chromosome 11 sub-

telomere primers did not amplify any cDNA product af-
ter using TELC20 as the reverse transcription primer (Fig-
ure 3B), indicating that this VSG-free telomere is not tran-
scribed in WT cells and that depletion of TbTRF does not
lead to its transcription, either.

We previously showed that TERRA is transcribed from
the active VSG-adjacent telomere, presumably as a result of
RNAP I read-through activity (9). To further confirm that
TERRA is an RNAP I transcription product, we treated the
cells with the RNAP I inhibitor BMH-21 for 3 hrs accord-
ing to (63) and performed TERRA northern slot blot hy-
bridization (Figure 3C, left). TbTR was detected as a load-
ing control. Treating cells with BMH-21 for 3 hrs did not af-
fect cell growth (Supplementary Figure S3C) and was able
to deplete the RNA of the VSG pseudogene in ES1 (ψES1)
without affecting the TbTR level (Supplementary Figure
S3D), indicating that BMH-21 specifically blocks RNAP I
transcription as previously reported (63). In TbTRF RNAi
cells, both before and after depletion of TbTRF, we found
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Figure 3. TERRA is transcribed from the active VSG-adjacent telomere in WT and TbTRF-depleted cells. (A) Total RNA was purified from the VSG2-
expressing S/TRFi cells before (top) and after (bottom) induction for 24 hrs and reverse-transcribed using TELC20, TELG20, a random hexamer (as a
positive control), or ddH2O (as a negative control) as the RT primer (labeled beneath each gel). The RT products were PCR amplified using primers specific
to VSG2 (active), VSG3 (silent), VSG9 (silent), 70 bp repeats, tubulin, and rRNA (marked on top of each lane), and the PCR products were separated on
agarose gels. (B) Total RNA was purified from the VSG2-expressing TbTRF RNAi cells before (left) and after (right) induction for 24 hrs and reverse-
transcribed using TELC20, TELG20, and a random hexamer (as a positive control) as the RT primer (labeled beneath each gel). The RT products were
PCR amplified using primers specific to VSG2 (active), VSG3 (silent), tubulin, and a subtelomeric locus on chromosome 11 (Chr11sub) (marked on top
of each lane), and the PCR products were separated on agarose gels. (C) TERRA is sensitive to BMH-21, an RNAP I inhibitor. Left, a representative
TERRA slot blot of samples from TbTRF RNAi cells before and 24 hrs after the induction of TbTRF RNAi with and without the BMH-21 treatment.
TbTR was detected as a control. Right, quantification of relative TERRA levels in TbTRF RNAi cells treated with and without 3 �M BMH-21 for 3 hrs.
Average was calculated from four slot blots. (D) representative images of nuclear TERRA foci in TbTRF RNAi cells treated with and without BMH-21
for 3 hrs.

that the TERRA level decreased dramatically after the cells
were treated with BMH-21 (Figure 3C). Using the TERRA
signal level in uninduced TbTRF RNAi cells without the
BMH-21 treatment as a reference (set as 100%), there was
5% of TERRA left after cells were treated with BMH-21
(Figure 3C, right). The TERRA level increased to >400%
in induced TbTRF RNAi cells before the BMH-21 treat-
ment and decreased to ∼8% after the BMH-21 treatment
(Figure 3C, right). We further performed TERRA FISH

in TbTRF RNAi cells that were treated with or without
BMH-21 for 3 hrs. In both induced and uninduced TbTRF
RNAi cells, the TERRA signal was positive in most cells not
treated with BMH-21 but rarely observed in cells treated
with BMH-21 (Figure 3D). Therefore, the TERRA level
is sensitive to the RNAP I inhibitor BMH-21 in both WT
and TbTRF-depleted cells, confirming that the majority of
TERRA is transcribed by RNAP I from the active VSG-
adjacent telomere.
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TbTRF mildly suppresses the TERRA transcription but does
not affect the TERRA half-life

To explore how TbTRF affects the TERRA level, we mea-
sured the half-life of TERRA. Total RNA was isolated from
WT cells treated with Actinomycin D for various lengths of
time, and TERRA slot blot hybridization was performed.
We found that after treating cells with Actinomycin D for 10
min, >90% of TERRA was degraded. To measure TERRA
half-life more accurately, we treated T. brucei cells for a
much shorter time. TERRA decayed very fast (Figure 4A),
and its half-life is estimated to be ∼60 secs (Figure 4A,
right). We repeated the same experiments in TbTRF RNAi
cells before and after the induction of TbTRF RNAi for
24 hrs. The TERRA half-lives in these cells were approxi-
mately the same as that in WT cells (Figure 4A), indicat-
ing that TbTRF does not regulate TERRA stability. Sub-
sequently, we treated TbTRF RNAi cells (both with and
without a 24-hr doxycycline induction) with BMH-21 for
only 15 min and examined TERRA level with northern slot
blot hybridization (Supplementary Figure S3E). Using the
TERRA signal level in uninduced and untreated TbTRF
RNAi cells as a reference (100%), there was 7% of TERRA
left after the uninduced cells were treated with BMH-21
(Supplementary Figure S3F). The TERRA level increased
to more than 400% in induced TbTRF RNAi cells before
the BMH-21 treatment and decreased to ∼11% after the
BMH-21 treatment (Supplementary Figure S3F). There-
fore, even with a 15-min BMH-21 treatment, the TERRA
level was significantly decreased (Supplementary Figure
S3E, F), further confirming that TERRA’s half-life is very
short.

We also did quantitative RT-PCR (qRT-PCR) to es-
timate the level of the VSG2-TERRA-containing poly-
cistronic transcript, in which TELC20 was used as the re-
verse transcription primer, and VSG2-specific primers were
used in the qPCR (Supplementary Figure S3A). Deple-
tion of TbTRF led to a mild but significant increase in
the level of the VSG2-TERRA-containing transcript (Fig-
ure 4B), suggesting that TbTRF suppresses TERRA tran-
scription. In contrast, the steady-state level of the VSG2
RNA was not increased (Figure 4B). We previously showed
that TbTRF did not affect BF ES-linked VSG mRNA lev-
els (42). Using qRT-PCR, we verified that the RNA levels
of the silent VSGs in BF ESs (which are PTUs with promot-
ers located 40–60 kb upstream, Supplementary Figure S1A,
top) in TbTRF-depleted cells were only ∼1-2 fold of that in
uninduced cells (Fig 4C). However, the RNA levels of VSGs
in metacyclic ESs (which are monocistronic transcription
units with promoters located ∼5 kb upstream, Supplemen-
tary Figure S1A, bottom) were mildly but significantly in-
creased (5- to 6-fold) when TbTRF was depleted (Figure
4C), suggesting that TbTRF is also important for telomeric
silencing but its effect does not spread beyond a few kbs up-
stream of the telomere.

TbTRF suppresses the telomeric R-loop level and helps main-
tain telomere integrity

We previously showed that more telomeric R-loops were
formed in TbRAP1-depleted cells that expressed a higher
level of TERRA (9). Since it is unknown whether a higher

level of TERRA always results in a higher amount of telom-
eric R-loops, we examined the telomeric R-loop level in
TbTRF-depleted cells. We used S9.6, a monoclonal anti-
body specifically recognizing the RNA:DNA hybrid (64),
to pull down genomic R-loops and did Southern hybridiza-
tion using a telomere probe (Figure 5A). Upon induc-
tion of TbTRF RNAi for 24 hrs, we detected an increased
amount of telomeric R-loops compared to that in unin-
duced cells (Figure 5A). Quantification of the slot blot hy-
bridization signals showed that depletion of TbTRF in-
creased the telomeric R-loop level ∼13-fold (Figure 5B).
Therefore, TbTRF suppresses both telomeric R-loop and
TERRA levels.

R-loops frequently induce genome instability and cause
DSBs (65). We next examined whether depletion of TbTRF
increased the amount of DSBs at the telomere. �H2A
(where T130 of histone H2A is phosphorylated) is deposited
at DNA damage sites (66), so we used a �H2A antibody (9)
to estimate the level of DNA damage in TbTRF-depleted
cells. Western analysis showed that the �H2A level in-
creased upon depletion of TbTRF (Figure 5C). As a pos-
itive control, the �H2A level also increased in phleomycin-
treated WT cells (Figure 5C). In addition, in uninduced
TbTRF RNAi cells, only a small fraction (∼10%) of cells
showed the �H2A signal, while after TbTRF depletion,
nearly 90% of cells are positive for the �H2A signal (Fig-
ure 5D). We also performed a ChIP analysis using the
�H2A antibody and hybridized the ChIP product with a
telomeric probe. More telomeric DNA was seen to asso-
ciate with �H2A upon TbTRF depletion (Figure 5E, F),
indicating that the TbTRF depletion indeed resulted in an
increased amount of DNA damage at the telomere. There-
fore, TbTRF has a role in maintaining telomere integrity.
This can also explain why a transient depletion of TbTRF
leads to an increase in the VSG switching frequency (44), as
DSBs at the active VSG vicinity are known to be a potent
inducer for VSG switching (39,40).

RNase H1 is known to resolve telomeric R-loops in T.
brucei (9,67). Therefore, we introduced an inducible ectopic
HA-HA (2HA) tagged RNase H1 in TbTRF+/– RNAi cells.
Adding doxycycline to these cells induces both TbTRF de-
pletion and 2HA-RNase H1 expression (Figure 5C; Sup-
plementary Figure S4A). Importantly, the telomeric R-loop
level only increased ∼5 fold in these cells after adding doxy-
cycline (Figure 5B, I), indicating that overexpression of
2HA-RNase H1 partially suppressed the increase in the
telomeric R-loop level caused by TbTRF depletion. In ad-
dition, induction of TbTRF RNAi resulted in a 4-fold in-
crease in telomere-associated �H2A in TbTRF+/– RNAi
cells but only a 2-fold increase in TbTRF+/– RNAi+2HA-
RNase H1 cells (Figure 5G, H), suggesting that after 2HA-
RNase H1 overexpression, a smaller increase of the telom-
eric R-loop level resulted in a smaller increase of the telom-
eric DNA damage amount. Therefore, TbTRF suppresses
the telomeric R-loop level, which contributes to telomere
integrity maintenance.

TbTRF binds (UUAGGG)n-containing RNA in vitro and in
vivo

To explore how TbTRF regulates the TERRA level, we
performed Electrophoretic Mobility Shift Assays (EMSAs)
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Figure 4. TbTRF suppresses TERRA transcription mildly but does not affect its half-life. (A) The level of TERRA was estimated by northern slot blot
after cells were treated with Actinomycin D for various lengths of time (left). TERRA hybridization signals were quantified by ImageQuant (right).
Average values were calculated from four independent experiments. TbTR was detected as a loading control. In TbTRF RNAi cells, the TERRA level
was estimated before (-Dox) and 24 hrs after induction of TbTRF RNAi (+Dox). (B) The level of the VSG2-TERRA-containing RNA increased mildly
in TbTRF-depleted cells. Reverse transcription was performed using TELC20 (TERRA) and a hexamer containing a random sequence (VSG2) followed
by qPCR using the VSG2-specific primers. The average fold changes in the RNA level were calculated from three to five independent experiments. (C)
Metacyclic ES-linked VSGs were mildly derepressed in TbTRF-depleted cells. qRT-PCR was performed to estimate the relative RNA levels of various BF
ES- and metacyclic ES-linked VSGs. TbTERT mRNA level was estimated as a control. Changes in mVSG397, mVSG531, and mVSG653 RNA levels are
significantly higher (asterisks) than that in the TbTERT RNA level.

to determine whether TbTRF binds TERRA. Recombi-
nant GST-tagged full-length TbTRF (Supplementary Fig-
ure S4B) (41) bound an RNA that contains (UUAGGG)12
(Figure 6A). It also bound a (CCCUAA)12-containing
RNA substrate but much more weakly (Figure 6A, right).
The TbTRF-(UUAGGG)12 complex was competed away
by an unlabeled (UUAGGG)12-containing RNA (Figure
6A, left). In addition, this complex was super-shifted by the
TbTRF antibody (Figure 6A, left) (41), confirming that the
protein-RNA complex contained the TbTRF protein.

We subsequently examined whether TbTRF bound
TERRA in vivo by RNA IP. A significant amount of
TERRA (but not rRNA) was detected in the product of
TbTRF IP using a TbTRF rabbit antibody (Figure 6B) (41).
We also examined whether TbRAP1 (42), TbKU80 (a DNA
end binding factor) (50,68), and TbTERT (the protein com-
ponent of telomerase) (51) had any in vivo TERRA bind-
ing activity. For a better comparison, cells expressing GFP-

tagged TbRAP1, TbTRF, TbKU80 and TbTERT were used
(Supplementary Figure S4C). An additional strain that ex-
pressed a HygromycinR-GFP-TK fusion protein (69) was
used as a negative control (Supplementary Figure S4C).
We detected a significant amount of TERRA in the IP
product using a rabbit GFP antibody (ThermoFisher) in
GFP-TbTRF expressing cells (Figure 6C). As expected, the
HygromycinR-GFP-TK fusion protein did not interact with
TERRA, nor did TbRAP1 or TbTERT bind to TERRA un-
der this condition. However, TbKU80 might interact with
TERRA at a very low level (Figure 6C).

TbTRF’s TERRA binding activity resides in its Myb domain

To determine which functional domain of TbTRF has the
TERRA binding activity, we did EMSAs using various
TbTRF recombinant fragments. We found that two GST-
tagged TbTRF Myb fragments (containing aa 297–357
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Figure 5. Depletion of TbTRF leads to more telomeric R-loops and an increased amount of DNA damage at the telomere. (A, I) A representative Southern
slot blot of input, IgG and S9.6 immunoprecipitated DNA samples in TbTRF+/– RNAi (A) and TbTRF+/– RNAi+2HA-RNase H1 (I) cells before (-Dox)
and after (+Dox) adding doxycycline for 24 hrs. Samples were treated with or without RNase H (ThermoFisher) before IP. A (TTAGGG)n probe was
used in the hybridization. (B) Quantification of the slot blot hybridization signals in both TbTRF+/– RNAi and TbTRF+/– RNAi+2HA-RNase H1 cells.
Enrichment of the telomeric R-loop (over input) was calculated before and after adding doxycycline and the fold changes in this enrichment were plotted
for both cells. Average values were calculated from four to five independent experiments. (C) Western analyses using the HA antibody (HA probe, Santa
Cruz Biotechnologies), a TbTRF rabbit antibody (41), a �H2A rabbit antibody (9), and the tubulin antibody TAT-1 (86) in WT, TbTRF+/– RNAi and
TbTRF+/– RNAi+2HA-RNase H1 cells. (D) Quantification of �H2A IF results. A majority of cells were positive for the �H2A staining after TbTRF
was depleted. (E) ChIP using the �H2A antibody and IgG (as a negative control) were performed in TbTRF RNAi cells before and 24 hrs after the
induction of RNAi. ChIP products were analyzed by slot blot hybridization with a telomere probe. (F) Quantification of three independent �H2A ChIP
results in TbTRF RNAi cells. Averages of telomeric DNA enrichment in the ChIP experiments were calculated. (G) ChIP using the �H2A antibody and
IgG were performed in TbTRF+/– RNAi and TbTRF+/– RNAi+2HA-RNase H1 cells before and 24 hrs after adding doxycycline. ChIP products were
detected by Southern hybridization using a telomere probe. (H) Quantification of three independent �H2A ChIP results in TbTRF+/– RNAi and TbTRF+/–

RNAi+2HA-RNase H1 cells. Enrichment of �H2A at the telomere (over input) was calculated before and after adding doxycycline and the fold changes
in this enrichment were plotted for both cells. In (B), (F) and (H), p-values of unpaired t-test are shown.

and aa 280–382, respectively, Supplementary Figure S4B)
bound to the (UUAGGG)12 RNA (Figure 7A, left). In-
terestingly, the TbTRF-lMyb280-382 fragment was able to
bind both UUAGGG and CCCUAA repeats (Figure 7A,
right), although its affinity for UUAGGG repeats is much
higher (Kd = 268 nM) than that for CCCUAA repeats
(Kd = 17.171 �M). Interestingly, the RNA binding ac-
tivity of TbTRF-lMyb280-382 was increased when its DNA
binding activity was abolished. The TbTRF R298E mu-
tant loses the duplex telomere DNA binding activity (Fig-
ure 7B) (44). Yet, this mutant was still able to bind both

the UUAGGG and CCCUAA repeats and with a higher
affinity (Kd = 5 and 36 nM, respectively), although it
still preferred UUAGGG repeats (Figure 7C). In addition,
when using radiolabeled UUAGGG repeats as the sub-
strate, unlabeled UUAGGG repeats compete better than
CCCUAA repeats (Supplementary Figure S4D). In con-
trast, TbTRF2-161 and TbTRF162-296 (Supplementary Fig-
ure S4B), both of which do not contain the Myb domain,
did not show any robust RNA binding activity (Figure 7D),
indicating that the TERRA-binding activity of TbTRF re-
sides in its Myb domain.
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Figure 6. (A) TbTRF binds to single stranded UUAGGG repeats directly. EMSA was performed using the recombinant GST-tagged TbTRF2-382 (numbers
indicate aa positions) expressed from E. coli (41) and ss(UUAGGG)12 or ss(CCCUAA)12 as the probe. Non-radiolabeled (UUAGGG)12 was added as a
competitor. The amount of TbTRF (ng) used is indicated on top of each lane. (B, C) TbTRF associates with TERRA in vivo. Cell lysates were incubated
with TbTRF antibody (41) (B) or a rabbit anti-GFP antibody (ThermoFisher) (C). RNA was isolated from the IP products and analyzed by slot blot
hybridization with a (CCCTAA)n-containing probe. A representative slot blot is shown at the top. Hybridization with an rRNA probe is used as a negative
control in (B). The average enrichment of the RNA-IP product was calculated from three slot blot hybridizations and is shown at the bottom. P values of
unpaired t-tests are shown in (B) and (C).
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The fact that TbTRF-lMyb280-382R298E binds RNA
substrates with a higher affinity than its WT counter-
part suggests that the TbTRF RNA and DNA bind-
ing interfaces may overlap and the binding activities may
compete with each other. Therefore, we further exam-
ined whether TbTRF bound the double-stranded telom-
ere DNA or the single-stranded TERRA more strongly.
Using radiolabeled ds(TTAGGG)12 or (UUAGGG)12 as
the substrate, we found that competitions from the un-
labeled ds(TTAGGG)12 or (UUAGGG)12 showed sub-
tle differences (Figure 7E–G). Quantification of the
amount of the TbTRF2-382-probe complex in the pres-
ence of various amounts of the competitors indicates that
ds(TTAGGG)12 competes better for TbTRF2-382 binding
than (UUAGGG)12 (Figure 7H). Therefore, the binding
affinity of TbTRF to duplex telomere DNA is stronger than

its affinity to TERRA, and both nucleic acid interaction in-
terfaces may overlap with each other.

DISCUSSION

The TERRA transcription site in T. brucei

TERRA has been identified in multiple organisms (3). In
yeast and mammalian cells, TERRA is transcribed by RNA
Pol II from multiple telomeres (4,11–16). However, our ob-
servations reveal two unique features of TERRA in BF
T. brucei: it is transcribed by RNAP I, and the majority
of it is transcribed from the active VSG-adjacent telom-
ere. First, the TERRA level is not sensitive to 1 mg/ml �-
amanitin (31), and its level decreases ∼95% when the RNAP
I-mediated transcription is inhibited by BMH-21. There-
fore, TERRA is nearly all transcribed by RNAP I in BF T.
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brucei. Second, we previously found that TERRA is tran-
scribed from the telomere downstream of the active ES but
not from those downstream of silent ESs (9), which is con-
firmed in the current study. Third, one of the minichromo-
some subtelomeres has been reported to have an RNAP
I promoter (70), although this has not been verified in
the strain used in this study. Hence, it is possible that this
minichromosome telomere is transcribed. However, ∼60%
of cells in the G1 phase have only one nuclear TERRA fo-
cus, suggesting that transcription of the minichromosome
subtelomere, if any, is at a very low level. Fourth, one of
the chromosome 11 subtelomeres does not harbor any VSG
gene array or VSG ES, and our RT-PCR analysis showed
that TERRA is not transcribed from this telomere. Hence,
RNA Pol II-mediated read-through of subtelomeric PTUs
is unlikely a contributing factor to TERRA transcription in
BF T. brucei. In summary, the majority of TERRA appears
to be transcribed from the active VSG-adjacent telomere by
RNAP I in T. brucei when it proliferates in its mammalian
host, reflecting a significant evolution of TERRA transcrip-
tion from protozoan to metazoan eukaryotes.

The number of nuclear TERRA foci is cell-cycle dependent

We demonstrate that the number of TERRA foci is cell cycle
regulated in T. brucei, which has not been reported in other
TERRA-expressing organisms. Using RNA FISH, we show
that a majority of G1 cells have one or two nuclear TERRA
foci, and the number of nuclear TERRA foci increases as
the cell enters the S and G2/M phases. One possibility is
that after DNA replication, the duplicated active ESs, now
both transcribing TERRA, present two TERRA foci. In-
deed, the active ES is replicated early in the S phase (71).
However, most replicated active ESs appear to be tightly as-
sociated with each other until mitosis, as only one ES tran-
scription site is observed from the S to G2 phases in most
cells (72). Replicated sister chromatids are often positioned
within a short distance from each other, but TERRA foci
are usually dispersed in the nucleus. Therefore, it is unlikely
that the increased number of TERRA foci simply results
from replicated chromatids. We speculate that TERRA can
be recruited to loci away from its transcription site (see be-
low).

In yeast cells, the TERRA level dips in the S phase and
peaks in the G2/M phase (28), while in Hela cells, the
TERRA level is high in G1/S and decreases at the late
S/G2 phase (29,30). Whether the T. brucei TERRA level
also changes throughout the cell cycle is currently unknown.
Although T. brucei cells can be arrested at the S phase by
HU treatment (73), they are poorly synchronized after be-
ing released from HU, possibly due to its atypical cell cycle
control (74). Therefore, it is unclear whether the TERRA
level is cell-cycle regulated in T. brucei.

Does TERRA function in trans?

T. brucei has a large number of chromosomes (11 pairs of
megabase chromosomes, 4–5 intermediate chromosomes,
and ∼100 minichromosomes) and nearly 250 telomeres
(75,76). However, telomeres are heavily clustered in T. bru-
cei, and typically fewer than 10 telomere foci are seen per

nucleus in telomere FISH studies (41,59,77). We frequently
observed that among the few TERRA foci, one (or occa-
sionally two) is noticeably brighter than the rest and is colo-
calized with TbTRF, indicating that TERRA is associated
with the telomere chromatin. We also noticed that in nu-
clei with more than two TERRA foci, the fainter foci are
frequently not colocalized with TbTRF. Since TbTRF is
almost always colocalized with the telomere in combined
IF and FISH analyses (41), this observation indicates that
a subset of TERRA molecules are not associated with the
telomere chromatin, which is similar to what has been de-
scribed in mouse cells (21).

A recent study showed that in human cells TERRA can
be recruited to telomeres in trans (60). It is likely that in T.
brucei, TERRA is also recruited to non-telomeric loci af-
ter its transcription. Interestingly, TbTRF appears to fa-
cilitate the trans-localization of TERRA, as fewer num-
ber of nuclear TERRA foci are seen in cells depleted of
TbTRF. This is different from the scenario in Hela cells,
where both TRF1 and TRF2 suppress trans localization of
TERRA (60). T. brucei has chromosome internal TTAGGG
repeats (35), and it is possible that a small amount of
TbTRF binds these chromosome internal TTAGGG repeat
sequences even though they are not detected in IF/FISH
analysis. Since TbTRF binds TERRA directly both in vivo
and in vitro, one possible role for this protein-RNA interac-
tion is that TbTRF helps to recruit TERRA to loci other
than its transcription site, although TERRA may be re-
cruited by other means as many TbTRF-depleted cells still
have two or three nuclear TERRA foci.

TbTRF has a TERRA binding activity that resides in its Myb
domain

TbTRF is a duplex telomere DNA binding factor that does
not bind single-stranded DNA (41). It is surprising that
TbTRF also has a strong affinity for the UUAGGG repeat-
containing RNA. This TERRA binding activity is differ-
ent from that of mammalian TRF2, which is mediated by
its N-terminal basic GAR domain (78), as TbTRF does
not have an N-terminal basic domain (41). In addition, we
found that the Myb domain of TbTRF, which is responsi-
ble for recognizing the duplex telomere DNA (41), is also
responsible for binding the TERRA RNA. Importantly,
our data indicate that the Myb-mediated RNA binding is
sequence-specific, as TbTRF strongly prefers UUAGGG
to CCCUAA repeats, which is unusual for Myb domains.
Most interestingly, a point mutation that disrupts TbTRF’s
DNA binding activity (44) showed stronger RNA binding
activity, suggesting that the DNA and TERRA binding ac-
tivities of TbTRF may have overlapping (or partially over-
lapping) nucleic acid interaction interfaces. In addition, di-
rect EMSA competition assays showed that TbTRF binds
duplex telomere DNA stronger than TERRA. However,
further investigation is necessary to determine the exact
RNA binding interface in the TbTRF Myb domain.

The duplex telomere DNA and TERRA binding activ-
ities of TbTRF also make TbTRF a good candidate to
recruit/retain TERRA to the TTAGGG repeats, either at
the telomere or at chromosome internal regions. Although
we have not observed any ternary complex of TbTRF with
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both the telomere DNA and the TERRA substrates in
EMSA, TbTRF can interact with itself through its TRFH
domain (41). It is therefore possible that the telomere DNA
and TERRA are brought together by different TbTRF
molecules that interact with each other.

TbTRF suppresses the TERRA level

TERRA has a very short half-life (∼60 secs), which is likely
due to the fact that most TERRA molecules do not have a
poly(A) tail (31). It is worth noting that VSG RNA accounts
for ∼10% of total RNA (79), and RNAP I-mediated VSG
transcription is at a very high level. Therefore, although
TERRA has a very short half-life, there is still a significant
amount of TERRA in the cell at any moment. TbTRF does
not affect the TERRA half-life. However, qRT-PCR results
showed that TbTRF is important for silencing subtelomeric
VSGs located in metacyclic ESs where the promoter is ∼5
kb upstream of the telomere, although TbTRF does not af-
fect BF ES silencing (42). In addition, removal of TbTRF
from the telomere may allow a higher level of RNAP I read-
through into the telomere repeat region. These likely ex-
plain why the level of the VSG2-TERRA-containing poly-
cistronic transcript is mildly increased upon TbTRF de-
pletion. Northern slot blot detected a higher fold increase
in the TERRA level than the qRT-PCR analysis. This is
likely because qRT-PCR only detects the VSG2-TERRA-
containing transcript that has not been trans-spliced. On
the other hand, VSG mRNAs have much longer half-lives
(1-2 hrs) (80) and the active VSG is highly transcribed,
which can explain why the steady state level of VSG2 RNA
was not affected by TbTRF depletion.

TbTRF suppresses the telomeric R-loop level to help maintain
telomere integrity

We showed that TbTRF suppresses the level of the telom-
eric R-loop. Interestingly, human TRF2 has been shown to
facilitate telomeric R-loop formation while human TRF1
inhibits this function of TRF2 (81). Therefore, TbTRF has
a similar effect as TRF1 but a different effect than TRF2 on
telomeric R-loop formation. We hypothesize that TbTRF
suppresses the telomeric R-loop level through two activities.
First, the TbTRF-mediated telomeric silencing [although a
more local effect than that mediated by TbRAP1 (42)] helps
suppress the TERRA level, which in turn helps reduce the
chance of telomeric R-loop formation. Second, it is possi-
ble that the TERRA-binding activity of TbTRF helps to
disperse TERRA from its transcription site, preventing the
accumulation of an excessive amount of TERRA at a sin-
gle telomere and subsequent telomeric R-loop formation.
Indeed, in TbTRF-depleted cells, we frequently observed
a single large TERRA focus, and the number of nuclear
TERRA foci was reduced compared to that in WT cells.
Significantly, suppression of the telomeric R-loop level by
TbTRF is important for maintaining telomere integrity, as
overexpression of RNase H1 partially suppresses the in-
creased telomeric R-loop level and the increased telom-
eric DNA damage amount observed in TbTRF-depleted
cells. Previously we also found that TbRAP1 has a sim-
ilar function and suppresses the telomeric R-loop level,

which contributes to telomere and subtelomere integrity
maintenance (9). In contrast, mammalian TRF2 prevents
non-homologous end-joining (NHEJ)-mediated chromo-
some end-to-end fusions (82,83), suppresses telomere ho-
mologous recombination (84), but promotes the telomeric
R-loop formation (81).

We speculate that telomeres in T. brucei and higher eu-
karyotes do not face the same genotoxic threats. First, the
NHEJ machinery is absent in T. brucei (85), which is ex-
pected to greatly reduce the chance of telomere end fusions
when compared to the situation in yeast and vertebrates.
Second, at least one T. brucei telomere is transcribed at a
very high level by RNAP I, while TERRA is transcribed by
RNA Pol II in yeast and mammals. Presumably, more R-
loops are likely to form at the T. brucei telomere, which are
prone to cause DNA damage and need to be tightly con-
trolled. Therefore, although TbTRF has the same role as its
homologs in protecting natural chromosome ends, the un-
derlying mechanism of TbTRF’s function is different from
that of TRF homologs in yeasts and vertebrates.

It is intriguing that T. brucei telomeres have exactly the
same sequences as those in vertebrates, yet the telomere bi-
ology has many different features in this parasite and higher
eukaryotic cells. Identification of the conserved and unique
aspects of T. brucei telomere biology not only helps us bet-
ter understand the evolution of telomere proteins but also
helps the development of anti-parasite agents in the future.
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