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ABSTRACT

Trypanosoma brucei causes human African try-
panosomiasis and sequentially expresses distinct
VSGs, its major surface antigen, to achieve host im-
mune evasion. VSGs are monoallelically expressed
from subtelomeric loci, and telomere proteins reg-
ulate VSG monoallelic expression and VSG switch-
ing. T. brucei telomerase is essential for telomere
maintenance, but no regulators of telomerase have
been identified. T. brucei appears to lack OB fold-
containing telomere-specific ssDNA binding factors
that are critical for coordinating telomere G- and C-
strand syntheses in higher eukaryotes. We identify
POLIE as a telomere protein essential for telomere
integrity. POLIE-depleted cells have more frequent
VSG gene conversion-mediated VSG switching and
an increased amount of telomeric circles (T-circles),
indicating that POLIE suppresses DNA recombina-
tion at the telomere/subtelomere. POLIE-depletion
elongates telomere 3’ overhangs dramatically, indi-
cating that POLIE is essential for coordinating DNA
syntheses of the two telomere strands. POLIE de-
pletion increases the level of telomerase-dependent
telomere G-strand extension, identifying POLIE as
the first T. brucei telomere protein that suppresses
telomerase. Furthermore, depletion of POLIE results
in an elevated telomeric C-circle level, suggesting
that the telomere C-strand experiences replication
stress and that POLIE may promote telomere C-
strand synthesis. Therefore, T. brucei uses a novel

mechanism to coordinate the telomere G- and C-
strand DNA syntheses.

INTRODUCTION

Telomeres are nucleoprotein complexes at chromosome
ends and are essential for genome integrity and chromo-
some stability (1,2). In most eukaryotes, telomeres consist
of simple repetitive sequences with the TG-rich strand run-
ning 5 to 3’ towards the chromosome end (3) and termi-
nate with a 3’ single-stranded overhang structure (4). Con-
ventional DNA polymerases cannot fully replicate the ends
of linear DNA molecules, resulting in progressive telomere
shortening in proliferating cells (5,6). In most eukaryotes, a
specialized reverse transcriptase, telomerase, can synthesize
the telomere G-rich strand de novo, effectively solving this
‘end replication problem’ (7,8). Telomerase contains a pro-
tein catalytic subunit with a reverse transcriptase activity,
TERT, and a template-harboring RNA subunit, TR (7,8).
Telomerase uses a G-rich single-stranded 3’ DNA end as
its substrate (9,10). Hence, the telomere 3’ overhang is es-
sential for telomerase-mediated telomere extension (4). The
telomere 3’ overhang can also invade the duplex telomere re-
gion of the same telomere to form the T-loop structure (11),
which helps protect the telomere from illegitimate nucle-
olytic degradation and DNA damage repair processes (2).
Therefore, the telomere 3’ overhang structure is essential for
telomere maintenance and chromosome end protection.
Generation of a proper telomere 3’ overhang structure
takes several steps and is tightly regulated by several telom-
ere proteins (4,12). After DNA replication by conventional
DNA polymerases in the S phase, the leading strand telom-
ere synthesis results in a blunt-ended product while the
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lagging strand telomere synthesis results in a short 3" over-
hang after removing the 5 RNA primer. In mammalian
cells, Apollo, a 5’ to 3’ exonuclease, resects the 5 end of
the leading strand product (13), then Exol further resects
the 5 ends of both leading and lagging strand products
(14,15). Subsequently, telomerase acts on the telomere 3’
overhang to elongate the telomere G-strand (9). Finally, a
DNA polymerase, such as DNA polymerase alpha-primase
in mammals, finishes the C-strand fill-in (16). In vertebrates,
yeasts, and plants, OB fold-containing telomere ssDNA
binding proteins such as the POT1/TPP1 complex (17—
20) and the CST complex (vertebrate CTCI/budding yeast
CDC13, STNI1, and TEN1) (21-24) play critical roles in co-
ordinating the telomere G-strand extension and C-strand
fill-in (25). For example, the human TPP1/POT1 complex
binds the telomere 3’ overhang through POT1 (26,27) and
recruits telomerase to the telomere and stimulate telomerase
activity through TPP1 (28-30). In addition, binding of the
CST complex on the telomere 3’ overhang effectively in-
hibits telomerase-mediated telomere extension (31). Simi-
larly, in budding yeasts, CDC13, the single-stranded telom-
ere DNA binding factor, both positively and negatively
regulates telomerase-mediated telomere extension: CDC13
interacts with EST1, a telomerase accessory protein, to
help recruit telomerase to the telomere (32). However, the
binding of the CST complex (CDC13/STN1/TENI1) to
the telomere also prevents the access of telomerase to the
telomere substrate (33). Furthermore, both vertebrate and
yeast CST promotes the telomere C-strand fill-in by directly
interacting with and recruiting DNA polymerase alpha-
primase to the telomere (23,25,34-36). Therefore, telomere
ssDNA binding factors are major players to coordinate the
synthesis of the two telomere strands. However, OB fold-
containing telomere-specific ssDNA binding factors have
not been identified in Trypanosoma brucei, and telomere
end processes are poorly understood in this organism.
Trypanosoma brucei is a protozoan parasite that causes
human African trypanosomiasis. While proliferating in its
mammalian host, bloodstream form (BF) T brucei sequen-
tially expresses immunologically distinct variant surface
glycoproteins (VSGs), its major surface antigen, to evade
the host immune response. 7. brucei has a large V'SG gene
pool with most VSGs in large subtelomeric V'SG arrays
(37), and VSG is expressed exclusively from ~15 subtelom-
eric expression sites (ESs) in a strictly monoallelic manner
(38,39). Telomerase-mediated telomere synthesis is the pre-
dominant mechanism of telomere maintenance in 7. bru-
cei (40-42). T. brucei telomeres also form a T-loop struc-
ture (43). In addition, 7. brucei telomere has a short G-rich
3" overhang (44,45). The telomere structure and telomere
proteins are not only essential for 7. brucei genome stabil-
ity and cell proliferation but are also essential for monoal-
lelic V'SG expression and regulate the VSG switching fre-
quency (46-58). We previously found that 7. brucei has very
short telomere 3’ overhangs (~12 nts) (44,45), suggesting
that the telomere C-strand fill-in is well-coordinated with
the G-strand extension. However, the OB fold-containing
telomere-specific ssDNA binding factors appear to be ab-
sent in the 7. hrucei genome, and so far no telomerase regu-
lators have been identified. Rather, a zinc finger-containing
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protein UMSBP2 that is important for mitochondrial DNA
replication can bind the G-rich telomere ssDNA (59,60).
Depletion of UMSBP2 leads to a decreased G-rich but
an increased C-rich ssDNA signal level and an increased
amount of telomeric circles (60).

Here, we performed both Proteomics of Isolated Chro-
matin Segments (PICh) (61) of the telomere chromatin and
affinity pulled-down the telomere protein complex. We have
identified POLIE as an intrinsic component of the 7. bru-
cei telomere complex that is essential for telomere integrity
and suppresses DNA recombination at the telomere and
subtelomere. Depletion of POLIE elongates telomere 3’
overhangs dramatically, indicating that POLIE helps coor-
dinate telomere G- and C-strand syntheses. Interestingly,
we detected a higher level of telomerase-dependent telom-
ere G-strand extension in POLIE-depleted cells, identifying
POLIE as the first telomere protein that suppresses telom-
erase in 7. brucei. In addition, the increased telomeric C-
circle level in POLIE-depleted cells suggests that these cells
experience telomere C-strand replication stress and that
POLIE also helps ensure telomere C-strand synthesis.

MATERIALS AND METHODS
T. brucei strains

All T. brucei strains used in this study are listed in Table 1.

Generation of TRF™H*/=T[F2*F2H/=: Procyclic form
(PF, the insect stage) 7. brucei WT cells (Lister 427) were
transfected with pSK-TRF-ko-Hyg (46) and pSK-TITF2-ko-
BSD (49) to delete one allele of TRF and TIF2, respec-
tively. The resulting cells were transfected with pSK-F2H-
TRF-Pur-tar and pSK-TIF2-F2H-Phleo-tar (49) to insert
the FLAG-HA-HA (F2H) tag to the N- and the C-terminus
of the remaining allele of TRF and TIF2, respectively.

All bloodstream form (BF, the life cycle stage when T
brucei resides in a mammalian host) 7. brucei strains used
in this study were derived from VSG2-expressing Lister 427
cells that express the T7 polymerase and the Tet repres-
sor (Single Marker, aka SM) (62). The HSTB261 strain
is derived from SM and specifically designed for assay-
ing VSG switching (63), which we renamed as the S strain
for easier reference (49). SM, TIF2*F2H/* (49), and the S
cells were transfected with pSK-POLIE-myc13-Hyg-tar to
tag one endogenous allele of POLIE with a C-terminal 13
x myc. POLIE™* cells were transfected with pZJMpB-
TRF (46) and pZJMB-POLIE to generate POLIE™¢/*
TRF RNAi and POLIE"™*/* RNAI, respectively. The
S cells were transfected with pZJMB-POLIE to generate
S/1Ei followed by transfection with pSK-POLIE-mycl3-
Hyg-tar to generate POLIE™/* S/IEi. S/IEi cells were
also transfected with pLew100v5-POLIE-myc to generate
S/IEi + ecPOLIE-myc. TR/~ cells (41) were transfected
with pZJMB-POLIE to generate TR/~ POLIE RNAi. SM
and POLIE*™¢/* cells were transfected with pSK-POLIE-
ko-BSD to generate POLIE/~ and POLIE™¢/~,

Plasmids

A 500 bp genomic DNA fragment upstream of the TRF
gene, the Puromycin resistance gene (PUR), the o/ tubu-
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Table 1. List of 7. brucei strains used in this study

Strain

Life cycle stage & description of genotype

TRFF2H+/— TIF2+F2H/7
POLIET™e/*

POLIEY/~

POLIEY™Y¢/=
POLIE™ye/+ Tppp*F2H/+
POLIE™/* TRF RNAi
POLIE™°/* RNAi

S (63)

S/ev (49)
S/IEi

POLIE™™¢/* S/IEi

S/1Ei + ecPOLIE-myc

TR/~ (41)
TR/~ POLIE RNAi

PF; one allele of TRF is deleted and the other is N-terminally FLAG-HA-HA (F2H)-tagged; one
allele of TIF2 is deleted and the other is C-terminally F2H-tagged

BF; one allele of POLIE is C-terminally tagged with 13 x myc

BF; one allele of POLIE is deleted

BF; one allele of POLIE is C-terminally tagged with 13 x myc and the other is deleted

BF; one allele of POLIE is C-terminally tagged with 13 x myc; one allele of 77F2 is C-terminally
tagged with F2H

BF; one allele of POLIE is C-terminally tagged with 13 x myc; the Tet-inducible TRF RNAi
expressing construct is integrated into an rDNA spacer

BF; one allele of POLIE is C-terminally tagged with 13 x myc; the Tet-inducible POLIE RNAi
expressing construct is integrated into an rDNA spacer

BF; in the active V/'SG2-containing ES, a BSD marker is inserted immediately downstream of the
ES promoter, a PUR-TK marker is inserted immediately upstream of the V'SG2 gene
(Supplementary Figure S3A)

BF; the active ES has the BSD and PUR-TK markers; the empty RNAI construct is integrated
into an rDNA spacer

BF; the active ES has the BSD and PUR-TK markers; the Tet-inducible POLIE RNAI expressing
construct is integrated into an rDNA spacer

BF; the active ES has the BSD and PUR-TK markers; the Tet-inducible POLIE RNAI expressing
construct is integrated into an rDNA spacer; one allele of POLIE is C-terminally tagged with 13 x
myc

BF; the active ES has the BSD and PUR-TK markers; the Tet-inducible POLIE RNAI expressing
construct is integrated into an rDNA spacer; an inducible ectopic POLIE-myc expressing
construct is integrated into an rDNA spacer

BF; both TR alleles are deleted

BF; both TR alleles are deleted; the Tet-inducible POLIE RNAIi expressing construct is integrated
into an rDNA spacer

lin intergenic sequence, the F2H tag, and a 500 bp fragment
of the TRF gene (encoding its N-terminus) are inserted into
pBluescript SK in this order to generate pSK-F2H-TRF-
Pur-tar.

A 400 bp POLIE gene fragment (encoding its C-
terminus), a 13 x myc tag, the o/ tubulin intergenic se-
quence, the Hygromycin resistance gene (HYG), and a 500
bp genomic DNA fragment downstream of the POLIE gene
were inserted into pBluescript SK in this order to generate
pSK-POLIE-mycl3-Hyg-tar.

A 470 bp DNA fragment at the N-terminus of POLIE
ORF and a 520 bp DNA fragment at the C-terminus of
POLIE ORF were inserted into pZJMB in tandem to gen-
erate pZJMB-POLIE RNAI construct.

The Blasticidin-resistance gene (BSD) flanked by genomic
DNA fragments upstream and downstream of the POLIE
gene, respectively, were inserted into pBluescript SK to
make pSK-POLIE-ko-BSD.

The DNA fragment encoding the full-length POLIE and
a C-terminal 13 x myc tag were inserted into pLew100v5 to
generate pLew100v5-POLIE-myc.

Nuclear fractionation and two-step immunoprecipitation

5 x 1010TRFH+/= T[F2+F2H/= PF cells were harvested by
centrifugation followed by snap freezing in liquid nitrogen.
After thawing cells, the cell pellet was resuspended in the
hypotonic buffer (10 mM HEPES pH 7.9; 10 mM KCI; 2.5
mM MgCly; 1 mM EDTA; 1 mM DTT; Complete protease
inhibitors (Roche), | mM PMSEF, 1 pg/ml Leupeptin, 0.5
mg/ml TLCK, and 1 pg/ml Pesptatin A) and incubated on
ice for 10 min followed by adding 0.2% NP-40. Cells were
homogenized in a glass douncer until ~80% of the cells

were broken. The lysate was overlaid on top of 0.3 ml of
sucrose buffer (0.8 M sucrose in hypotonic buffer) and cen-
trifuged at 7 krpm for 10 min at 4°C. After removing the
top cytosolic and sucrose layers, the nuclear fraction was
resuspended in the TBS buffer (50 mM Tris-HCI, pH 7.4;
420 mM NaCl; Complete protease inhibitors (Roche), 1
mM PMSF, 1 pg/ml Leupeptin, 0.5 mg/ml TLCK and 1
wg/ml Pepstatin A) and digested with Benzonase on ice
for 20 min followed by centrifugation at 13 krpm for 10
min at 4°C. The cell lysate was diluted with 50 mM Tris—
HCI, pH 7.4 so that the final concentration of NaCl reached
150 mM. The cell lysate was pre-cleared with Dynabeads
Protein G (ThermoFisher) then incubated with Anti-FLAG
M2 magnetic beads (Sigma) for 3 h at 4°C. The IP prod-
uct was washed 3 times with TBS-T (50 mM Tris—HClI,
pH7.4; 150 mM NacCl, 0.1% Tween 20) and eluted at room
temperature with 0.6 mg of the FLAG peptide. The elu-
ate was incubated with Dynabeads Protein G conjugated
with the HA monoclonal antibody 12CAS5 (MSKCC Anti-
body & Bioresource Core Facility) for 2 h at 4°C. The IP
product was washed three times with TBS-T, eluted with
0.1 M glycine, pH 2.2 at 56°C followed by neutralization
with 1 M Tris—=HCI pH 9.5. The final eluate was concen-
trated with StrataClean resin (Agilent) before extraction us-
ing 2x SDS buffer and separated in a 10% SDS-PAGE gel
(Bio-Rad). The gel was stained with colloidal Coomassie
brilliant blue followed by mass spectrometry analysis at the
Cleveland Clinic Proteomics and Metabolomics Core. Pro-
teins identified with at least two peptide hits were saved
for further analyses. Proteins identified from WT cells
were considered as the background noise and were elim-
inated from those identified in the TRF2H*/~ T[F2*F2H/~
cells.



Proteomics of isolated chromatin segments (PICh)

PICh was performed according to (61) with modifications.
5 x 10" WT PF cells were harvested and washed with 1
x PBS and HLB (10 mM HEPES pH 7.9; 10 mM KClI; 2.5
mM MgCly; 1 mM EDTA; I mM DTT; Complete protease
inhibitors (Roche), | mM PMSF, 1 pg/ml Leupeptin, 0.5
mg/ml TLCK and 1 pg/ml Pesptatin A). Cells were resus-
pended in HLB, incubated on ice for 10 min, and homoge-
nized with five strokes using a glass douncer. After adding
15% paraformaldehyde in HLB, 15-20 more strokes were
performed. The lysate was centrifuged at 15 000 g in a swing
bucket centrifuge at room temperature for 20 min, and the
pellet was resuspended in 3% paraformaldehyde/1x PBS
with rotation for 15 min followed by three washes using
1 x PBS. The pellet was then washed with the sucrose buffer
(0.3 M Sucrose; 10 mM HEPES-NaOH, pH 7.9; 1% Triton-
X100; 2 mM MgOAc), resuspended in the sucrose buffer
and homogenized in a douncer with 20 strokes, then cen-
trifuged at 15 000 g for 20 min at room temperature. Sub-
sequently, the pellet was washed with 1x PBS/0.5% Tri-
ton X-100, resuspended in 1 x PBS/0.5% Triton X-100/200
ng/ml RNAse A with rotation for 2 h. After two washes
with 1x PBS and one wash with HSLB (10 mM HEPES-
NaOH, pH 7.9; 100 mM NaCl;2mM EDTA; 1 mM EGTA;
0.2% SDS; 0.1% sodium sarkosyl; 1 mM PMSF), the pel-
let was resuspended in HSLB and incubated at room tem-
perature for 15 min, followed by sonication for 13 cycles
(30 s on/off) at maximum intensity in a Bioruptor 300
(Diagenode). Samples were heated to 58°C for 5 min in a
Thermomixer, then spun down at 20 krpm for 15 min at
room temperature. The supernatant was rotated for 2 h with
pre-equilibrated High Capacity Streptavidin Agarose Resin
slurry (Thermo). Then the mixture was centrifuged for 2
min and the supernatant was desalted by filtration with a
Sephacryl S-400 HR column (GE Healthcare), centrifuged
at 16 krpm, followed by adding SDS to a final concentration
of 0.02%. The resulting desalted soluble chromatin was di-
vided into two equal aliquots to which either a telomere spe-
cific [TelG, 5 TTAGGGTTAGGGTTAGGGTTAGGGT
3] or a scrambled (Scr, ¥ GATGTGGATGTGGATGTG
GATGTGG 3') LNA probe was added. Chromatin and
LNA probes were hybridized in a thermocycler (25°C/3
min, 71°C/9 min, 38°C/60 min, 60°C/3 min, 38°C/30 min,
25°C final temperature), then centrifuged, immunoprecipi-
tated, eluted and TCA concentrated. Crosslink reversal was
done by suspending the pellet in LDS NuPAGE sample
buffer + 0.5 M 2-mercaptoethanol and incubating at 99°C
for 25 min. Protein samples were resolved in 4-12% Nu-
PAGE Bis-Tris gels (ThermoFisher), stained with colloidal
Coomassie brilliant blue and stored in sealed packages until
mass spectrometry analysis. Proteins identified with at least
two peptide hits were saved for further analyses. Proteins
identified using the control probe were considered as the
background noise and removed from those identified using
the (TTAGGG)4 LNA probe.

EMS clonogenic survival assay

BF POLIE*™¢/* RNAI cells were grown with or without
doxycycline for 24 h then incubated with 2 mM of ethyl-
methanesulfonate (EMS; Sigma) or DMSO (vehicle) for 2 h.
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Cells were washed three times with warm media and plated
at a concentration of 1 cell/well in 96-well plates followed
by incubation at 37°C. Plating efficiency was calculated as
number of survival clones/total number of wells. Relative
survival rates were calculated as plating efficiency of EMS
treated/plating efficiency of DMSO-treated control for in-
duced and uninduced POLIE RNA:I cells.

UYV and cisplatin sensitivity tests

POLIE"™*/* RNAI cells were incubated with and with-
out doxycycline for 12 h then diluted to a concentration
of 1.5 x 10° cells/ml. Cells were irradiated by 0, 50 J m~2,
or 100 J m~2 UV using the Stratalinker® UV Crosslinker
(Stratagene) or incubated with or without 20 WM cisplatin
(Sigma) for 1 h. Cells were washed free of doxycycline and
cisplatin after the treatment and cell growth was moni-
tored daily with necessary dilutions. Cell relative growth
was calculated using the following formula for cells incu-
bated with and without doxycycline: population doubling
(UV /cisplatin treated)/population doubling (untreated).

VSG switching assay

Cells were maintained in the presence of blasticidin and
puromycin until the start of the assay, when doxycycline was
added to induce POLIE RNAI for 30 h. Cells were grown
for a total of 10.5 population doublings before they were
harvested. Switchers were enriched by passing cells through
a VSG2 antibody-conjugated MACS column and collect-
ing the flow through. To determine plating efficiency, cells
were plated at 1 cell/wellin 3 x 96-well plates without ganci-
clovir (GCV) selection. Switchers were selected by 4 pg/ml
GCYV after they were diluted and distributed in multiple
96-well plates. GCV-resistant switchers were further veri-
fied by western dot-blot analysis using a VSG2 antibody.
The VSG switching rate was calculated by dividing the num-
ber of switchers by the total number of cells at the time of
harvesting and by the number of population doublings and
was further normalized by the plating efficiency. To deter-
mine the switching mechanisms, switchers were analyzed for
their sensitivity to 5 pg/ml and 100 pg/ml blasticidin and
2 pg/ml puromycin. The presence of the BSD and VSG2
genes was determined by PCR using genomic DNA isolated
from the switchers.

Quantitative real-time PCR (qPCR)

For qPCR, total RNA was isolated from 7. brucei cells us-
ing RNAstat-60 (TelTest, Inc.), treated by DNase (Qiagen),
and purified using the RNeasy column (Qiagen). cDNA
was synthesized using a random hexamer and the MMLV
reverse transcriptase (Promega) according to the manufac-
turer’s manual. cDNA and yH2A ChIP product were ana-
lyzed by gPCR on a CFX Connect (Bio-Rad) using SsoAd-
vanced Universal SYBR® Green Supermix (Bio-Rad) ac-
cording to the manufacturer’s manual. gPCR primer se-
quences are listed in Supplementary Table S6.

Immunofluorescence analysis (IF)

IF was performed exactly the same way as described in (64).
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Two-dimensional gel electrophoresis

5 ng of Mbol/Alul digested genomic DNA were sepa-
rated in the first dimension in a 0.4% agarose 1x TBE gel
without EtBr under 40 volts for 18 h at room tempera-
ture. Subsequently, the gel was incubated in 1x TBE/0.3
wg/ml EtBr for 20 min followed by washing with 1x TBE.
DNAs were then excised from the gel, transferred to a sec-
ond 1.1% agarose gel with 1x TBE/0.3 wg/ml EtBr, and
electrophoresed under 150 V at 4°C for 5 h.

The telomeric C-circle (G-circle) assay

The ®29-mediated rolling-circle assay was performed ac-
cording to (65) with minor modifications. 8 g of Alul,
Mbol, and DNase-free RNase A digested genomic DNA
was digested by N Exonuclease and Exonuclease I to re-
move dsDNA. 20 ng of the resulting DNA was incubated
with 7.5 U ®29 DNA polymerase (NEB) in reaction buffer
[1 g/l BSA, 0.05% Tween 20, 0.5mM dATP, 0.5 mM
dGTP (or 0.5 mM dCTP for detecting G-circles) and
0.5mM dTTP, 1x ®29 Buffer] at 30°C for 8 h, then ®29
was heat-inactivated at 65 °C for 20 min. The reaction prod-
ucts were slot blotted onto a Hybond N nylon membrane
(GE Healthcare) followed by hybridization at 50°C with
end-labeled (CCCTAA), to detect C-circles or (TTAGGG),
to detect G-circles.

Native in-gel hybridization

Genomic DNA was treated with or without Exo I (NEB)
and digested with Mbol and Alul. An equal amount
of Exol treated and non-treated DNA was separated by
agarose gel electrophoresis. The DNA-containing agarose
gel was dried at room temperature and hybridized with an
end-labeled (CCCTAA)4 or (TTAGGG)4 probe at 50°C.
After exposing the hybridized gel to a phosphorimager,
the gel was denatured, neutralized, and hybridized with
the same oligo probe at 55°C followed by exposure to
a phosphorimager. The hybridization signals were quan-
tified using ImageQuant. The telomere 3’ overhang level
was calculated by dividing the amount of native hybridiza-
tion signal by the amount of post-denaturation hybridiza-
tion signal. Alternatively, DNA plugs were prepared ac-
cording to (46). Intact 7. brucei chromosomes were sepa-
rated by pulsed-field gel electrophoresis according to (49).
The DNA-containing gel was dried and hybridized with the
(CCCTAA), or (TTAGGG), probe the same way as de-
scribed above.

EdU-labeling

Exponentially growing BF T. brucei cells (0.7-0.9 x 10°
cells/ml) were incubated with 150 pM S-ethynyl-2’-
deoxyuridine (EdU) (Click Chemistry Tools) for 3 h be-
fore genomic DNA was isolated. DNA was sonicated to
400-1000 bp fragments. EdU-labeled DNA fragments were
conjugated with desthiobiotin using the Click chemistry
reagent (2 mM desthiobiotin-Azide, 100 mM/500 mM
CuSO4/THPTA, 50 mM Na-Ascorbate, 100 mM HEPES
pH 7 and 10% DMSO). The desthiobiotin conjugated

DNA was pulled-down using streptavidin beads (Ther-
mokFisher) and eluted from the beads using biotin. The
eluted DNA was dot-blotted onto a Hybond N nylon mem-
brane (GE Healthcare) and hybridized with telomere and
tubulin probes at 65°C. The blot was exposed to a phospho-
rimager and the signals were quantified using ImageQuant.

Strand-specific telomere probe preparation

The radioactive (CCCTAA), probe was synthesized by
Klenow using an 800 bp TTAGGG repeat dsDNA as the
template and a random hexamer as the primer. Only dATP,
dTTP, and radioactive dCTP were included in the reaction.
The radioactive (TTAGGQG),, probe was similarly synthe-
sized except dATP, dTTP and radioactive dGTP were in-
cluded in the reaction.

RNAseq and data analysis

Total RNA was isolated and purified through RNeasy
columns (Qiagen) from POLIE*™¢<* RNAI cells before
and after 30 h of RNAI induction with two biological repli-
cates. All RNA samples were run on a BioAnalyzer 2100
(Agilent Technologies) using the Agilent RNA 6000 nano
kit to verify the RNA quality before they were sent to Novo-
gene for library preparation and RNA high throughput se-
quencing followed by bioinformatic analysis the same way
as described in (52).

RESULTS

Identifying 7. brucei telomere components by PICh and
TRF/TIF2 IP

We have identified several Shelterin homologs but not
OB fold-containing telomere-specific ssDNA binding fac-
tors in 7. brucei (46,47,49). In search of additional telom-
ere factors, we first pulled-down the telomere complex
through known telomere proteins, TRF (46) and TIF2
(49). We deleted one allele of TRF and T1F2 and tagged
the other with a FLAG-HA-HA epitope in the pro-
cyclic form (PF, the insect stage) 7. brucei cells to es-
tablish the TRFF2H*/= TTF2*F2H/= strain (Table 1). In the
TRFPHH/=TIF2*F2H/= and WT cells (as a negative con-
trol), nuclear extracts were sequentially immunoprecipi-
tated (IPed) with the FLAG monoclonal antibody M2
and HA monoclonal antibody 12CAS5, and the final IP
products were analyzed by mass spectrometry (Supple-
mentary Figure S1, left). We also isolated the telomere
chromatin by Proteomics of Isolated Chromatin segments
(PICh) (61). Using labeled LNA probes containing either
the (TTAGGG),4 sequence or a scrambled sequence (as a
negative control), we pulled-down the telomere chromatin
and analyzed its protein components by mass spectrome-
try (Supplementary Figure S1, right). IP and PICh identi-
fied >800 proteins each (Tables S1-S4), and 282 proteins
were identified in both (Figure 1A, Supplementary Table
S5), which are considered meaningful hits. Among these,
DNA polymerase IE (POLIE, Tb927.11.5550; Uniprot Ac-
cession: Q385L3) (66,67) is one of the most abundant. In
a previous independent F2H-TRF pull-down experiment
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Figure 1. POLIE is an intrinsic component of the 7. brucei telomere complex. (A) Venn diagram showing the number of protein candidates identified in IP
of the TRF/TIF2 protein complex and in PICh. (B & C) IP using the myc antibody 9E10 (MSKCC Antibody & Bioresource Core Facility) (B) and a TRF
rabbit antibody (46) (C) or IgG (as a negative control in both) in POLIET™</* TTF2F2H/* cells. Western analyses were performed using the myc antibody
9E10, the HA antibody (HA probe, Santa Cruz Biotechnologies), and a TRF chicken antibody (47). (D) Quantification of ChIP results using the myc
antibody 9E10, a TRF rabbit antibody (46), and IgG (as a negative control) in POLIET™</* cells. Average enrichment (ChIP/Input) was calculated from
three to four independent experiments. (E) IF in POLIET™¢/* cells using the myc antibody 9E10 and a TRF rabbit antibody (46). DNA was stained with
DAPI. All panels are of the same scale and the size bar is shown in one panel. Representative cells in various cell cycle stages are shown. (F) Quantification
results of POLIE-myc and TRF ChIP in POLIE™Y¢/* TRF RNAI cells before (-Dox) and after (+Dox) the induction of TRF RNAI. Average enrichment
(ChIP/Input) was calculated from three independent experiments. P values of unpaired #-tests are shown in (D) and (F). In this and other figures, error

bars represent standard deviation.

(49), we also identified POLIE as one of the most abun-
dant proteins in the TRF complex, prompting us to con-
tinue to characterize POLIE’s telomere functions. In ad-
dition, we have identified 7. brucei TRF (46), TIF2 (49),
RAP1 (47), Ku70/80 (68,69), UMSBP2 (60), PIPSPase (70),
TDP1 (71), VEXI1 (72), NUP98, NUP96, NUP152, SMCI1,
SMC3, SMC4, PPL2 (66,73), TelAP1 (66), all core histones,
H3v, H4v, H2AZ and H2BYV in the telomere PICh.

T. brucei POLIE is an intrinsic telomere component and sup-
presses VSG switching by maintaining telomere integrity

To verify that POLIE is an intrinsic component of the
telomere complex, we tagged one endogenous POLIE al-
lele with a C-terminal 13x myc tag and established BF 7.
brucei POLIEY™¢/* POLIE"/~ and POLIE™/~ strains
(Table 1). These and WT cells grew at nearly identical rates
(Supplementary Figure S2A). POLIE*™¢/~ also hasa WT
telomere 3’ overhang structure (see below, Supplementary
Figure S6), indicating that POLIE-myc is functional. In
POLIE™*/* TIF2*F2H/* cells (Table 1, Supplementary Fig-
ure S2B), IP of POLIE-myc using the myc monoclonal anti-
body 9E10 pulled-down TIF2-F2H and TRF (Figure 1B).
Similarly, POLIE-myc and TIF2-F2H were present in the

TRF IP (Figure 1C), confirming that POLIE, TRF and
TIF2 are in the same protein complex. In POLIE™¢/*
cells, we performed ChIP using the myc antibody and ob-
served that POLIE-myc is associated with the telomere
chromatin (Figure 1D; S2C). We also performed the Im-
munofluorescence (IF) analysis in POLIE™/" cells using
the myc and TRF antibodies (46). TRF is almost always
colocalized with the telomere in the combined IF/FISH
analysis (46). Hence, TRF was stained to mark the telomere.
POLIE-myc was colocalized with TRF throughout the cell
cycle (Figure 1E). These observations confirm that POLIE
is an intrinsic component of the telomere complex. We fur-
ther investigated whether the association of POLIE with
the telomere chromatin depends on TRF, which has a du-
plex telomere DNA binding activity (46). ChIP was per-
formed in POLIE*™¢/* TRF RNAI cells (Table 1) before
and after induction of TRF RNAI for 24 hrs, and ChIP
products were hybridized with telomere and tubulin probes.
TRF was successfully depleted from the telomere chro-
matin (Figure 1F; Supplementary Figure S2, D-F). How-
ever, POLIE still remained at the telomere after TRF de-
pletion (Figure 1F; Supplementary Figure S2, D-F). There-
fore, POLIE is localized to the telomere independent of
TRFE.
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To examine functions of POLIE, we introduced the in-
ducible POLIE RNAI construct into the POLIE*™¢/* cells
to establish the POLIET™</* RNAI strain (Table 1). Sig-
nificant depletion of POLIE-myc (Figure 2A) and a growth
arrest by 24 h (Figure 2B) were observed upon induction
of POLIE RNAIi by doxycycline, confirming that POLIE
is essential for cell proliferation (67). POLIE is an A family
DNA polymerase, homologous to the mammalian Pol6 and
Polv within their C-terminal DNA polymerase domains
(67), while Pol8 and Polv play important roles in DNA dam-
age repair (74,75). Therefore, we examined whether POLIE-
depleted cells were sensitive to DNA damaging agents. In
the POLIE™/* RNAIi cells, RNAi was induced for 0
and 24 h followed by treatment with 2 mM EMS (a DNA
alkylating agent) for 2 h, and a clonogenic survival assay
was performed. Cells depleted of POLIE exhibited a sig-
nificantly reduced survival rate than uninduced cells (Fig-
ure 2C). In addition, POLIE™/* RNAI cells were in-
duced for 12 h and incubated with cisplatin (causes inter-
strand crosslinks) or irradiated with UV light (causes cy-
clobutane pyrimidine dimers), and cell growth was moni-
tored (Supplementary Figure S2G, H). Cells treated with
cisplatin had a poorer relative growth (treated/untreated)
in POLIE RNAI induced cells than in uninduced cells
(Figure 2D). Similarly, after UV irradiation, the relative
growth (irradiated /un-irradiated) is significantly poorer for
POLIE-depleted cells compared to uninduced cells (Sup-
plementary Figure S2I). Therefore, POLIE appears to play
an important role in EMS, UV, and cisplatin-induced DNA
damage repair in 7. brucei.

Since POLIE is a telomere protein, we further examined
its role in telomere integrity. Western analysis detected no
changes in the levels of TRF and RAP1, two telomere pro-
teins (46,47), but an increased amount of yH2A, a marker
of damaged DNA (76), upon POLIE depletion (Figure
2E). IF using a yH2A antibody (50) showed that >90% of
POLIE-depleted and ~10% uninduced POLIE RNAI cells
exhibited a positive yH2A signal (Figure 2F). ChIP analy-
sis using the y H2A antibody (50) showed that significantly
more yH2A was associated with the telomere chromatin af-
ter depletion of POLIE (Figure 2G; S2J). In addition, we
analyzed the yH2A ChIP product by quantitative PCR us-
ing primers specific to the active VSG2, silent V'SGI6 and
mVSG531, the 70 bp repeats in the active ES (70 bp BES),
the 70 bp repeats in a silent ES (70 bp telo), rDNA, and a
chromosome internal gene SNA P50 (the latter two as con-
trols). Depletion of POLIE resulted in an increased amount
of yH2A associated with the subtelomere but not with chro-
mosome internal loci (Figure 2H).

DNA double-strand breaks (DSBs) at or near the active
VSG locus are a potent inducer for VSG switching (77,78).
To estimate the VSG switching rate upon POLIE depletion
(Supplementary Figure S3A), we introduced the POLIE
RNAI construct into a strain specifically established for an-
alyzing VSG switching (which we refer to as strain S) (63)
to create S/IFEi (Table 1). Because recovering VSG switch-
ers relies on cell proliferation, we only induced POLIE
RNAI for 30 h followed by removal of doxycycline from the
medium by extensive washing. The S strain has a puromycin
resistance (PUR) gene fused with a thymidine kinase (TK)
gene immediately upstream of the active V'SG (Supplemen-
tary Figure S3A). Switchers are expected to lose the TK ex-

pression and can be selected by ganciclovir (GCV) (79). Re-
moval of doxycycline after 30 h of induction allowed cells
to recover, and these cells were still responsive to doxycy-
cline upon repeated treatment (Supplementary Figure S3B).
As a control, we tagged one endogenous POLIE allele
with the C-terminal 13 x myc to establish the POLIE™*/*
S/IEi strain (Table 1). Western analysis showed depletion
of POLIE-myc upon induction of POLIE RNAIi and the
recovery of the POLIE-myc protein level after removal of
doxycycline (Supplementary Figure S3C). Transient deple-
tion of POLIE resulted in an ~3-fold higher VSG switching
rate when compared to the S/ev control strain (Figure 21),
indicating that POLIE suppresses VSG switching. To con-
firm that this phenotype is specifically due to the depletion
of POLIE, we established the S/IEi + ecPOLIE-myc strain
that carries an ectopic POLIFE allele (Table 1). Adding doxy-
cycline induced both POLIE RNAI and the expression of
the ectopic POLIE-myc (Supplementary Figure S3D). The
VSG switching rate in S/IEi + ecPOLIE-myc cells is sig-
nificantly lower than that in S/IFEi cells and similar to that
in S/ev cells when all cells were induced by doxycycline for
30 h (Figure 2I), confirming that the more frequent VSG
switching phenotype was specifically caused by POLIE de-
pletion. We also determined the VSG switching pathways in
all obtained switchers (Supplementary Figure S3A). In the
S/ev control cells, a small fraction of the switchers arose
from in situ switch (5%) and crossover (10%), while VSG
gene conversion (43%) and ES gene conversion/ES loss + in
situ events (42%) were more popular (Figure 2J; Supplemen-
tary Figure S3A). In contrast, in cells depleted of POLIE,
in situ switcher and crossover events were absent, a small
fraction of switchers arose from ES gene conversion/ES
loss + in situ events (12%), while V'SG gene conversion be-
came the predominant switching event (88%) (Figure 2J;
Supplementary Figure S3A). Therefore, POLIE suppresses
V'SG gene conversion by maintaining telomere integrity.

We further examined the transcriptomic profile in
POLIE-depleted cells. Total RNA was isolated from
POLIEY™*/* RNAI cells after RNAi was induced for 0 and
30 h, and poly(A) RNA was enriched for making cDNA li-
braries followed by high throughput RNA sequencing anal-
ysis (Novogene Inc.). A small number of genes were either
upregulated or downregulated upon depletion of POLIE
(Supplementary Figure S4A). Most of the affected genes are
V'SGs (Supplementary Figure S4B), which was verified by
quantitative RT-PCR (Supplementary Figure S4C). To ver-
ify that the upregulation of silent V'SGs is not simply a con-
sequence of more frequent VSG switching, we performed
IF analysis and observed co-expression of originally silent
VSG6 and VSG3 in individual cells upon POLIE deple-
tion (Supplementary Figure S4D), strongly suggesting that
POLIE depletion induced a true VSG derepression pheno-
type. We notice that VSG3 proteins have not been all de-
posited onto the cell surface, suggesting that it may be only
mildly derepressed.

POLIE-depleted cells have an increased amount of telomeric
circles and elongated telomere 3’ overhangs

We speculated that, in addition to suppressing subtelomere
DNA recombination, POLIE may also suppress telomere
recombination. Intratelomeric homologous recombination
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Figure 2. POLIE is essential for maintaining telomere integrity and suppresses VSG switching. (A) Western blotting showing depletion of POLIE-myc in
POLIET™/* RNAI cells. (B) Growth curves of POLIET™¢/* RNAI cells without (-Dox) and with (+Dox) the induction of RNAi. (C) POLIE-depleted
cells are more sensitive to EMS treatment. Survival of EMS-treated cells was calculated as a percentage of untreated cells with and without induction
of POLIE RNAI by doxycycline. Average was calculated from three independent experiments. (D) POLIEY™¢/* RNAI cells incubated with or without
doxycycline for 12 h were treated with and without 20 wM cisplatin for 1 h before cells were washed free of doxycycline and cisplatin. Relative growth
(treated/untreated) was calculated from three independent experiments. Asterisks indicate significant differences between relative growths of uninduced
and induced cells. (E) Western blotting of whole cell lysate isolated from POLIE*™¢/* RNAI cells before and after the induction of POLIE RNAi. The
myc antibody 9E10, a TRF rabbit antibody (46), a RAPI rabbit antibody (47), and a yH2A rabbit antibody (50) were used. (F) Quantification of the
percent of POLIE™™/* RNAI cells that are positive for the y H2A signal in IF before and after the induction of POLIE RNAi for 24 hrs. Total number of
counted cells is indicated above each column. (G) Quantification of yH2A ChIP results. The average enrichment of yH2A at the telomere (ChIP/Input)
was calculated from five independent experiments. (H) The yH2A ChIP products were analyzed by quantitative PCR using primers specific to various gene
loci (indicated at the bottom), all of which except rDNA and SNAP50 are at the subtelomere. The average enrichment of y H2A at each indicated locus was
calculated from five to seven independent experiments. (I) VSG switching rates in the indicated strains. (J) Percent of various VSG switching mechanisms
in the indicated strains. The total number of switchers characterized in each strain is listed on top of each column. P-values of unpaired #-tests are shown
in (C), (F), (G), (H) and ().
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(HR), such as excision of the T-loop structure, can result
in extra chromosomal telomeric circles (T-circles) (80). We
performed 2D gel electrophoresis to separate circular from
linear DNA molecules followed by Southern hybridiza-
tion with a telomere probe. In uninduced POLIE RNAIi
cells, there is only a faint signal representing the telomere
sequence-containing circular DNA (Figure 3A, B). After
depletion of POLIE, the T-circle signal was much stronger
(Figure 3A, C), suggesting that POLIE suppresses telomere
recombination.

The active VSG-adjacent telomere is transcribed by
RNA polymerase I into telomeric repeat-containing RNA
(TERRA) in T. brucei (50,51). TERRA has a propensity to
form the telomeric R-loop (TRL) (81), and we have shown
that an excessive amount of TRL induces more frequent
telomere/subtelomere recombination (50,51). Since POLIE
depletion induced a mild VSG derepression (Supplemen-
tary Figure S4), we suspected that depletion of POLIE
could also increase the TERRA level. To our surprise, we
detected a lower level of TERRA after POLIE depletion in
both Northern and slot blot hybridizations (Figure 3D-F).
Therefore, it is unlikely that the increased level of telomere
and subtelomere recombination is caused by an increased
TRL level in POLIE-depleted cells.

The single-stranded telomere 3’ overhangs can invade a
homologous sequence and induce HR (82). Therefore, we
tested whether depletion of POLIE affected the telomere
3’ overhang structure. Using the native in-gel hybridization
analysis, we detected a very faint telomere 3’ overhang sig-
nal in WT cells (Figure 4A), confirming our previous ob-
servations (44,45). Depletion of POLIE led to an ~19-fold
more intense telomere 3’ overhang signal (Figure 4A, C),
which was sensitive to Exo I, a 3’ to 5 ssDNA specific
exonuclease (Figure 4A), indicating that the signal we de-
tected was indeed from the telomere 3’ overhang. In ad-
dition, only the (CCCTAA), probe detected overhang sig-
nals (Figure 4A), while the (TTAGGG), probe did not (Fig-
ure 4B), confirming that the 7. brucei telomere overhang
has a G-rich sequence (44,45). We also performed Pulsed-
Field Gel Electrophoresis (PFGE) to separate intact 7. bru-
cei chromosomes and performed the same native in-gel hy-
bridization. Only G-rich telomere overhang signals were
detected, and POLIE depletion again increased the inten-
sity of the telomere 3’ overhang signal significantly (Sup-
plementary Figure S5A). Furthermore, the EtBr-stained
gel and the post-denaturation hybridization showed more
smeary DNA species in POLIE-depleted cells than in WT
and uninduced POLIE RNAIi cells (Supplementary Fig-
ure SSA, left and right), further indicating that depletion
of POLIE led to an increased amount of telomere DNA
degradation. These observations suggest that POLIE nor-
mally suppresses the telomere recombination by limiting
the length of the telomere 3’ overhang. As a control, we
have also examined the telomere 3’ overhang structure in
POLIE*™~ and S/IEi + ecPOLIE-myc cells. As shown in
Supplementary Figure S6, the telomere 3’ overhang level in
POLIE*™*/~ and S/IEi + ecPOLIE-myc cells are compa-
rable to that in WT cells, indicating that POLIE-myc retains
POLIE’s key telomere function and that ectopic POLIE-
myc can complement phenotypes in POLIE-depleted
cells.

The telomerase-mediated telomere G-strand synthesis is
expected to elongate the telomere 3’ overhang length (4).
In addition, we previously found that the telomere 3’ over-
hang is lost in telomerase null 7! brucei cells (45). To exam-
ine whether the elongated telomere 3’ overhang in POLIE-
depleted cells depends on telomerase, we established the
TR~/~ POLIE RNAI strain (Table 1). Although the telom-
ere 3’ overhang signal in uninduced TR~/~ POLIE RNAIi
cells was essentially undetectable (Figure 4D, left), an ~17-
fold higher level of the telomere 3’ overhang signal was
observed upon depletion of POLIE (Figure 4D, E). Simi-
larly, PFGE of intact chromosomes followed by native in-
gel hybridization showed the same elongated telomere 3’
overhang phenotype upon POLIE depletion in the TR/~
background (Supplementary Figure S5B, C). As expected,
no (TTAGGG), hybridization signal was detected in the
TR/~ background, either (Figure 4D, right; Supplemen-
tary Figure S5C). Therefore, the elongated telomere 3’ over-
hang phenotype in POLIE-depleted cells is not dependent
on the telomerase activity.

Depletion of POLIE increases telomere G-strand synthesis in
a telomerase-dependent manner

WT T brucei cells have very short telomere 3’ overhangs
(44,45), suggesting that the telomere G- and C-strand syn-
thesis is well-coordinated. To investigate how telomere 3’
overhangs were elongated in POLIE-depleted cells, we ex-
amined the telomere DNA synthesis. Labeling cells with
BrdU for one cell cycle followed by CsCl gradient cen-
trifugation should be able to separate the leading and lag-
ging telomere DNA synthesis products, because one telom-
ere strand has two Ts per TTAGGG repeat and the other
strand one T per CCCTAA repeat (83). However, BrdU
incorporation in 7. brucei is frequently at very low effi-
ciency (84) and appears to be toxic at a high level (85).
In addition, although 7. brucei cells can be arrested at the
S phase by hydroxyurea (HU), they are poorly synchro-
nized after HU release, possibly due to the atypical cell
cycle control in these cells (86). Therefore, we used EAdU-
labeling to examine the telomere DNA synthesis in asyn-
chronous cells, and most of the incorporated EdU signal
is expected to result from DNA replication in the S phase.
POLIE depletion leads to cell growth arrest by 24 h af-
ter induction, which interferes with the EAU incorporation.
Hence, POLIE™¢/* RNAI cells were only induced 12 h be-
fore the cells were labeled with EAU for 3 h. EdU-labeled
DNA was conjugated to desthiobiotin by the CLICK chem-
istry, pulled-down by streptavidin beads, and detected by
hybridization with telomere and tubulin probes. Because
the two telomere strands contain either G or C but not
both, we used radioactive dCTP-labeled (CCCTAA), and
radioactive dGTP-labeled (TTAGGG), probes to specifi-
cally detect the G- and C-strand telomere DNA, respec-
tively. Depletion of POLIE did not affect tubulin DNA syn-
thesis (Figure 5SA, B; Supplementary Figure S7). Interest-
ingly, POLIE-depletion resulted in a mild and significant in-
crease in the telomere G-strand DNA synthesis (Figure 5A,
B; Supplementary Figure S7). POLIE-depletion appeared
to also decrease the telomere C-strand synthesis (Figure SA,
B; Supplementary Figure S7), but the decrease was not sig-



Nucleic Acids Research, 2022, Vol. 50, No. 4 2045

A POLIE*myci+ RNAI
-Dox +Dox
—>» 1st dimension
¢ L L
- :
ko]
1))
c
(0]
: \
© \
© h
< 5
N -
£
B circular D POLIE*™MY/* RNAI E POLIE*™MYC/* RNAI

C
POLIE*‘(T’YC/* RNAI

=13 =]
$12 S
5° S J[
Y n
=10 o
£ 8
E 6 05—
2
o 4
o
'_

0

- * — —

Dox

linear -t -
kb
oa

RNase - + RNase
+ Dox - <
i
X * =
o
[m]
o
'_
< + -
¥ F
& T  POLIE*™C* RNAi
o<
= 150+
© p = 0.0285
o | —
é’IOO— —-—
4 €
f
o 504
=
=
& o—
TR - +
Dox

Figure 3. Depletion of POLIE leads to an increased amount of T-circles. (A) 2D gel electrophoresis of Alul/Mbol digested genomic DNA isolated from
POLIET™¢/* RNAI cells before (-Dox) and after (+Dox) 24-h of RNAi induction. Arrowheads indicate the circular telomere DNA. (B) A diagram showing
expected migration patterns of linear and circular DNAs in 2D electrophoresis (60). (C) Quantification of Southern results after 2D electrophoresis. The
average T-circle amount (percent of total telomeric DNA) was calculated from six independent experiments. (D) Northern hybridization detecting TERRA
in POLIE™™¢/* RNAI cells before (-Dox) and after (+Dox) the RNAi induction. The rRNA precursors are very abundant and shown as non-specific
bands (three bands between 1.6 and 2.5 kb) overlapping with the TERRA species. The telomerase RNA component, TR, was detected as a loading control.
(E) A representative slot blot detecting TERRA in POLIEY™¢/* RNAI cells. TR was detected as a loading control. (F) Quantification of relative TERRA
levels in POLIE™¢/* RNAI cells (normalized against the TR level). Average was calculated from three independent experiments. P values of unpaired

t-tests are shown in (C) and (F).

nificantly different from that of the tubulin DNA (Figure
5B). We further performed telomere Southern analysis in
POLIE™¢/* RNAI cells. However, within 24 h of POLIE
RNAIi induction, no significant telomere length change was
observed (Figure 5C).

Telomerase can synthesize the telomere G-strand DNA
de novo. To examine whether the increased level of telomere
G-strand synthesis in POLIE-depleted cells is telomerase-
dependent, we performed the EdU-labeling in TR/~
POLIE RNAI cells. We found that POLIE depletion no
longer increased the telomere G-strand synthesis in the TR
null background (Figure 5D, E), indicating that the higher

level of the telomere G-strand synthesis was due to exces-
sive telomerase-mediated telomere G-strand extension in
POLIE-depleted cells. Therefore, POLIE is the first telom-
ere protein in 7" brucei that has been identified to suppress
telomerase.

POLIE depletion increases the telomeric C-circle level

POLIE depletion may affect the telomere C-strand fill-in,
but the EdU-labeling experiment was not sensitive enough
to show a significant change (Figure SA, B; Supplementary
Figure S7). Therefore, we examined whether POLIE deple-



2046 Nucleic Acids Research, 2022, Vol. 50, No. 4

A Exo | B

- + Exol - + - + Exol + Exol
POLIE,_POLIE POLIE,_POLIE POLIE,_POLIE POLIE,_POLIE D TR TR
= RNAi = RNAi = RNAi = RNAI = RNAi = RNAi = RNAi = RNAI POLIE RNAI POLIE RNAI
-+ -+ Dox -+ - +Dox -+ - +Dox -+ - +Dox -+ - +Dox - + - +Dox
- — - m sy Cc "
2y~
2E30 g
= I
g 225 H
33
kb kb o §20 %]
> i
ko ko 15.0 — 15.0— B 58 ;
15.0— 15.0—. g N | -
' 10.0 — 10.0— = S'w i !' ==
10.0— 10.0— . i ik e £10 -
8.0 8.0 %5 B <
8.0— 8.0— 9 70— 7.0— z2E5 e =
7.0 7.0 6.0— 6.0— 2T b b
6.0— 6.0— 220" Tp. - e
5.0- 50— 50— 5.0— E  POLIE™ RNAI e
K] ~N
4.0— 40— 40— 4.0— 20 +4
§718
@
<
3.0— 3.0— 30— 30— g 14
o
"2 10
2
6
20— 20— S 4
20— 20— ° 5
=
1.5— 15— (Té 0 /+ Dox
. ' 15 1.5 POLIE RNA
native denatured native denatured | native denatured native denatured
Probe (CCCTAA), (TTAGGG), Probe: (CCCTAA), (TTAGGG)4
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and after (+Dox) POLIE RNAI induction. The average telomere 3’ overhang level was calculated from three to six independent experiments. P values of

unpaired -tests are shown in (C) and (E).

tion affected the telomeric C-circle level, as defects in telom-
ere C-strand replication can lead to an increased amount
of telomeric C-circles (Supplementary Figure S8A) (87).
We performed the ®29 DNA polymerase-mediated telom-
eric C-circle assay (Supplementary Figure S§B), which does
not amplify T-circles because both strands of T-circles have
nicks (65). We found that POLIE depletion led to a 6.7-
fold increase in the amount of telomeric C-circles but did
not affect the telomeric G-circle level (Figure 6; Supplemen-
tary Figure S§B). In telomerase-negative ALT cancer cells,
telomere recombination is a predominant mechanism of
telomere length maintenance, and telomeric C-circles are a
hallmark of telomere recombination and ALT activity (65).
Therefore, we examined whether deleting the telomerase
further increased the telomeric C-circle level in POLIE-
depleted cells. Unexpectedly, TR/~ cells had a lower level
of telomeric C-circles than WT cells (Figure 6), and unin-
duced TR~/~ POLIE RNAI cells also had a lower level of
telomeric C-circles than uninduced POLIE RNAI cells (Fig-
ure 6B). Therefore, deleting telomerase is not sufficient to
make 7. brucei more ALT-like. Importantly, depletion of
POLIE induced a 4.8-fold increase in the telomeric C-circle
level in the TR~/~ background (Figure 6), indicating that
the POLIE depletion-induced increase in the telomeric C-
circle level is telomerase-independent.

DISCUSSION

POLIE was previously identified in a pull-down experiment
using a telomere repeat-containing oligo and a TRF IP ex-
periment (66). We have also identified POLIE in an inde-
pendent F2H-TRF pull-down experiment (49). However,
POLIE was not confirmed to be a telomere protein pre-
viously. We identify POLIE in both telomere PICh and
TREF/TIF2 2-step IP. These observations, together with the
IF, co-IP, and ChIP results, validate that POLIE is an intrin-
sic component of the 7. brucei telomere complex and is lo-
calized at the telomere throughout the cell cycle. An earlier
study showed that proteins of a number of silent VSGs can
be detected in POLIE-depleted cells (67). However, it was
not known whether different silent VSGs can be derepressed
simultaneously in individual cells. Using IF analysis, we
have shown that upon depletion of POLIE, previously silent
VSGs were co-expressed in individual cells, indicating that
VSG monoallelic expression was indeed disrupted. We have
also measured the VSG switching rate in cells transiently
depleted of POLIE and detected an increased amount of
telomeric DNA damage upon POLIE depletion. Our ob-
servations further indicate that POLIE suppresses VSG
switching by maintaining telomere integrity. Furthermore,
in the current study, we characterize POLIE’s key functions
in telomere end processing and reveal an underlying mech-
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anism of how POLIE maintains telomere integrity and reg-
ulate VSG.

Depletion of POLIE decreases the TERRA level and in-
creases the T-circle amount. However, the effects of POLIE
on TERRA expression and telomere recombination is not
a non-specific consequence of loss of viability. Depletion of
RAPI1 and TRF also leads to cell growth arrest but an el-
evated TERRA level (50,51). Therefore, cell growth arrest
does not automatically lead to a lower level of TERRA.
In addition, we can detect a low level of T-circles even in
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WT cells, indicating that telomeric recombination can oc-
cur at a low level independent of cell growth defect. We have
shown that T brucei telomere proteins, including RAPI,
TRF, and TIF2, affect VSG monoallelic expression and
VSG switching (47-52,55,64). However, our current and
previous work demonstrate that the underlying mechanisms
of how POLIE and other telomere proteins regulate VSG
are very different (see below).

Our first PICh in T brucei successfully identified many
telomere chromatin components. However, we still have
not identified any OB-fold containing telomere-specific pro-
teins, suggesting that 7. brucei telomere complex has quite
different protein components than those in higher eukary-
otes. In mammals, yeasts, and plants, OB-fold containing
telomere ssDNA binding proteins play critical roles in coor-
dination of the telomere G- and C-strand syntheses. 7. bru-
cei lacks these OB-fold containing telomere-specific factors,
suggesting that 7. brucei uses a different mechanism to co-
ordinate DNA syntheses of the two telomere strands and to
regulate telomerase action at the telomere end. Indeed, our
observations strongly suggest that POLIE is a novel telom-
ere protein that suppresses telomerase-mediated telomere
G-strand elongation and helps ensure proper telomere C-
strand synthesis.

POLIE depletion increased the VSG switching rate and
the amount of T-circles, indicating that POLIE suppresses
DNA recombination at the telomere and subtelomere.
POLIE-depleted cells have much longer telomere 3’ over-
hangs than WT cells, which likely contributes to the in-
creased level of telomere recombination, as the long single-
stranded 3’ overhang is prone to invade duplex DNA
with a homologous sequence (82). The telomere 3’ over-
hang length depends on several factors (Figure 7), in-
cluding the exonuclease-mediated resection of the telom-
ere 5 end, the telomerase-mediated telomere G-strand ex-
tension, and the telomere C-strand fill-in (4). Our results
suggest that POLIE maintains a normal length of telom-
ere 3’ overhang at at least two steps (Figure 7): EdU-
labeling showed that POLIE-depleted cells have a signifi-
cantly elevated level of telomere G-strand synthesis, which
is telomerase-dependent, indicating that POLIE suppresses
telomerase-mediated telomere G-strand extension. Consid-
ering that 7. brucei telomeres are ~15 kb long on average
(Figure 5C) and the conventional DNA replication in the
S phase contributes to the EdU-labeling signal consider-
ably, even a mild increase in the telomere G-strand syn-
thesis reflects a dramatically enhanced telomerase action at
the telomere. POLIE is also likely required for telomere C-
strand fill-in, which is supported by several observations.
First, in telomerase null cells, depletion of POLIE still in-
creases the telomere 3’ overhang length to a similar extent
as thatin the TR*/* background, suggesting that in addition
to suppressing telomerase, POLIE also promotes the telom-
ere C-strand fill-in. Second, we observed a mild decrease in
telomere C-strand DNA synthesis upon POLIE depletion
using the EdU-labeling assay, although this change is not
significantly different from that of the tubulin DNA syn-
thesis. This could be due to the fact that the EdU-labeling
technique is not sensitive enough as asynchronous 7. bru-
cei cells were used. In addition, telomeres in the 7. brucei
cells used in this study are ~15 kb long (Figure 5C). Hence,
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the telomere C-strand fill-in is expected to have a limited
contribution to the EdU incorporation. Third, POLIE de-
pletion dramatically increases the telomeric C-circle level in
a telomerase-independent manner, while telomeric C-circles
can arise from telomere C-strand replication stress (87), fur-
ther suggesting that POLIE is important for the telomere
C-strand fill-in.

The inhibitory effects of POLIE on telomerase-mediated
telomere G-strand extension and the positive effect of
POLIE on telomere C-strand fill-in are unexpected. In
mammalian, yeast, and plant cells, OB fold-containing pro-
teins that bind the single-stranded telomere 3’ overhang
play important roles in coordinating the telomere G- and
C-strand syntheses (25). Specifically, human TPP1 recruits
telomerase to the telomere and stimulates telomerase activ-

ity (28-30), while binding of the CST complex on the telom-
ere 3’ overhang effectively inhibits telomerase-mediated
telomere extension (31). In budding yeasts, CDC13, the
single-stranded telomere DNA binding factor, both posi-
tively and negatively regulates telomerase-mediated telom-
ere extension (32,33). Importantly, both vertebrate and
yeast CST complexes promote the telomere C-strand fill-
in by directly interacting with and recruiting DNA poly-
merase alpha-primase to the telomere (15,23,34-36). There-
fore, single-stranded telomere DNA binding factors are ma-
jor players to coordinate the synthesis of the two telom-
ere strands. However, the 7. brucei genome appears to lack
these OB fold-containing telomere-specific sSDNA binding
factors. On the other hand, our study identifies POLIE as
an essential telomere maintenance factor that plays criti-
cal roles in coordinating the telomerase-mediated G-strand
synthesis and C-strand fill-in. 7" brucei POLIE is not only a
novel telomerase regulator but also represents a completely
new mechanism of telomere maintenance. Since POLIE is
essential for 7. brucei proliferation and regulates antigenic
variation, our findings can also be applied to future devel-
opment of anti-parasite agents.
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