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Persistent DNA Damage Foci and DNA Replication with a
Broken Chromosome in the African Trypanosome

Lucy Glover,@* Catarina A. Marques,®* Olga Suska,®* David Horn2

2Wellcome Trust Centre for Anti-Infectives Research, School of Life Sciences, University of Dundee, Dundee, United Kingdom

ABSTRACT Damaged DNA typically imposes stringent controls on eukaryotic cell
cycle progression, ensuring faithful transmission of genetic material. Some DNA
breaks, and the resulting rearrangements, are advantageous, however. For example,
antigenic variation in the parasitic African trypanosome, Trypanosoma brucei, relies
upon homologous recombination-based rearrangements of telomeric variant surface
glycoprotein (VSG) genes, triggered by breaks. Surprisingly, trypanosomes with a
severed telomere continued to grow while progressively losing subtelomeric DNA,
suggesting a nominal telomeric DNA damage checkpoint response. Here, we moni-
tor the single-stranded DNA-binding protein replication protein A (RPA) in response
to induced, locus-specific DNA breaks in T. brucei. RPA foci accumulated at nucleolar
sites following a break within ribosomal DNA and at extranucleolar sites following a
break elsewhere, including adjacent to transcribed or silent telomeric VSG genes. As
in other eukaryotes, RPA foci were formed in S phase and yH2A and RAD51 damage
foci were disassembled prior to mitosis. Unlike in other eukaryotes, however, and re-
gardless of the damaged locus, RPA foci persisted through the cell cycle, and these
cells continued to replicate their DNA. We conclude that a DNA break, regardless of
the damaged locus, fails to trigger a stringent cell cycle checkpoint in T. brucei. This
DNA damage tolerance may facilitate the generation of virulence-enhancing genetic
diversity, within subtelomeric domains in particular. Stringent checkpoints may be
similarly lacking in some other eukaryotic cells.

IMPORTANCE Chromosome damage must be repaired to prevent the proliferation
of defective cells. Alternatively, cells with damage must be eliminated. This is true of
human and several other cell types but may not be the case for single-celled para-
sites, such as trypanosomes. African trypanosomes, which cause lethal diseases in
both humans and livestock, can actually exploit chromosomal damage to activate
new surface coat proteins and to evade host immune responses, for example. We
monitored responses to single chromosomal breaks in trypanosomes using a DNA-
binding protein that, in response to DNA damage, forms nuclear foci visible using a
microscope. Surprisingly, and unlike what is seen in mammalian cells, these foci per-
sist while cells continue to divide. We also demonstrate chromosome replication
even when one chromosome is broken. These results reveal a remarkable degree of
damage tolerance in trypanosomes, which may suit the lifestyle of a single-celled
parasite, potentially facilitating adaptation and enhancing virulence.

KEYWORDS RPA2, damage response, telomere

rypanosoma brucei is a protozoan parasite and the causative agent of human
African trypanosomiasis, also known as sleeping sickness, and Nagana in livestock,
with the human disease being typically fatal without therapy (1). T. brucei is transmitted
by the tsetse fly and exists as an extracellular parasite in the mammalian host blood-
stream (2) but also resides in adipose tissue (3) and in skin (4, 5). T. brucei cells are
covered by a dense layer of a highly immunogenic variant surface glycoprotein (VSG),
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and it is against this VSG that an immune response is directed. Strict monoallelic
expression of a single VSG gene from a subtelomeric site and the ability to switch the
expressed VSG underpin antigenic variation and immune evasion (6). The single active
VSG gene is transcribed by RNA polymerase | (pol-l) in a monoallelic fashion from a
specialized telomeric locus called an expression site (ES) (7). Despite being pol-I driven,
VSG genes are not transcribed in the nucleolus but rather at a distinct extranucleolar
compartment termed the expression site body (ESB) (8, 9). Switching the active VSG
gene with another VSG gene or assembling a new mosaic VSG gene from an archive of
approximately 2,000 silent VSG genes and gene fragments requires RAD51-dependent
homologous recombination (HR) or repair by microhomology-mediated end joining
(MME)) (7), typically initiated by a DNA double-strand break (DSB). This process allows
the trypanosomes to produce immunologically distinct surface coats and to continue
to escape the host’s immune response. Recombination among silent VSG genes may
also allow diversification of the VSG reservoir available for activation. Indeed, active (10)
and silent (11) VSG ESs display spontaneous DNA breaks. Notably, T. brucei cells can
continue to divide with a damaged silent VSG ES (12), and the wider “VSGnome” is
remarkably plastic during T. brucei propagation (13); while the diploid chromosomal
cores are homozygous, the VSG-rich subtelomeric regions are heterozygous (14). The
emergence of drug resistance also involves DNA rearrangements (15).

In higher eukaryotes, nonhomologous end joining (NHEJ) is the primary repair pathway
operating in the G, phase of the cell cycle, with HR operating in the late S and G, phases
(16). NHEJ, however, appears to be absent in trypanosomatids, where HR and MMEJ are the
dominant forms of DSB repair (17, 18). Central to HR and MMEJ is the formation of
single-stranded DNA (ssDNA) through 5’ end resection, which generates 3’ ssDNA over-
hangs on either side of a DSB (19). In mammalian cells, this then leads to the recruitment
of factors associated with the DNA damage response (DDR), which can go on to trigger a
stringent G,/M cell cycle checkpoint (20); damage can then be removed before further cell
cycle progression. Activation of this DDR may be particularly persistent following damage
at telomeres and often results in senescence (21). Experimental monitoring of the cellular
DDR is facilitated by the recruitment of repair factors to the site of a DSB (22), and in T.
brucei, yH2A and RAD51 have been used as cytological markers; yH2A is a phosphorylated
form of histone H2A that accumulates at sites of DSBs (23), while the RAD51 recombinase
forms a helical filament on ssDNA, facilitating strand invasion and HR (24). As seen in other
eukaryotes (25), DDR-associated yH2A (23), RAD51 (17), and translesion polymerase foci
(26) are typically restricted to the S and G, phases in T. brucei, consistent with replication-
associated repair.

DNA resection and the production of ssDNA are an early response to DNA damage.
In mammalian cells, distinct single-stranded DNA (ssDNA)-binding proteins (ssDNA-BPs)
respond early and control DNA-recombination and repair at different loci and at
different cell cycle stages, by protecting and marking resected ssDNA. The major
ssDNA-binding protein (ssDNA-BP) in yeast and mammalian cells is replication protein A
(RPA; also known as replication factor A [RFA]), which both coats and stabilizes resected
DNA and regulates resection (27). RPA can then be replaced by RAD51, which facilitates the
formation of a presynaptic complex and homologous recombination (25). RPA forms a
heterotrimeric complex consisting of RPA1, RPA2, and RPA3 subunits, all of which contain
oligonucleotide/oligosaccharide-binding (OB) folds involved in ssDNA binding (28). RPA
focus formation is typically restricted to the S and G, phases of the cell cycle in mammals
(29). In these cells, an additional ssDNA-BP, hSSB1, is required for genome stability (30), and
both yeast and mammalian cells rely on the Ctc1-Stn1-Ten1 ssDNA-BP to facilitate repair at
telomeres (31). The only ssDNA-BP orthologues identified in trypanosomatids are the RPA
complex components (32). Transcripts encoding the largest RPA1 subunit are cell cycle
regulated in Crithidia fasciculata (33), while RPA1 from both Trypanosoma cruzi (34) and
Leishmania (35) displays affinity for the G-rich telomeric strand in vitro; Crithidia, T. cruzi, and
Leishmania, like T. brucei, are all parasitic trypanosomatids.

Studies on DNA repair in trypanosomes provide a distinct perspective on the
evolution of the eukaryotic DNA damage response, beyond the vertebrate, fungal, and
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FIG 1 RPA foci are detected at all major cell cycle stages in T. brucei. (A) Phylogenetic analysis. The
unrooted neighbor-joining tree was generated using Clustal 1.8X and TreeView. Homo sapiens
(NP_001284487.1); Trypanosoma brucei (Tb927.5.1700); Trypanosoma cruzi (TcCLB.510821.50); Crithidia
fasciculata (CFAC1_060019500); Leishmania donovani (LdBPK_150310.1); Arabidopsis thaliana (NP_566188.1);
Saccharomyces cerevisiae (EGA77243.1); Caenorhabditis elegans (CCD64225.1). The schematic shows human
(Hs) RPA2 and the T. brucei (Tb) orthologue. The location of the conserved DNA-binding OB fold (blue) and
winged helix-turn-helix (gray) are indicated. The structure of the RPA2 OB fold domain was predicted using
Phyre2 and is compared to the human structure. (B) Immunofluorescence microscopy reveals spontaneous
formation of RPA foci (0.8% of cells). RPA2MYC, green; DNA counterstained with DAPI, blue; N, nucleus; K,
kinetoplast. (C) Cell cycle distribution of spontaneous RPA foci. n = 200 for cell cycle analysis; n = 75 for RPA
focus analysis. Error bars, SD for biological replicates; n = 2.

other model organisms. They also provide insights into genetic recombination strate-
gies in important human parasites. Following induction of precise chromosomal breaks
in T. brucei, we observe RPA DNA damage foci, which form in S phase and, regardless
of the site of the break, persist through the cell cycle, without blocking DNA replication.
We suggest that this unusual damage tolerance and capacity for replication with a
broken chromosome in parasitic trypanosomes facilitate the generation of virulence-
enhancing genetic diversity, within subtelomeric domains in particular.

RESULTS

RPA foci are detected at all T. brucei cell cycle stages. VSG recombination and
gene conversion are critical for antigenic variation in T. brucei, but our understanding
of the DNA repair processes involved and the factors influencing repair template
selection remains incomplete. We sought to characterize the DSB response in more
detail and also sought a cytological marker for improved detection of sites of DSBs. T.
brucei RPAT (Tb927.11.9130), RPA2 (Tb927.5.1700), and RPA3 (Tb927.9.11940) ortho-
logues have been identified, and we selected RPA2 for epitope tagging since this
subunit is often used as a cytological marker for DNA damage foci in mammalian cells
(36). RPA2 is conserved among trypanosomatids (Fig. 1A, left panel) and, although
diverged relative to other eukaryotes, contains a predicted DNA-binding OB fold and a
winged helix-turn-helix domain (Fig. 1A, right side, upper panel). Indeed, the OB fold
domains are predicted to form similar structures in both the T. brucei and human
proteins (37) (Fig. 1A, right side, lower panel). In addition, phosphoproteome data
indicate that T. brucei RPA2, like mammalian RPA2 (38), can be phosphorylated at Ser*
(39).
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We generated a strain expressing a native RPA2 gene fused to a C-terminal epitope
tag. Immunofluorescence analysis revealed diffuse nuclear RPA2MYC staining in all cells
and a focal accumulation of RPA2 (Fig. 1B) in approximately 0.8% of cells (n = 2,180; 17
cells with foci), presumably reflecting spontaneous DNA breaks. Notably, those cells
with RPA foci were distributed across all cell cycle phases examined, and postmitotic
cells with foci were 4-fold overrepresented (Fig. 1C). This does not match the pattern
of yH2A and RAD51 foci, which predominate in the S and G, phases of the T. brucei cell
cycle, presumably as a consequence of DNA damage associated with DNA replication
(17, 23). Nor does it match the pattern of RPA2 foci in mammalian cells, which also
predominate in the S and G, phases (29).

RPA foci form in response to induced DSBs at pol-1 and pol-Il transcribed loci.
Since RPA2 staining presented an opportunity to monitor DNA damage throughout the
cell cycle, we next expressed RPA2MYC in T. brucei cells with an inducible I-Scel
meganuclease gene and with a meganuclease cleavage site. We placed a cleavage site
at a pol-ll transcribed chromosome-internal locus (17), at the active pol-I transcribed
VSG ES between the VSG and the recombinogenic upstream 70-bp repeats (“[1]”) (11),
at a silent VSG ES downstream of the VSG (“[2]”) (12), and at a ribosomal DNA (rDNA)
locus (40) (Fig. 2A). Inclusion of the latter locus allowed us to explore the response to
DNA damage in a second pol-l-associated subnuclear compartment, the nucleolus.
Meganuclease induction did not have a detectable impact on the quantity of RPA2
expressed (Fig. 2B; chromosome-internal locus) but did have a major impact on the
proportion of cells with nuclear RPA foci (Fig. 2C). Proportions of cells with RPA foci
increased dramatically after 12 h of induction in every case: to approximately 50 to 80%
at either the pol-ll transcribed locus or at the active or silent VSG ES and to approxi-
mately 25% after induction of a break at an rDNA locus. The increased number of foci
detected prior to induction in some strains, relative to the wild-type background, likely
reflects low-level, “leaky” expression of the meganuclease, while reduced accessibility at
the rDNA locus likely results in a relatively low proportion of nuclei with RPA foci in
these strains. We conclude that focal accumulation of RPA2 in T. brucei involves the
redistribution of protein already present in the cell. Thus, all DSBs tested induce focal
accumulation of RPA2; those at a pol-ll transcribed locus in the chromosome core, at
pol-I transcribed or silent subtelomeric VSG ESs, and at a pol-I transcribed locus in the
nucleolus. Notably, there appears to be no barrier to forming RPA foci within the
compact chromatin compartments formed by silent subtelomeric VSG genes (14), and
these cells continue to divide without repairing the break (12). Thus, RPA foci do not
themselves serve as a trigger for a stringent DNA damage checkpoint in T. brucei.

We next used quantitative Southern blotting to determine the efficiency of the
break and repair cycle at the chromosome internal locus and to determine whether this
was similar in cells expressing RPA2MYC, A Hindlll polymorphism at this locus allows us
to measure HR-dependent repair over time (17). This revealed a break-and-repair cycle
that was close to completion in the population after approximately 4 days in the
presence of either native RPA2 or RPA2MYC (Fig. 2D). A clonogenic assay also revealed
similar survival rates of approximately 50% following a chromosome-internal DSB in the
presence of either native RPA2 or RPA2MYC (Fig. 2E). We conclude that neither induced
breaks nor DNA repair by HR is perturbed in the presence of RPA2MYC,

RPA foci are detected at all cell cycle stages in response to induced DSBs. We
next examined the cell cycle distribution of RPA foci following induction of a DSB at a
chromosome-internal locus or at the active VSG ES. As suspected, we detected induced RPA
foci at all stages of the cell cycle examined (Fig. 3A). Detection of foci in approximately 40%
of G;- and S-phase cells, compared to approximately 70% of G, and postmitotic cells,
corresponds to the replication of the locus with the I-Scel target site and the presence of
two potential breaks in the latter phases. Indeed, postmitosis, both daughter nuclei often
contained RPA foci (Fig. 3B). which may reflect RPA accumulation at new DSBs or the
persistence and segregation of damaged DNA during mitosis. As expected, we found that the
RPA foci were associated with yH2A damage foci in S phase and G, (Fig. 3B); yH2A foci are not
typically detected at G, or in postmitotic cells (23).
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FIG 2 RPA foci form in response to DNA DSBs induced at different sites. (A) Schematic maps indicating
the locations of the DSBs induced in this study. (B) RPA2MYC levels remain constant during DSBR. Western
blotting with anti-MYC and protein samples extracted at different times after |-Scel induction. An
equivalent Coomassie blue-stained gel serves as a loading control. The predicted mass of TORPA2MYC js
45.1 kDa. (C) RPA foci accumulate at subnuclear foci in response to an induced DSB. Proportions of nuclei
with foci were counted in uninduced cells (No Tet) and 12 h after |-Scel induction (+ Tet). n =200 at each
time point. Error bars, SD for technical replicates, n = 2; with biological replicates, n = 2. (D) Monitoring
repair by Southern blot analysis. Genomic DNA extracted at various times following I-Scel induction was
digested with Hindlll and subjected to Southern blot analysis using the probes indicated. Arrowheads
indicate comigration of native allele and uncut allele and accumulation of the HR-repaired allele. Probe
2110 was a 699-bp Sacl fragment from pARD (71); probe 15600 was a 731-bp Hindlll/Xhol coding region
fragment of Tb927.11.15600 and served as a loading control. The plot shows quantitative analysis of the
blots shown plus an additional strain. Error bars, SD for technical replicates, n = 2; and with biological
replicates for the RPA2MYC strains, n = 2. (E) A clonogenic assay reveals the proportions of cells that
survive a DSB at the chromosome-internal locus in the presence of either native RPA2 or RPA2MYC, Error
bars are as in panel D.

Nucleolus-associated RPA foci following a break within ribosomal DNA. We
next took advantage of the ability to detect DNA damage foci at all cell cycle stages to
monitor the response to damage in the nucleolus. Although T. brucei ribosomal DNA
(rDNA) loci are distributed across several chromosomes, they form a single prominent
nucleolar compartment. As above, induction of a DSB at an rDNA locus produced RPA
foci at all stages of the cell cycle examined (Fig. 4A). These foci coincided with nucleolar
staining, except in mitotic cells, where they often sat between dividing nuclei (Fig. 4B
and row M in Fig. 4A); RPA foci between dividing nuclei were also observed in cells with
a DSB at the pol-ll transcribed chromosome-internal locus (Fig. 4B), implying late
partitioning of damaged DNA in both cases. In addition, damage-associated nucleolar
blebs were observed in G, cells (Fig. 4A, row G,). Notably, mammalian RPA damage foci
are observed at the nucleolar periphery in G, following induced breaks within rDNA
(41) while extranucleolar RPA damage foci were reported following induced breaks
within rDNA in Saccharomyces cerevisiae (42).
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Extranucleolar RPA foci following breaks at pol-I transcribed or silent VSG ESs.
The active subtelomeric VSG ES, like the rDNA locus, is transcribed by pol-l, but at an
extranucleolar site known as the ESB (8, 9). Silent VSG ESs are also extranucleolar in
bloodstream-form cells (43), and antigenic variation typically involves replacement of
the transcribed VSG gene with a new VSG gene from the silent archive. We examined
RPA foci in cells with breaks at the active VSG ES or silent VSG ES and, in both cases,
detected RPA foci at extranucleolar sites at all stages of the cell cycle (Fig. 5A and B).

Both the ESB and the nucleolus can be labeled using antibodies to pol-I subunits (8).
We therefore examined the relationship between VSG-associated damage foci and the
ESB. RPA foci associated with a DSB at the active VSG ES were primarily coincident with
the ESB (Fig. 5C, upper panels and bar graph); we specifically surveyed G, cells in this
case to minimize complications associated with the appearance of nascent nucleoli.
Thus, pol-l is retained at the ESB, rather than dispersed, following a DSB and the
formation of RPA DNA damage foci at the active VSG ES. These RPA foci associated with
breaks at active VSG ESs occupied a subnuclear space that was primarily extranucleolar
but not associated with the nuclear periphery (Fig. 5C, upper panels and intensity plot).
A similar analysis in cells with a DSB at a silent VSG ES revealed RPA foci that were
noncoincident with the ESB (Fig. 5D, upper panels and bar graph). Although not
associated with the ESB, these RPA foci surveyed in G, cells also occupied a subnuclear
space that is extranucleolar but not associated with the nuclear periphery (Fig. 5D,
upper panels and intensity plot).

RPA foci associated with a developmentally inactivated VSG ES are at the
nuclear periphery. Upon differentiation following transmission from the mammalian
to the insect host, the active VSG ES undergoes developmental silencing and reposi-
tioning to the nuclear periphery (44). Indeed, the available evidence indicates that VSG
ESs and subtelomeric DNA relocalize to the nuclear periphery during or soon after
differentiation, based on tagging the active (43) or silent (44) VSG ESs, by detection of
telomeric T,AG; repeats (45, 46) or ES-flanking 50-bp repeats (9, 46) or by monitoring
localization of the telomere-binding protein TRF (47). To explore RPA foci at this
developmentally regulated locus following chromatin condensation, bloodstream-form
cells with an I-Scel cleavage site at the active VSG ES were differentiated in vitro,
followed by analysis of meganuclease-induced RPA foci in relation to TRF. As expected,
foci associated with the active VSG ESs in bloodstream-form cells were found within
TRF-associated telomeric clusters (Fig. 6A). RPA foci associated with the inactivated VSG
ES in insect-stage cells were also colocalized with telomeric clusters but, in this case, at
the nuclear periphery (Fig. 6B). Thus, RPA foci still form in response to a DSB at a locus
that has undergone developmental silencing and chromatin condensation at the
nuclear periphery.
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FIG 4 RPA foci are nucleolar following breaks induced at an rDNA locus. Immunofluorescence micros-
copy analysis of RPA foci 12 h after inducing a break. (A) The gallery of representative images shows cells
with RPA foci 12 h after I-Scel induction. NOG1 (nucleolar marker), red; RPA foci, green. Cell cycle phases
are indicated. (B) Quantitative analysis of RPA focus distribution in mitotic cells.

RPA foci form in S phase and subsequently persist. Detection of RPA foci at all
cell cycle stages tested in T. brucei does not reflect the situation observed in other
eukaryotes. To determine whether RPA focus assembly is cell cycle stage specific, we
monitored the appearance of RPA foci at early time points following the induction of
the I-Scel nuclease; yH2A foci were also monitored in parallel. In this case, we tested T.
brucei cells with inducible DNA breaks at the pol-Il transcribed chromosome-internal
locus, at the active pol-I transcribed VSG ES, either between the VSG and the recombi-
nogenic upstream 70-bp repeats or downstream of the VSG (11), and at a silent VSG ES
downstream of the VSG. The proportion of nuclei with RPA foci (Fig. 7A) and yH2A foci
(Fig. 7B) continued to increase during the first 6 h after induction, and we selected the
4-h time point for further analysis, since we saw an increase in the proportion of nuclei
with RPA foci above background in all four strains tested at this early time point; one
cell cycle takes approximately 6 h. Analysis of cells with RPA foci 4 h after inducing the
nuclease revealed a striking bias in the cell cycle distribution (Fig. 7C). Thirty to 60% of
cells with RPA foci were in S phase, 20 to 40% were in G,, and 15 to 30% were
postmitotic, while only approximately 5% or less were in G,. Detection of relatively few
RPA foci in G, nuclei 4 h after nuclease induction (Fig. 7C) and a greatly increased
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FIG 5 RPA foci following breaks induced at active or silent VSG ESs. Inmunofluorescence microscopy analysis of
RPA foci 12 h after inducing a break. (A) The gallery of representative images shows cells with a break at the active
VSG ES. RPA foci, green; nucleolar marker (NOG1), red. Cell cycle phases are indicated. (B) As in panel A, but for a
silent VSG ES. (C) The images show a G, cell with a break at the active VSG ES. RPA foci, red; pol-l, green. The ESB
and nucleolus (No) are indicated. The lower panels show proportions of cells with RPA and ESB foci that are
noncoincident (NC) or coincident (C) (bar graph) and RPA foci in relation to nuclear DNA (linear intensity plot,
n =10 G, nuclei). Intensity measurements were taken as indicated in the inset. (D) As in panel C but for a silent

VSG ES. For the intensity plot, n =9 G, nuclei.

proportion of RPA foci in G, nuclei 12 h after induction (Fig. 3A) indicated assembly of
RPA foci in late G, or in S phase and subsequent persistence.

DNA replication in T. brucei cells with a broken chromosome. The results above
suggested that T. brucei cells can progress through the cell cycle with a broken
chromosome, irrespective of the location of the break. To further investigate this
hypothesis, we assessed nuclear DNA replication, in parallel with RPA foci, after DSB
induction at a silent VSG ES or at a chromosome-internal locus. T. brucei cells expressing
RPA2MYC were labeled with the thymidine analogue 5-ethynyl-2'-deoxyuridine (EdU),
and both EdU and RPA foci were subsequently detected by fluorescence microscopy
(Fig. 8). Prior to induction of DNA breaks, proportions of replicating cells in each
population were between 86 and 99%, as assessed by EdU labeling (Fig. 8A). Following
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FIG 6 RPA foci at VSG ESs in two major life cycle stages of T. brucei. Inmunofluorescence microscopy
analysis of TRF and RPA foci. (A) Representative images showing the telomeric repeat binding factor (TRF)
and focal accumulation of RPA in a G, bloodstream-form T. brucei cell 12 h after DSB induction at the
active VSG ES. (B) As in panel A, but for a previously active VSG ES in insect-stage T. brucei. The lower
panel shows a linear intensity plot of RPA foci in relation to nuclear DNA. n = 16. Inset, intensity
measurements were taken as indicated in the inset.

DSB induction at the silent VSG ES, we saw no reduction in cells undergoing DNA
replication at 12, 24, or 48 h (Fig. 8A, left side), and the vast majority of these cells with
RPA foci were also labeled with EdU (Fig. 8B). Notably, the proportion of these cells with
RPA foci remained high after 48 h, suggesting persistence of ssDNA at the damaged
chromosome end. These results are entirely consistent with unperturbed growth with
an unrepaired DSB at a silent VSG ES (12).

Following DSB induction at the chromosome-internal locus, high proportions of cells
remained EdU positive at 12, 24, and 48 h: 87 to 97%, 66 to 85%, and 80 to 85%,
respectively. The reduction in cells exhibiting DNA replication was significant at 24 and
48 h but not at 12 h (Fig. 8A, right side). Thus, despite the presence of a DSB, and up
to 4 days taken to complete repair (Fig. 2D), DNA replication continued in the majority
of these cells. Cells in which DNA replication is perturbed likely represent those cells
that ultimately fail to repair the break and die as a result, approximately 50% of the
population (Fig. 2E). A high proportion of these cells with RPA foci were also labeled
with EdU: 80 to 96%, 62 to 82%, and 51 to 77% at 12, 24, and 48 h, respectively (Fig. 8C).
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FIG 7 Cell cycle distribution of RPA foci formed immediately after induction of DNA DSBs. (A) Increase
in proportions of nuclei with RPA foci at the time points indicated and after DSB induction at the sites
indicated. Two distinct break sites were tested at the active VSG ES, between the VSG and the
recombinogenic upstream 70-bp repeats (marked as “[1]") or downstream of the VSG (marked as “[2]").
n = 200 nuclei at each time point. One cell division cycle takes approximately 6 h. (B) As in panel A but
for yH2A foci. (C) Cell cycle distribution of RPA foci formed 4 h after induction of DSBs at the sites
indicated. n = 25 RPA foci in each case. All error bars, SD for biological replicates; n = 2.

Again, those cells that fail to repair this chromosome-internal break will inevitably
contribute to the reduction in EdU labeling at 24 and 48 h, while the reduced frequency
of nuclei with RPA foci after 48 h likely reflects successful repair at this locus (Fig. 2D and
E). Importantly, the substantial majority of cells with RPA foci also display EdU labeling
at all time points tested. These results are consistent with the view that neither
subtelomeric nor chromosome-internal DSBs block DNA replication or trigger a strin-
gent cell cycle arrest in T. brucei.

DISCUSSION

Stringent cell cycle checkpoints in eukaryotic cells minimize the propagation of
damaged or rearranged DNA, but some cells, such as protozoan parasites, may not
require such stringent controls. Indeed, multiple key cell cycle regulators, conserved
among model eukaryotes, are either missing or remain to be identified, present but
highly divergent, or functionally replaced by unrelated and phylum-specific factors in
trypanosomatids (48-52). This might reflect not only the complex parasitic life cycles of
these organisms but also their unique genetic mechanisms.

We have exploited the ssDNA-binding protein RPA as a cytological marker for
damaged DNA and find that RPA foci can be used to monitor DSBs at several distinct
loci and, surprisingly, at all stages of the cell cycle. Here, the loci tested are transcribed
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FIG 8 DNA replication in cells with a broken chromosome. (A) The plot shows the percentage of
EdU-labeled cells in each population. For silent VSG ES, n = 2 technical replicates; for Chrom. Internal,
n = 2 biological and 2 technical replicates and >100 cells for each data point. (B) The plot shows the
percentage of cells with a nuclear RPA focus and with or without EdU labeling for the silent VSG ES. n = 2
technical replicates and >100 cells for each data point. The inset shows an example of a cell with an RPA
focus and EdU labeling. Bar, 5 um. (C) As in panel B but for the chromosome-internal break; n = 2
biological and 2 technical replicates and >100 cells for each data point. All plots indicate the interquartile
range and median, while the error bars represent the minimum and maximum points. Statistical analysis:
repeated-measures one-way analysis of variance (ANOVA), multiple comparisons (matched repeated
measurements, compare preselected pairs of columns, Sidak’s multiple-comparison test). *, P < 0.01.

by either pol-I or pol-ll, are at chromosome-internal or subtelomeric sites, and are
euchromatic or heterochromatic, making RPA foci excellent markers for monitoring
DNA breaks at distinct genomic locations in T. brucei. Persistent RPA foci through the
cell cycle and continued DNA replication lead us to conclude that an unrepaired DNA
break fails to trigger a stringent cell cycle checkpoint in T. brucei, and we suggest that
this facilitates the generation of virulence-enhancing genetic diversity.

In T. brucei, homologous recombination and microhomology-mediated end joining
dominate DSB repair (17), and both pathways likely contribute to antigenic variation in
these parasites (11). We previously reported unabated cell division, despite progressive
loss of DNA at a damaged chromosome end in T. brucei (12). Our current findings now
indicate that damaged DNA assembles foci of RPA and other repair-associated factors
in S phase, following a subtelomeric break or following a chromosome internal break.
Only the RPA foci, however, persist through the cell cycle. Thus, African trypanosomes
display a remarkable degree of damage tolerance. Genome integrity can be readily
restored through homologous recombination when a homologous template is avail-
able, and this is likely important to retain essential genes in the chromosomal core
regions. Subtelomeric repair appears to be rather inefficient, however, meaning that
many cell divisions following damage can produce large numbers of cells with a
damaged chromosome end. Notably, this would present many opportunities for repair
as a result of a single “founder” DSB, and even low-efficiency repair at subtelomeres has
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FIG 9 The schematic indicates the origin of ssDNA and RPA foci in S phase and their persistence, in the
absence of DNA repair in T. brucei. A DSB per se does not trigger a checkpoint. yH2A, RAD51, and PPL2
DNA damage foci display a restricted cell cycle distribution (see the text for more details). Repair likely
occurs during the period when these latter factors are assembled, but even in the absence of repair,
these latter foci are disassembled prior to mitosis.

the potential to generate tremendous diversity, since many paralogous templates are
available for homologous recombination (53).

Our results indicate that a DSB at either the active or silent VSG ES readily accumu-
lates RPA. Whether DSBs lead to transcription inhibition is unknown in trypanosomes.
In this respect, it is notable that the accumulation of pol-I at the active VSG ES, the ESB,
remains intact even when an RPA (this work) or yH2A (23) repair focus is assembled at
the same site. Both active and silent VSG ESs are extranucleolar, but neither shows any
appreciable association with the nuclear periphery in bloodstream-form cells (43).
Similarly, we find that broken VSG ESs are extranucleolar and not associated with the
nuclear periphery in bloodstream-form cells. Upon differentiation from the mammalian
stage to the insect tsetse fly stage, the active VSG ES rapidly relocalizes from the nuclear
interior to the nuclear periphery (44). We find that RPA foci associated with breaks at
these sites are also located at the nuclear periphery in insect-stage cells. These data
suggest in situ assembly of repair factors with no requirement for major relocalization
of the DSB. Indeed, this also appears to be the case with ribosomal DNA in trypano-
somes, where RPA foci associated with a DSB were perinucleolar, coinciding with the
localization of unperturbed ribosomal DNA (44); we also observed perinucleolar blebs
associated with DNA damage foci in this case, however.

Assembly of RPA foci in S phase in T. brucei mirrors observations in other cell types,
but persistence of RPA foci through the cell cycle is unusual. The appearance of RPA foci
in S phase suggests that resection occurs in S phase. The appearance of yH2A foci (23),
RAD51 foci (17), and translesion polymerase foci (26) suggests that repair, as seen in
other eukaryotes, typically occurs in the late S and G, phases (Fig. 9). Unlike other
eukaryotes, however, neither RPA foci nor failure to repair per se is a major impediment
to cell cycle progression in trypanosomes. Indeed, a moderate delay observed during
late S/G, following a chromosome-internal break (17) might be due to repair by
homologous recombination, which is relatively efficient at a chromosome-internal site
(17), or the disassembly of yH2A and RAD51 foci. We suspect that relatively few breaks
are typically encountered under physiological conditions. Indeed, we detect <1% of
normally cultured cells with RPA foci. Perhaps unsurprisingly, multiple DNA breaks
trigger a distinct response, as demonstrated in insect-stage T. brucei exposed to
ionizing radiation (54). These cells display dramatically increased RAD51 expression,
followed by reduced RPA1 expression and an extended period of impaired growth,
perhaps also involving persistent damage and loss of essential genes.

Not all previously reported DSBs result in strictly enforced checkpoints. For example,
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at mammalian telomeres, POT1 inhibits RPA binding, allowing chromosome ends to
avoid DNA damage surveillance (55). RPA is also thought to be involved in controlling
the G,/M checkpoint response in Saccharomyces cerevisiae (56), but these cells can
adapt and continue to divide with a DSB after a long (8- to 12-h) Rad9-dependent G,/M
arrest (57). Divergent components of the 9-1-1 (Rad9-Hus1-Rad1) complex, including
Rad9, are present in trypanosomatids, and evidence from Leishmania with one Rad9
allele deleted is consistent with a role in delaying cell cycle progression, but only in
response to high-frequency chemically induced DSBs (58). In human cells, unreplicated
DNA can pass through mitosis (59), and in Drosophila melanogaster, mitotic chromo-
somal fragments are tethered by DNA bridges, but it is unclear whether this results in
the segregation of damaged chromosomes (60). There are also examples of RPA foci
that persist through the cell cycle in mammalian cells, specifically those associated with
nucleolar DSBs (41) and class switch recombination events (61).

Why might trypanosomes display a high degree of damage tolerance? This may be
beneficial for a protozoal pathogen. In the case of African trypanosomes, population
bottlenecks occur regularly, and failure to repair breaks would be expected to have
minimal negative impact on the population. Indeed, such a strategy may provide a
selective advantage, whereby the absence of a checkpoint facilitates VSG recombina-
tion and switching. There are approximately 20 VSG ESs in the trypanosome genome
(62), with strict monoallelic expression resulting in a single active VSG while the rest are
silenced. The subtelomeric VSG ESs are fragile and accumulate DSBs independent of
transcription status (11). Breaks at a silent VSG ES are not associated with a cell cycle
checkpoint (12), and we now show that these breaks recruit RPA that persists. This then
increases the time available for a homology search (63) and also the number of cells
with potential recombination events. Thus, this strategy may increase the diversifica-
tion of subtelomeric VSG loci and contribute to the process of antigenic variation and
immune evasion.

When cell cycle progression is uncoupled from DNA damage, repair can still operate,
but if it does not, loss of essential genes will lead to cell death. Thus, a predicted
genotoxic consequence of a damage tolerance strategy would be loss of essential
genes. Consistent with this prediction, approximately 95% of cells fail to recover
following an induced break adjacent to the active VSG (11) and approximately 50% fail
to recover following an induced break at the chromosome-internal locus investigated
here. This difference may be partly explained by the action of the T. brucei histone
acetyltransferase HAT3, which promotes resection at a chromosome-internal site but
restricts resection at subtelomeric sites (64).

RPA appears to be the major ssDNA-binding protein in trypanosomes, and our
analysis of this factor in T. brucei has facilitated the monitoring of DNA damage
throughout the cell cycle. A stringent cell cycle arrest that is enforced until DNA
damage is repaired is important for mammals and other multicellular organisms, since
aberrant cells can seed tumors, for example. In contrast, our results in T. brucei indicate
a capacity for progression through the cell cycle with a broken chromosome. This may
particularly suit a unicellular parasitic lifestyle, since it likely facilitates the generation of
genetic diversity, particularly within subtelomeric domains. Thus, while chromosomal
breaks are often deleterious, African trypanosomes tolerate them and likely derive an
advantage from damage tolerance. This reflects a balance between the dual needs of
adaptation and genome stability. Replication with broken chromosomes may be more
common than previously appreciated.

MATERIALS AND METHODS

Trypanosoma brucei growth and manipulation. Lister 427, MiTat1.2 (clone 221a), bloodstream-
form cells were grown in HMI-11 and transformed as described previously (17). Strains expressing TetR
and I-Scel with I-Scel cleavage sites at a chromosome-internal locus (17), at an rDNA locus (40), and at
active or silent VSG ESs (11, 12) were described previously. Cell density was determined using a
hemocytometer. Puromycin, phleomycin, G418, hygromycin, and blasticidin were routinely used at 1, 1,
1, 1 and 2 ng.ml—" respectively. Differentiation to the procyclic stage was triggered in vitro by transfer-
ring cells to glucose-free DTM supplemented with citrate and cis-aconitate at 27°C (65). For the
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clonogenic assay, ca. 32 cells were distributed across 96-well plates and positive wells were counted 5
to 6 days later.

Plasmid construction. For C-terminal epitope tagging at the native pol-Il transcribed locus, a
Tb927.5.1700/RPA2 (765-bp) fragment was amplified using primers RPA28F (GATCAAGCTTATGGAAGGA
AGTGGAAGTAA) and RPA28R (GATCTCTAGAAATGCCAAACTTACAATCATG) and cloned in pNATXTAG (66)
using the Hindlll and Xbal sites (underlined). The construct was linearized with Xhol prior to transfection.
For N-terminal epitope tagging of Tb927.10.12850/TRF, an 1,146-bp fragment was amplified using
primers TFR2FLNtagF (GATCTCTAGATACTGTCACGCTGGCGT) and TFR2FLNtagR (GATCGGATCCTCACTCG
TTATTCTCCATATTGG) and cloned in pNATT™%x (66) using the Hindlll and Xbal sites (underlined) and
linearized with Blpl prior to transfection. In this case, a BLA resistance marker was replaced with an NPT
resistance marker amplified from p5’'NEO5’ and cloned using Spel and Sacl.

(Immuno)fluorescence microscopy. Immunofluorescence analysis was carried out using standard
protocols as described previously (67). Mouse anti-Myc was used at 1:400, rabbit anti-green fluorescent
protein (GFP) was used at 1:500, rabbit anti-pol-l was used at 1:200, rabbit anti-NOG1 (68) was used at
1:500, and rabbit anti-yH2A (23) was used at 1:250. Fluorescein-conjugated goat anti-rabbit and goat
anti-mouse secondary antibodies (Pierce) were used at 1:2,000. Samples were mounted in Vectashield
(Vector Laboratories) containing 4’,6-diamidino-2-phenylindole (DAPI). In T. brucei, DAPI-stained nuclear
and mitochondrial DNA can be used as cytological markers for cell cycle stage (69); one nucleus and one
kinetoplast (1N:1K) indicate G,, one nucleus and an elongated kinetoplast (1N:eK) indicate S phase, one
nucleus and two kinetoplasts (1N:2K) indicate G,/M, and two nuclei and two kinetoplasts (2N:2K) indicate
postmitosis. Images were captured using an Eclipse E600 microscope with a digital camera (Nikon) and
were processed and/or deconvolved in MetaMorph. ImageJ was used to generate linear intensity plots.

DNA blotting. Southern blotting was carried out as described previously (17).

Protein blotting. Western blotting was carried out according to standard protocols. Mouse anti-Myc
was used at 1:2,000. Blots were developed using an ECL kit (Amersham).

EdU labeling. Twenty-four hours prior to incubation with 5-ethynyl-2’-deoxyuridine (EdU; Life
Technologies, Thermo Scientific), cells were washed and then cultured in thymidine-free medium
consisting of Iscove’s modified Dulbecco’s medium (IMDM) (Gibco), 15% (vol/vol) fetal bovine serum
(FBS) (Sigma-Aldrich), HMI mix (0.05 mM bathocuproine disulfonic acid, 1 mM sodium pyruvate, and 1.5
mM L-cysteine; Sigma-Aldrich), T mM hypoxanthine (Sigma-Aldrich), and 0.0014% 2-mercaptoethanol
(Sigma-Aldrich). The cells were maintained in thymidine-free medium for the duration of the experiment.
For each time point (0, 12, 24, and 48 h after tetracycline induction), cells were incubated with 150 uM
EdU for 4 h at 37°C with 5% CO, (70). Approximately 1 X 10¢ cells were collected and incubated with 3%
formaldehyde (Sigma-Aldrich) in PBS for 15 min (the first 5 min at 37°C and the remaining 10 min at room
temperature [RT]), washed twice in 1X PBS, and resuspended in 30 ul 1% bovine serum albumin (BSA)
(Sigma-Aldrich). Three microliters of cell suspension was then loaded onto each well of a 12-well
multiwell glass slide (Thermo Scientific) and allowed to dry overnight at RT. The cells were then
rehydrated in PBS (three times, 5 min each), washed twice in 3% BSA in 1X PBS (5 min each), and
permeabilized in 0.2% Triton X-100 (Sigma-Aldrich) in PBS, for 15 min, at RT. The cells were washed with
PBS for 5 min, and then with 3% BSA twice (5 min each), before being incubated for 1 h at RT with 25 ul
of Click-iT EdU detection mix, protected from light. The detection mix was composed of 21.5 ul of
reaction buffer, 1 ul 100 mM CuSO,, 0.25 ul Alexa Fluor 555, and 2.5 ul of buffer additive. The cells were
then washed five times with 3% BSA (5 min each) and incubated with mouse anti-Myc clone 9B11
antiserum (Cell Signaling Technology), diluted 1:5,000 in 1% BSA in PBS, for 1 h at RT. The slides were
then washed three times in PBS and incubated with goat anti-mouse fluorescein isothiocyanate (FITC)
conjugate antiserum (Thermo Scientific), diluted 1:100 in 1% BSA in PBS, for 1h at RT. The cells were
washed three times with PBS, dried, and then mounted in Vectashield. Images were acquired in an
Axiovert 200M (Zeiss) microscope coupled with an Apotome 2 system and an AxiCam MRm camera,
using Zen Blue (Zeiss). Images were then processed using both Zen Blue and Fiji; RPA foci were then
quantified from Z-stack images using Fiji. Statistical analyses were performed in GraphPad Prism 7.

ACKNOWLEDGMENTS

We thank Richard McCulloch for comments on an earlier draft of the manuscript, B.
Dujon (Pasteur Institute, Paris) for the I-Scel gene, and Marilyn Parsons (University of
Washington) for NOG1 antisera.

L.G., CA.M,, and D.H. conceived and designed the experiments. L.G., CA.M., and O.S.
performed the experiments. L.G., CA.M., and D.H. analyzed the data. L.G., CA.M., and
D.H. wrote the paper.

This work was supported by The Wellcome Trust (investigator award to D.H,,
100320/Z/12/Z; Centre Award, 203134/Z/16/Z).

REFERENCES
1. Brun R, Blum J, Chappuis F, Burri C. 2010. Human African trypanosomi- trypanosomes. Br Med Bull 41:105-114. https://doi.org/10.1093/oxford
asis. Lancet 375:148-159. https://doi.org/10.1016/50140-6736(09) journals.bmb.a072036.
60829-1. 3. Trindade S, Rijo-Ferreira F, Carvalho T, Pinto-Neves D, Guegan F, Aresta-
2. Vickerman K. 1985. Developmental cycles and biology of pathogenic Branco F, Bento F, Young SA, Pinto A, Van Den Abbeele J, Ribeiro RM,

July/August 2019 Volume 10 Issue 4 e01252-19 mbio.asm.org 14

1sanb Aq 6TOZ ‘2T AN uo /Bio’wse oiqu//:diy woly papeojumod


https://doi.org/10.1016/S0140-6736(09)60829-1
https://doi.org/10.1016/S0140-6736(09)60829-1
https://doi.org/10.1093/oxfordjournals.bmb.a072036
https://doi.org/10.1093/oxfordjournals.bmb.a072036
https://mbio.asm.org
http://mbio.asm.org/

DNA Damage Tolerance in Trypanosomes

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

July/August 2019 Volume 10

Dias S, Smith TK, Figueiredo LM. 2016. Trypanosoma brucei parasites
occupy and functionally adapt to the adipose tissue in mice. Cell Host
Microbe 19:837-848. https://doi.org/10.1016/j.chom.2016.05.002.

. Caljon G, Van Reet N, De Trez C, Vermeersch M, Pérez-Morga D, Van Den

Abbeele J. 2016. The dermis as a delivery site of Trypanosoma brucei for
tsetse flies. PLoS Pathog 12:e1005744. https://doi.org/10.1371/journal
.ppat.1005744.

. Capewell P, Cren-Travaille C, Marchesi F, Johnston P, Clucas C, Benson

RA, Gorman TA, Calvo-Alvarez E, Crouzols A, Jouvion G, Jamonneau V,
Weir W, Stevenson ML, O'Neill K, Cooper A, Swar NK, Bucheton B, Ngoyi
DM, Garside P, Rotureau B, MacLeod A. 2016. The skin is a significant but
overlooked anatomical reservoir for vector-borne African trypanosomes.
Elife 5:17716. https://doi.org/10.7554/eLife.17716.

. Horn D. 2014. Antigenic variation in African trypanosomes. Mol

Biochem Parasitol 195:123-129. https://doi.org/10.1016/j.molbiopara
.2014.05.001.

. McCulloch R, Morrison LJ, Hall JP. 2015. DNA recombination strate-

gies during antigenic variation in the African trypanosome. Microbiol
Spectr 3:MDNA3-0016-2014. https://doi.org/10.1128/microbiolspec
.MDNA3-0016-2014.

. Navarro M, Gull K. 2001. A pol | transcriptional body associated with VSG

mono-allelic expression in Trypanosoma brucei. Nature 414:759-763.
https://doi.org/10.1038/414759%a.

. Chaves |, Zomerdijk J, Dirks-Mulder A, Dirks RW, Raap AK, Borst P. 1998.

Subnuclear localization of the active variant surface glycoprotein gene
expression site in Trypanosoma brucei. Proc Natl Acad Sci U S A 95:
12328-12333. https://doi.org/10.1073/pnas.95.21.12328.

Boothroyd CE, Dreesen O, Leonova T, Ly KI, Figueiredo LM, Cross GA,
Papavasiliou FN. 2009. A yeast-endonuclease-generated DNA break in-
duces antigenic switching in Trypanosoma brucei. Nature 459:278-281.
https://doi.org/10.1038/nature07982.

Glover L, Alsford S, Horn D. 2013. DNA break site at fragile subtelomeres
determines probability and mechanism of antigenic variation in African
trypanosomes. PLoS Pathog 9:€1003260. https://doi.org/10.1371/journal
.ppat.1003260.

Glover L, Alsford S, Beattie C, Horn D. 2007. Deletion of a trypanosome
telomere leads to loss of silencing and progressive loss of terminal DNA
in the absence of cell cycle arrest. Nucleic Acids Res 35:872-880. https://
doi.org/10.1093/nar/gkl1100.

Cross GA, Kim HS, Wickstead B. 2014. Capturing the variant surface
glycoprotein repertoire (the VSGnome) of Trypanosoma brucei Lister 427.
Mol Biochem Parasitol 195:59-73. https://doi.org/10.1016/j.molbiopara
.2014.06.004.

Muller LSM, Cosentino RO, Forstner KU, Guizetti J, Wedel C, Kaplan N,
Janzen CJ, Arampatzi P, Vogel J, Steinbiss S, Otto TD, Saliba AE, Sebra RP,
Siegel TN. 2018. Genome organization and DNA accessibility control
antigenic variation in trypanosomes. Nature 563:121-125. https://doi
.org/10.1038/s41586-018-0619-8.

Graf FE, Baker N, Munday JC, de Koning HP, Horn D, Méaser P. 2015.
Chimerization at the AQP2-AQP3 locus is the genetic basis of
melarsoprol-pentamidine cross-resistance in clinical Trypanosoma brucei
gambiense isolates. Int J Parasitol Drugs Drug Resist 5:65-68. https://doi
.0rg/10.1016/j.ijpddr.2015.04.002.

Sonoda E, Hochegger H, Saberi A, Taniguchi Y, Takeda S. 2006. Differ-
ential usage of non-homologous end-joining and homologous recom-
bination in double strand break repair. DNA Repair (Amst) 5:1021-1029.
https://doi.org/10.1016/j.dnarep.2006.05.022.

Glover L, McCulloch R, Horn D. 2008. Sequence homology and micro-
homology dominate chromosomal double-strand break repair in African
trypanosomes. Nucleic Acids Res 36:2608-2618. https://doi.org/10.1093/
nar/gkn104.

Stortz JA, Serafim TD, Alsford S, Wilkes J, Fernandez-Cortes F, Hamilton G,
Briggs E, Lemgruber L, Horn D, Mottram JC, McCulloch R. 2017. Genome-
wide and protein kinase-focused RNAi screens reveal conserved and novel
damage response pathways in Trypanosoma brucei. PLoS Pathog 13:
€1006477. https://doi.org/10.1371/journal.ppat.1006477.

Sugawara N, Haber JE. 1992. Characterization of double-strand break-
induced recombination: homology requirements and single-stranded
DNA formation. Mol Cell Biol 12:563-575. https://doi.org/10.1128/mcb
.12.2.563.

Lazzaro F, Giannattasio M, Puddu F, Granata M, Pellicioli A, Plevani P,
Muzi-Falconi M. 2009. Checkpoint mechanisms at the intersection be-
tween DNA damage and repair. DNA Repair (Amst) 8:1055-1067. https://
doi.org/10.1016/j.dnarep.2009.04.022.

Issue 4 e01252-19

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

mBio’

Fumagalli M, Rossiello F, Clerici M, Barozzi S, Cittaro D, Kaplunov JM,
Bucci G, Dobreva M, Matti V, Beausejour CM, Herbig U, Longhese MP,
d’Adda di Fagagna F. 2012. Telomeric DNA damage is irreparable and
causes persistent DNA-damage-response activation. Nat Cell Biol 14:
355-365. https://doi.org/10.1038/ncb2466.

Polo SE, Jackson SP. 2011. Dynamics of DNA damage response proteins
at DNA breaks: a focus on protein modifications. Genes Dev 25:409-433.
https://doi.org/10.1101/gad.2021311.

Glover L, Horn D. 2012. Trypanosomal histone yH2A and the DNA
damage response. Mol Biochem Parasitol 183:78-83. https://doi.org/10
.1016/j.molbiopara.2012.01.008.

McCulloch R, Barry JD. 1999. A role for RAD51 and homologous recom-
bination in Trypanosoma brucei antigenic variation. Genes Dev 13:
2875-2888. https://doi.org/10.1101/gad.13.21.2875.

Hustedt N, Durocher D. 2016. The control of DNA repair by the cell cycle.
Nat Cell Biol 19:1-9. https://doi.org/10.1038/ncb3452.

Rudd SG, Glover L, Jozwiakowski SK, Horn D, Doherty AJ. 2013. PPL2
translesion polymerase is essential for the completion of chromosomal
DNA replication in the African trypanosome. Mol Cell 52:554-565.
https://doi.org/10.1016/j.molcel.2013.10.034.

Chen H, Lisby M, Symington LS. 2013. RPA coordinates DNA end resec-
tion and prevents formation of DNA hairpins. Mol Cell 50:589-600.
https://doi.org/10.1016/j.molcel.2013.04.032.

Wold MS. 1997. Replication protein A: a heterotrimeric, single-stranded
DNA-binding protein required for eukaryotic DNA metabolism. Annu
Rev Biochem 66:61-92. https://doi.org/10.1146/annurev.biochem.66.1
61.

Jazayeri A, Falck J, Lukas C, Bartek J, Smith GC, Lukas J, Jackson SP. 2006.
ATM- and cell cycle-dependent regulation of ATR in response to DNA
double-strand breaks. Nat Cell Biol 8:37-45. https://doi.org/10.1038/
ncb1337.

Richard DJ, Bolderson E, Cubeddu L, Wadsworth RI, Savage K, Sharma
GG, Nicolette ML, Tsvetanov S, Mcllwraith MJ, Pandita RK, Takeda S, Hay
RT, Gautier J, West SC, Paull TT, Pandita TK, White MF, Khanna KK. 2008.
Single-stranded DNA-binding protein hSSB1 is critical for genomic sta-
bility. Nature 453:677-681. https://doi.org/10.1038/nature06883.
Miyake Y, Nakamura M, Nabetani A, Shimamura S, Tamura M, Yonehara
S, Saito M, Ishikawa F. 2009. RPA-like mammalian Ctc1-Stn1-Ten1 com-
plex binds to single-stranded DNA and protects telomeres indepen-
dently of the Pot1 pathway. Mol Cell 36:193-206. https://doi.org/10
.1016/j.molcel.2009.08.009.

Brown GW, Hines JC, Fisher P, Ray DS. 1994. Isolation of the genes
encoding the 51-kilodalton and 28-kilodalton subunits of Crithidia fas-
ciculata replication protein A. Mol Biochem Parasitol 63:135-142. https://
doi.org/10.1016/0166-6851(94)90016-7.

Pasion SG, Brown GW, Brown LM, Ray DS. 1994. Periodic expression of
nuclear and mitochondrial DNA replication genes during the trypano-
somatid cell cycle. J Cell Sci 107:3515-3520.

Pavani RS, Vitarelli MO, Fernandes CAH, Mattioli FF, Morone M, Menezes
MC, Fontes MRM, Cano MIN, Elias MC. 2018. Replication protein A-1 has
a preference for the telomeric G-rich sequence in Trypanosoma cruzi. )
Eukaryot Microbiol 65:345-356. https://doi.org/10.1111/jeu.12478.
Neto JL, Lira CB, Giardini MA, Khater L, Perez AM, Peroni LA, dos Reis JR,
Freitas-Junior LH, Ramos CH, Cano MI. 2007. Leishmania replication
protein A-1 binds in vivo single-stranded telomeric DNA. Biochem Bio-
phys Res Commun 358:417-423. https://doi.org/10.1016/j.bbrc.2007.04
.144.

Vassin VM, Wold MS, Borowiec JA. 2004. Replication protein A (RPA)
phosphorylation prevents RPA association with replication centers.
Mol Cell Biol 24:1930-1943. https://doi.org/10.1128/mcb.24.5.1930
-1943.2004.

Bochkarev A, Bochkareva E, Frappier L, Edwards AM. 1999. The crystal
structure of the complex of replication protein A subunits RPA32 and
RPA14 reveals a mechanism for single-stranded DNA binding. EMBO J
18:4498-4504. https://doi.org/10.1093/emboj/18.16.4498.

Marechal A, Zou L. 2015. RPA-coated single-stranded DNA as a platform
for post-translational modifications in the DNA damage response. Cell
Res 25:9-23. https://doi.org/10.1038/cr.2014.147.

Urbaniak MD, Martin DM, Ferguson MA. 2013. Global quantitative SILAC
phosphoproteomics reveals differential phosphorylation is widespread
between the procyclic and bloodstream form lifecycle stages of Trypano-
soma brucei. J Proteome Res 12:2233-2244. https://doi.org/10.1021/
pr400086y.

Glover L, Horn D. 2009. Site-specific DNA double-strand breaks

mbio.asm.org 15

1sanb Aq 6TOZ ‘2T AN uo /Bio’wse oiqu//:diy woly papeojumod


https://doi.org/10.1016/j.chom.2016.05.002
https://doi.org/10.1371/journal.ppat.1005744
https://doi.org/10.1371/journal.ppat.1005744
https://doi.org/10.7554/eLife.17716
https://doi.org/10.1016/j.molbiopara.2014.05.001
https://doi.org/10.1016/j.molbiopara.2014.05.001
https://doi.org/10.1128/microbiolspec.MDNA3-0016-2014
https://doi.org/10.1128/microbiolspec.MDNA3-0016-2014
https://doi.org/10.1038/414759a
https://doi.org/10.1073/pnas.95.21.12328
https://doi.org/10.1038/nature07982
https://doi.org/10.1371/journal.ppat.1003260
https://doi.org/10.1371/journal.ppat.1003260
https://doi.org/10.1093/nar/gkl1100
https://doi.org/10.1093/nar/gkl1100
https://doi.org/10.1016/j.molbiopara.2014.06.004
https://doi.org/10.1016/j.molbiopara.2014.06.004
https://doi.org/10.1038/s41586-018-0619-8
https://doi.org/10.1038/s41586-018-0619-8
https://doi.org/10.1016/j.ijpddr.2015.04.002
https://doi.org/10.1016/j.ijpddr.2015.04.002
https://doi.org/10.1016/j.dnarep.2006.05.022
https://doi.org/10.1093/nar/gkn104
https://doi.org/10.1093/nar/gkn104
https://doi.org/10.1371/journal.ppat.1006477
https://doi.org/10.1128/mcb.12.2.563
https://doi.org/10.1128/mcb.12.2.563
https://doi.org/10.1016/j.dnarep.2009.04.022
https://doi.org/10.1016/j.dnarep.2009.04.022
https://doi.org/10.1038/ncb2466
https://doi.org/10.1101/gad.2021311
https://doi.org/10.1016/j.molbiopara.2012.01.008
https://doi.org/10.1016/j.molbiopara.2012.01.008
https://doi.org/10.1101/gad.13.21.2875
https://doi.org/10.1038/ncb3452
https://doi.org/10.1016/j.molcel.2013.10.034
https://doi.org/10.1016/j.molcel.2013.04.032
https://doi.org/10.1146/annurev.biochem.66.1.61
https://doi.org/10.1146/annurev.biochem.66.1.61
https://doi.org/10.1038/ncb1337
https://doi.org/10.1038/ncb1337
https://doi.org/10.1038/nature06883
https://doi.org/10.1016/j.molcel.2009.08.009
https://doi.org/10.1016/j.molcel.2009.08.009
https://doi.org/10.1016/0166-6851(94)90016-7
https://doi.org/10.1016/0166-6851(94)90016-7
https://doi.org/10.1111/jeu.12478
https://doi.org/10.1016/j.bbrc.2007.04.144
https://doi.org/10.1016/j.bbrc.2007.04.144
https://doi.org/10.1128/mcb.24.5.1930-1943.2004
https://doi.org/10.1128/mcb.24.5.1930-1943.2004
https://doi.org/10.1093/emboj/18.16.4498
https://doi.org/10.1038/cr.2014.147
https://doi.org/10.1021/pr400086y
https://doi.org/10.1021/pr400086y
https://mbio.asm.org
http://mbio.asm.org/

Glover et al.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

July/August 2019 Volume 10

greatly increase stable transformation efficiency in Trypanosoma bru-
cei. Mol Biochem Parasitol 166:194-197. https://doi.org/10.1016/j
.molbiopara.2009.03.010.

van Sluis M, McStay B. 2015. A localized nucleolar DNA damage response
facilitates recruitment of the homology-directed repair machinery inde-
pendent of cell cycle stage. Genes Dev 29:1151-1163. https://doi.org/
10.1101/gad.260703.115.

Torres-Rosell J, De Piccoli G, Cordon-Preciado V, Farmer S, Jarmuz A,
Machin F, Pasero P, Lisby M, Haber JE, Aragén L. 2007. Anaphase onset
before complete DNA replication with intact checkpoint responses.
Science 315:1411-1415. https://doi.org/10.1126/science.1134025.
Navarro M, Penate X, Landeira D. 2007. Nuclear architecture underlying
gene expression in Trypanosoma brucei. Trends Microbiol 15:263-270.
https://doi.org/10.1016/j.tim.2007.04.004.

Landeira D, Navarro M. 2007. Nuclear repositioning of the VSG promoter
during developmental silencing in Trypanosoma brucei. J Cell Biol 176:
133-139. https://doi.org/10.1083/jcb.200607174.

Chung HM, Shea C, Fields S, Taub RN, Van der Ploeg LH, Tse DB.
1990. Architectural organization in the interphase nucleus of the
protozoan Trypanosoma brucei: location of telomeres and mini-
chromosomes. EMBO J 9:2611-2619. https://doi.org/10.1002/j.1460
-2075.1990.tb07443 x.

Perez-Morga D, Amiguet-Vercher A, Vermijlen D, Pays E. 2001. Organi-
zation of telomeres during the cell and life cycles of Trypanosoma brucei.
J Eukaryot Microbiol 48:221-226. https://doi.org/10.1111/j.1550-7408
.2001.tb00306.x.

Li B, Espinal A, Cross GA. 2005. Trypanosome telomeres are protected by
a homologue of mammalian TRF2. Mol Cell Biol 25:5011-5021. https://
doi.org/10.1128/MCB.25.12.5011-5021.2005.

Akiyoshi B, Gull K. 2014. Discovery of unconventional kinetochores in
kinetoplastids. Cell 156:1247-1258. https://doi.org/10.1016/j.cell.2014.01
.049.

Hammarton TC. 2007. Cell cycle regulation in Trypanosoma brucei. Mol
Biochem Parasitol 153:1-8. https://doi.org/10.1016/j.molbiopara.2007
.01.017.

Jones NG, Thomas EB, Brown E, Dickens NJ, Hammarton TC, Mottram JC.
2014. Regulators of Trypanosoma brucei cell cycle progression and dif-
ferentiation identified using a kinome-wide RNAi screen. PLoS Pathog
10:e1003886. https://doi.org/10.1371/journal.ppat.1003886.

Li Z. 2012. Regulation of the cell division cycle in Trypanosoma brucei.
Eukaryot Cell 11:1180-1190. https://doi.org/10.1128/EC.00145-12.
Marques CA, McCulloch R. 2018. Conservation and variation in strategies
for DNA replication of kinetoplastid nuclear genomes. Curr Genomics
19:98-109. https://doi.org/10.2174/1389202918666170815144627.
Berriman M, Ghedin E, Hertz-Fowler C, Blandin G, Renauld H, Bar-
tholomeu DC, Lennard NJ, Caler E, Hamlin NE, Haas B, Bohme U, Hannick
L, Aslett MA, Shallom J, Marcello L, Hou L, Wickstead B, Alsmark UC,
Arrowsmith C, Atkin RJ, Barron AJ, Bringaud F, Brooks K, Carrington M,
Cherevach |, Chillingworth TJ, Churcher C, Clark LN, Corton CH, Cronin A,
Davies RM, Doggett J, Djikeng A, Feldblyum T, Field MC, Fraser A,
Goodhead |, Hance Z, Harper D, Harris BR, Hauser H, Hostetler J, Ivens A,
Jagels K, Johnson D, Johnson J, Jones K, Kerhornou AX, Koo H, Larke N,
Landfear S, Larkin C, Leech V, Line A, Lord A, Macleod A, Mooney PJ,
Moule S, Martin DM, Morgan GW, Mungall K, Norbertczak H, Ormond D,
Pai G, Peacock CS, Peterson J, Quail MA, Rabbinowitsch E, Rajandream
MA, Reitter C, Salzberg SL, Sanders M, Schobel S, Sharp S, Simmonds M,
Simpson AJ, Tallon L, Turner CM, Tait A, Tivey AR, Van Aken S, Walker D,
Wanless D, Wang S, White B, White O, Whitehead S, Woodward J,
Wortman J, Adams MD, Embley TM, Gull K, Ullu E, Barry JD, Fairlamb AH,
Opperdoes F, Barrell BG, Donelson JE, Hall N, Fraser CM, Melville SE,
El-Sayed NM. 2005. The genome of the African trypanosome Trypano-
soma brucei. Science 309:416-422. https://doi.org/10.1126/science
.1112642.

Marin PA, da Silva MS, Pavani RS, Machado CR, Elias MC. 2018. Recruit-
ment kinetics of the homologous recombination pathway in procyclic
forms of Trypanosoma brucei after ionizing radiation treatment. Sci Rep
8:5405. https://doi.org/10.1038/541598-018-23731-6.

Issue 4 e01252-19

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

mBio’

Denchi EL, de Lange T. 2007. Protection of telomeres through indepen-
dent control of ATM and ATR by TRF2 and POT1. Nature 448:1068-1071.
https://doi.org/10.1038/nature06065.

Lee SE, Moore JK, Holmes A, Umezu K, Kolodner RD, Haber JE. 1998.
Saccharomyces Ku70, mre11/rad50 and RPA proteins regulate adapta-
tion to G2/M arrest after DNA damage. Cell 94:399-409. https://doi.org/
10.1016/50092-8674(00)81482-8.

Sandell LL, Zakian VA. 1993. Loss of a yeast telomere: arrest, recovery,
and chromosome loss. Cell 75:729-739. https://doi.org/10.1016/0092
-8674(93)90493-A.

Damasceno JD, Obonaga R, Santos EV, Scott A, McCulloch R, Tosi LR.
2016. Functional compartmentalization of Rad9 and Hus1 reveals di-
verse assembly of the 9-1-1 complex components during the DNA
damage response in Leishmania. Mol Microbiol 101:1054-1068. https://
doi.org/10.1111/mmi.13441.

Moreno A, Carrington JT, Albergante L, Al Mamun M, Haagensen EJ,
Komseli ES, Gorgoulis VG, Newman TJ, Blow JJ. 2016. Unreplicated DNA
remaining from unperturbed S phases passes through mitosis for reso-
lution in daughter cells. Proc Natl Acad Sci U S A 113:E5757-64. https://
doi.org/10.1073/pnas.1603252113.

Royou A, Gagou ME, Karess R, Sullivan W. 2010. BubR1- and Polo-coated
DNA tethers facilitate poleward segregation of acentric chromatids. Cell
140:235-245. https://doi.org/10.1016/j.cell.2009.12.043.

Yamane A, Robbiani DF, Resch W, Bothmer A, Nakahashi H, Oliveira T,
Rommel PC, Brown EJ, Nussenzweig A, Nussenzweig MC, Casellas R.
2013. RPA accumulation during class switch recombination represents
5'-3' DNA-end resection during the S-G,/M phase of the cell cycle. Cell
Rep 3:138-147. https://doi.org/10.1016/j.celrep.2012.12.006.
Hertz-Fowler C, Figueiredo LM, Quail MA, Becker M, Jackson A, Bason N,
Brooks K, Churcher C, Fahkro S, Goodhead I, Heath P, Kartvelishvili M,
Mungall K, Harris D, Hauser H, Sanders M, Saunders D, Seeger K, Sharp
S, Taylor JE, Walker D, White B, Young R, Cross GA, Rudenko G, Barry JD,
Louis EJ, Berriman M. 2008. Telomeric expression sites are highly con-
served in Trypanosoma brucei. PLoS One 3:e3527. https://doi.org/10
.1371/journal.pone.0003527.

Renkawitz J, Lademann CA, Jentsch S. 2014. Mechanisms and principles
of homology search during recombination. Nat Rev Mol Cell Biol 15:
369-383. https://doi.org/10.1038/nrm3805.

Glover L, Horn D. 2014. Locus-specific control of DNA resection and
suppression of subtelomeric VSG recombination by HAT3 in the African
trypanosome. Nucleic Acids Res 42:12600-12613. https://doi.org/10
.1093/nar/gku900.

Overath P, Czichos J, Haas C. 1986. The effect of citrate/cis-aconitate
on oxidative metabolism during transformation of Trypanosoma bru-
cei. Eur J Biochem 160:175-182. https://doi.org/10.1111/j.1432-1033
.1986.tb09955 x.

Alsford S, Horn D. 2008. Single-locus targeting constructs for reliable
regulated RNAi and transgene expression in Trypanosoma brucei. Mol
Biochem Parasitol 161:76-79. https://doi.org/10.1016/j.molbiopara.2008
.05.006.

Gong F, Miller KM. 2013. Mammalian DNA repair: HATs and HDACs make
their mark through histone acetylation. Mutat Res 750:23-30. https://
doi.org/10.1016/j.mrfmmm.2013.07.002.

Jensen BC, Wang Q, Kifer CT, Parsons M. 2003. The NOG1 GTP-binding
protein is required for biogenesis of the 60 S ribosomal subunit. J Biol
Chem 278:32204-32211. https://doi.org/10.1074/jbc.M304198200.
Woodward R, Gull K. 1990. Timing of nuclear and kinetoplast DNA
replication and early morphological events in the cell cycle of Trypano-
soma brucei. J Cell Sci 95:49-57.

Marques CA, Tiengwe C, Lemgruber L, Damasceno JD, Scott A, Paape D,
Marcello L, McCulloch R. 2016. Diverged composition and regulation of
the Trypanosoma brucei origin recognition complex that mediates DNA
replication initiation. Nucleic Acids Res 44:4763-4784. https://doi.org/10
.1093/nar/gkw147.

Ingram AK, Cross GA, Horn D. 2000. Genetic manipulation indicates that
ARD1 is an essential Na-acetyltransferase in Trypanosoma brucei. Mol
Biochem Parasitol 111:309-317.

mbio.asm.org 16

1sanb Aq 6TOZ ‘2T AN uo /Bio’wse oiqu//:diy woly papeojumod


https://doi.org/10.1016/j.molbiopara.2009.03.010
https://doi.org/10.1016/j.molbiopara.2009.03.010
https://doi.org/10.1101/gad.260703.115
https://doi.org/10.1101/gad.260703.115
https://doi.org/10.1126/science.1134025
https://doi.org/10.1016/j.tim.2007.04.004
https://doi.org/10.1083/jcb.200607174
https://doi.org/10.1002/j.1460-2075.1990.tb07443.x
https://doi.org/10.1002/j.1460-2075.1990.tb07443.x
https://doi.org/10.1111/j.1550-7408.2001.tb00306.x
https://doi.org/10.1111/j.1550-7408.2001.tb00306.x
https://doi.org/10.1128/MCB.25.12.5011-5021.2005
https://doi.org/10.1128/MCB.25.12.5011-5021.2005
https://doi.org/10.1016/j.cell.2014.01.049
https://doi.org/10.1016/j.cell.2014.01.049
https://doi.org/10.1016/j.molbiopara.2007.01.017
https://doi.org/10.1016/j.molbiopara.2007.01.017
https://doi.org/10.1371/journal.ppat.1003886
https://doi.org/10.1128/EC.00145-12
https://doi.org/10.2174/1389202918666170815144627
https://doi.org/10.1126/science.1112642
https://doi.org/10.1126/science.1112642
https://doi.org/10.1038/s41598-018-23731-6
https://doi.org/10.1038/nature06065
https://doi.org/10.1016/S0092-8674(00)81482-8
https://doi.org/10.1016/S0092-8674(00)81482-8
https://doi.org/10.1016/0092-8674(93)90493-A
https://doi.org/10.1016/0092-8674(93)90493-A
https://doi.org/10.1111/mmi.13441
https://doi.org/10.1111/mmi.13441
https://doi.org/10.1073/pnas.1603252113
https://doi.org/10.1073/pnas.1603252113
https://doi.org/10.1016/j.cell.2009.12.043
https://doi.org/10.1016/j.celrep.2012.12.006
https://doi.org/10.1371/journal.pone.0003527
https://doi.org/10.1371/journal.pone.0003527
https://doi.org/10.1038/nrm3805
https://doi.org/10.1093/nar/gku900
https://doi.org/10.1093/nar/gku900
https://doi.org/10.1111/j.1432-1033.1986.tb09955.x
https://doi.org/10.1111/j.1432-1033.1986.tb09955.x
https://doi.org/10.1016/j.molbiopara.2008.05.006
https://doi.org/10.1016/j.molbiopara.2008.05.006
https://doi.org/10.1016/j.mrfmmm.2013.07.002
https://doi.org/10.1016/j.mrfmmm.2013.07.002
https://doi.org/10.1074/jbc.M304198200
https://doi.org/10.1093/nar/gkw147
https://doi.org/10.1093/nar/gkw147
https://mbio.asm.org
http://mbio.asm.org/

	RESULTS
	RPA foci are detected at all T. brucei cell cycle stages. 
	RPA foci form in response to induced DSBs at pol-I and pol-II transcribed loci. 
	RPA foci are detected at all cell cycle stages in response to induced DSBs. 
	Nucleolus-associated RPA foci following a break within ribosomal DNA. 
	Extranucleolar RPA foci following breaks at pol-I transcribed or silent VSG ESs. 
	RPA foci associated with a developmentally inactivated VSG ES are at the nuclear periphery. 
	RPA foci form in S phase and subsequently persist. 
	DNA replication in T. brucei cells with a broken chromosome. 

	DISCUSSION
	MATERIALS AND METHODS
	Trypanosoma brucei growth and manipulation. 
	Plasmid construction. 
	(Immuno)fluorescence microscopy. 
	DNA blotting. 
	Protein blotting. 
	EdU labeling. 

	ACKNOWLEDGMENTS
	REFERENCES

