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ABSTRACT

The African trypanosome, Trypanosoma brucei, is
a parasitic protozoan that achieves antigenic varia-
tion through DNA-repair processes involving Variant
Surface Glycoprotein (VSG) gene rearrangements at
subtelomeres. Subtelomeric suppression of DNA re-
pair operates in eukaryotes but little is known about
these controls in trypanosomes. Here, we identify a
trypanosome histone acetyltransferase (HAT3) and a
deacetylase (SIR2rp1) required for efficient RAD51-
dependent homologous recombination. HAT3 and
SIR2rp1 were required for RAD51-focus assembly
and disassembly, respectively, at a chromosome-
internal locus and a synthetic defect indicated dis-
tinct contributions to DNA repair. Although HAT3 pro-
moted chromosome-internal recombination, it sup-
pressed subtelomeric VSG recombination, and these
locus-specific effects were mediated through dif-
ferential production of ssDNA by DNA resection;
HAT3 promoted chromosome-internal resection but
suppressed subtelomeric resection. Consistent with
the resection defect, HAT3 was specifically required
for the G2-checkpoint response at a chromosome-
internal locus. HAT3 also promoted resection at
a second chromosome-internal locus comprising
tandem-duplicated genes. We conclude that HAT3
and SIR2rp1 can facilitate temporally distinct steps
in DNA repair. HAT3 promotes ssDNA formation and
recombination at chromosome-internal sites but has
the opposite effect at a subtelomeric VSG. These
locus-specific controls reveal compartmentalization
of the T. brucei genome in terms of the DNA-damage
response and suppression of antigenic variation by
HAT3.

INTRODUCTION

The African trypanosomes, Trypanosoma brucei, are proto-
zoan parasites that cause sleeping sickness in humans and
Nagana in livestock. The human disease is typically fatal
without therapy (1–3). T. brucei is transmitted by tsetse flies
and circulates in the mammalian host bloodstream, pro-
gressing to the fluids of the central nervous system later in
the infection (4). A dense layer of a single Variant Surface
Glycoprotein (VSG) covers the parasite during this stage of
the life cycle and it is primarily against this VSG that an im-
mune response is directed. Monoallelic expression of a sin-
gle VSG gene from a subtelomeric site, and the ability of T.
brucei to switch VSG’s, underpins antigenic variation and
immune evasion (5,6). This process of continuous antigen
switching relies upon DNA recombination. Indeed, recom-
bination is critical for the parasite to utilize its reservoir of
up to 2000 subtelomeric VSG genes and gene fragments and
to produce distinct surface coats. DNA recombination and
repair mechanisms in trypanosomatids also play a major
role in the emergence of drug resistance (7–9) and are also
widely exploited for studies that require genetic manipula-
tion.

Recombination is initiated by a DNA double-strand
break (DSB), which most commonly occurs due to the col-
lapse of a replication fork. In eukaryotes, chromosomal
DSB repair typically involves homologous recombination
(HR) or non-homologous end joining (NHEJ). In T. bru-
cei, HR dominates, microhomology-mediated end joining
(MMEJ) operates at a lower level and NHEJ appears to be
absent (10). Fundamental to HR is resection of the 5′ ends
of the DNA to generate 3′ single-stranded DNA (ssDNA)
tails (2,3) on both sides of the break (11). These regions can
base pair with a homologous template to promote HR (12).
Indeed, it is the ssDNA that invades the duplex, donor, ho-
mologous DNA template and primes new DNA synthesis
(12,13). A key enzyme required for HR is the RAD51 re-
combinase that coats ssDNA to form a helical ‘presynap-
tic’ filament that facilitates homology searching and allows
for strand invasion (14,15). In T. brucei, RAD51-dependent
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and independent DSB repair reflect HR and MMEJ, re-
spectively, and both mechanisms contribute to VSG switch-
ing (16,17). Spontaneous DSBs at fragile subtelomeres can
trigger a VSG switch and the site of the break determines
the outcome (16), but the controls underlying the DSB re-
sponses at these sites are not understood.

It has become clear in recent years that protein acetyla-
tion plays an important role in the DSB-repair process (18).
Histone acetyltransferases and deacetylases are recruited to
DSBs and modify the histones at both the damaged and
template loci (19) as well as repair factors involved in HR
(20). For example, Tip60 is a mammalian MYST-family
histone acetyltransferase that generates binding sites and
promotes accumulation of factors required for HR at the
DNA-break site (21). Sirtuin-family deacetylases also pro-
mote DNA repair (22). A cycle of acetylation and deacety-
lation is thought to facilitate access for DNA-repair factors
and then restore chromatin structure following repair, re-
spectively (19). What has also become clear is that the DSB
response must be repressed at telomeres, natural chromo-
somal discontinuities that are protected by a shelterin com-
plex in mammals (23) and by a related complex in T. brucei
(24). We reasoned that telomere structure likely impacts the
subtelomeric DSB response in T. brucei and that this has an
impact on antigenic variation.

To explore this hypothesis, we have probed the role of
both acetylation and deacetylation in DSB repair in T. bru-
cei, and in particular their differential impacts on DSB
responses at chromosome-internal and subtelomeric VSG
loci. Using an assay for meganuclease-induced DSB re-
pair, we demonstrate roles for both T. brucei HAT3 and
SIR2rp1; HAT3 is a nuclear MYST-family acetyltrans-
ferase that modifies histone H4K4 (25), and SIR2rp1 is
a nuclear, sirtuin-family deacetylase previously shown to
resist chemically induced DNA damage (26,27). We show
that HAT3 promotes DNA resection and focal assembly
of RAD51 at a chromosome-internal locus, but suppresses
resection and VSG recombination at a subtelomeric locus.
In contrast, SIR2rp1 promotes RAD51 filament disassem-
bly at a chromosome-internal locus and has little impact
on subtelomeric VSG recombination. These results reveal
locus-specific responses to DSBs in T. brucei mediated by
HAT3 and SIR2rp1.

MATERIALS AND METHODS

T. brucei growth and manipulation

Lister 427, MITat1.2 (clone 221a), bloodstream form cells
and derivatives expressing TetR and I-SceI were described
previously and were grown in HMI-11 and transformed as
described (10). Cell density was determined using a haemo-
cytometer. Limiting dilution clonogenic assays were carried
out as previously described (16) using medium with or with-
out tetracycline (1 �g/ml; Sigma). More than 98% of sur-
vivors were sensitive to puromycin (1 �g/ml; Sigma), con-
firming efficient disruption of the PAC gene during DNA
break and repair.

Plasmid construction

The pRSP2110 construct (10) was digested with XcmI prior
to transfection to insert an I-SceI site within the tubulin
(TUB) array. The pHAT3-BSD gene disruption construct
was generated by replacing an NPT selectable marker in
pHAT3-NPT (28) with a 700-bp BSD fragment. The other
constructs used for disruption of the SIR2rp1 gene (26)
or the HAT3 gene contained NPT and BSD, PAC, HYG
or BLE selectable markers and were described previously
(28,29). The SIR2rpI constructs were digested with Acc651
and SacI and the HAT3 constructs were digested with NotI
and SalI prior to transfection. SIR2rp1 was disrupted in a
hat3-null strain to make the double-null strain (data not
shown, but see Supplementary Figure S1A). For RAD51
gene disruption, target fragments were amplified by poly-
merase chain reaction (PCR) from T. brucei Lister 427 ge-
nomic DNA using Phusion high-fidelity DNA polymerase
(New England Biolabs) in conjunction with specific primer
pairs. The targets were assembled such that they flanked a
BSD or NPT selectable marker. These constructs were di-
gested with Acc651 and NotI prior to transfection. See Sup-
plementary Table S1 for oligonucleotide sequences.

DNA analysis

For analysis of DSB repair, slot blotting for the analy-
sis of ssDNA was carried out as described (10). For anal-
ysis of the TUB locus, large DNA fragments were pre-
pared according to standard protocols using an agarose-
embedding technique. For restriction enzyme digestion,
agarose blocks were incubated with enzyme for 24 h.
DNA was then separated with a Bio-Rad CHEF Map-
per system using an auto-algorithm set to the appropri-
ate molecular-mass range. Gels were blotted onto nylon
membranes and hybridized using standard techniques. The
�TUB probe was a 516-bp XcmI/StuI fragment. South-
ern blots were processed according to standard protocols,
including initial soaking in 0.25-M HCl for 15 min fol-
lowed by two washes in dH2O. The RFP probe was a 687-
bp HindIII/NotI fragment encompassing the full ORF, the
‘7240’ probe was a 731-bp HindIII/XhoI coding-region
fragment of Tb927.11.15600, the ‘4250’ probe was a 2358-
bp PCR product from Tb927.1.4250, the VSG221 probe
a 781-bp PstI fragment from pNEG (30) and the ‘4530’
probe was a 699-bp SacI fragment from pARD (31). A
Typhoon TRIO phosphorimager (Amersham) was used to
quantify the signals. For slot blots, percentage values for ss-
DNA or double-stranded DNA (dsDNA) were determined
as described (10). Standard PCR reactions using Taq DNA
polymerase (New England Biolabs) were used to confirm
HAT3 (oligonucleotides H31 and H34) or SIR2rp1 disrup-
tion (oligonucleotides 3C and 5B), loss of the RFP:PAC
substrate (oligonucleotides SceJF and Pac3Pol1), or to as-
sess MMEJ (oligonucleotides RFP5FU and Pac3Pol1). See
Supplementary Table S1 for oligonucleotide sequences.

Western blotting and microscopy

Western blotting was carried out according to standard pro-
tocols. Rabbit anti-RAD51 primary antibodies (32) were
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used at 1/200. Rabbit anti-K4acetylated and rabbit anti-
K4unmodified (25) were used at 1/2000. Blots were devel-
oped using an ECL kit (Amersham). Immunofluorescence
analysis was also carried out using standard protocols
as described (20). Briefly, samples were mounted in Vec-
tashield (Vector Laboratories) containing 4, 6-diamidino-
2-phenylindole (DAPI). RAD51 foci, �H2A foci and G2-
cells were counted by both of us. Images were captured us-
ing an Eclipse E600 microscope with digital camera (Nikon)
and were processed and/or deconvolved in Metamorph; all
settings were identical within each data set. Fluorescein-
conjugated goat anti-rabbit secondary antibody (Pierce)
was used at 1:2000.

RESULTS

HAT3 and SIR2rp1 facilitate RAD51-dependent DNA DSB
repair

Temporal and spatial control of I-SceI meganuclease-
mediated cleavage to produce a single DNA DSB has
greatly facilitated the study of DSB repair in T. brucei. A
meganuclease-mediated break at the core of chromosome
11 (Figure 1A) is predominantly repaired by HR using a sin-
gle allelic template (10). Here, we refer to strains with this
particular ‘chromosome-INTernal break’ as ‘INT’ strains.
We first disrupted RAD51 in the INT strain (Figure 1B) and
then used a Southern blot assay to monitor both the dam-
aged and template alleles and to determine the contribu-
tion of RAD51 to HR-mediated repair at this locus (Figure
1C). We observed complete loss of the modified ‘INT’ allele
and reacquisition of the repaired ‘wild-type’ allele in cells
expressing RAD51, indicating efficient induction of DSBs
by I-SceI and also robust repair by allelic HR (Figure 1C).
In contrast, we saw no evidence for allelic HR in INTrad51

null cells, indicating that RAD51 is required for allelic HR
at this locus. A clonogenic assay subsequently revealed only
20% survival in the INTrad51 null cells prior to I-SceI in-
duction and less than 5% survival following induction of
the break (Figure 1D). This reflects the important role for
RAD51 in repairing spontaneous breaks and confirms pre-
dominant RAD51-dependent repair at this locus. Indeed,
all INTrad51 survivors examined (n = 9) repaired the break
using MMEJ (33). We concluded that INT strains provided
a suitable model for studies on chromosomal DNA repair
and for RAD51-dependent HR in particular.

We suspected that acetyltransferases and deacetylases in-
volved in DNA repair would be both localized to the nu-
cleus and dispensable for growth. The acetyltransferase,
HAT3, and the deacetylase, SIR2rp1, both met these crite-
ria and these were, therefore, selected for analysis using the
chromosomal ‘INT’ DNA-repair assay. We disrupted either
HAT3 or SIR2rp1 in the INT strain (Supplementary Fig-
ure S1A and B) and used a clonogenic assay to assess the
capacity for recovery from DNA damage in these cells. No-
tably, the INThat3 and INTsir2rp1 strains displayed reduced
survival even prior to induction of the DSB (Figure 2A).
We speculated that this might reflect a role for both of these
proteins in the repair of spontaneous breaks. Following in-
duction of the DSB, ∼50% of the INT cells fail to survive, as
reported previously (10). Importantly though, both INThat3

and INTsir2rp1 cells displayed a further, significant reduction
in survival following induction of the break, indicating a
further defect in DSB repair at this chromosome-internal
site (Figure 2A). Although the efficiency of DSB repair was
reduced, both allelic HR and MMEJ continued to operate
in both hat3 and sir2rp1-null strains (Supplementary Figure
S1C and D).

Following a meganuclease-induced DNA break, a dif-
fusible nuclear pool of RAD51 relocalizes to sites of dam-
age to form sub-nuclear foci that can be detected by mi-
croscopy (10). Since DNA repair at the INT locus is primar-
ily RAD51 dependent (Figure 1D), we examined the impact
of HAT3 and SIR2rp1 on the focal accumulation of RAD51
during DSB repair. Upon induction of the DSB in INT cells,
the proportion of cells with RAD51 foci increased rapidly
from ∼0% to 30% within 12 h, and declined thereafter (Fig-
ure 2B). We observed striking and contrasting phenotypes
in the hat3 and sir2rp1-null strains. INThat3 cells fail to as-
semble RAD51 foci whilst INTsir2rp1 cells fail to disassem-
ble RAD51 foci (Figure 2B). Figure 2C shows the foci as
observed in control cells, compared to the absence of foci in
INThat3 cells; the persistent foci seen in INTsir2rp1 cells were
indistinguishable from those seen in controls. These results
reveal roles for HAT3 and SIR2rp1 in the assembly and dis-
assembly of RAD51 foci and in DSB repair.

A synthetic defect in hat3-sir2rp1 double-null T. brucei

Failure to assemble RAD51 foci and failure to disassem-
ble RAD51 foci in the hat3 and sir2rp1-null strains, re-
spectively, suggests distinct roles for these two proteins in
DNA repair. To further explore this hypothesis, we assem-
bled a double-null T. brucei strain lacking both HAT3 and
SIR2rp1. We observed a moderate growth defect for either
hat3-null or sir2rp1-null strains and a further, moderately
enhanced, growth defect in the double null (Figure 3A).
The hat3-sir2rp1 double-null strain also displayed moder-
ately reduced survival in a clonogenic assay relative to either
single-null strain (Figure 3B). Notably though, we observed
a substantial increase in the proportion of double-null cells
with �H2A foci relative to either single-null strain (Figure
3C); phosphorylation of histone H2A and the formation of
�H2A are an early marker for DNA damage in T. brucei
(34). This synthetic defect supports the hypothesis that these
two proteins play distinct roles in DNA repair.

HAT3 suppresses subtelomeric VSG recombination and anti-
genic variation

Although a DNA break close to the active subtelomeric
VSG gene serves as a trigger for RAD51-dependent VSG
switching (16,35), no increase in RAD51 foci is observed
during repair at this locus (16). Since HAT3 and SIR2rp1
control RAD51 assembly and disassembly, respectively, at
the INT locus, we examined their contribution to repair at
the VSG locus using a genetic approach. The HAT3 and
SIR2rp1 genes were disrupted in a ‘TELomeric’ or ‘TEL’-
strain (Supplementary Figure S1A and B), with an I-SceI
site engineered upstream of the active VSG gene (Figure
4A). Similar to what we observed in the INT strain (Fig-
ure 2A), both TELhat3 and TELsir2rp1-null strains displayed
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Figure 1. Repair at the INT locus is primarily RAD51 dependent. (A) The schematic illustrates the Tb927.11.4530/4540 locus on chromosome 11 in the
INT strain; following insertion of an I-SceI site within a red fluorescent protein (RFP)–puromycin N-acetyltransferase (PAC) fusion gene (R:P); the I-SceI
site is indicated. (B) Western blotting validates the INTrad51 (Tb927.11.8190) null cells. Coo., Coomassie-stained gel, which serves as a loading control. (C)
Southern blot analysis of DNA repair following an I-SceI induced break in the INT and INTrad51 strains. Strains were grown in the presence or absence
of tetracycline for 1 week. Genomic DNA was digested with Bsp120I and HindIII and hybridized with a ‘4530’ probe (see (A)). In the INT strain, the
modified 5.2-kb ‘a’ allele (see panel (A)) is primarily converted back to ‘wild type’ by HR using the ‘b’ allele as a template. In the INTrad51 strain, a distinct
mechanism (MMEJ) generates a fragment at ∼5 kb. WT, wild-type cells; a, chromosome 11a allele; b, chromosome 11b allele. The schematic indicates the
observed fragments. (D) Cloning efficiency in the INT strain and rad51-null derivative. The assay was carried out using medium with or without tetracycline
to induce the DSB. Proportions of cells that recover from an induced DSB were derived by dividing the induced value by the un-induced value. Error bars,
SD.
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Figure 2. HAT3 and SIR2rp1 facilitate repair at a chromosome-internal locus. (A) Cloning efficiency in the INT strain. hat3, Tb927.10.8310-null INT
strain; sir2rp1, Tb927.7.1690-null INT strain. A Student’s t-test was used to derive P values: *P < 0.001 and **P < 0.0001. Other details are as in the
legend to Figure 1D. (B) Monitoring of RAD51 foci. Nuclei with detectable RAD51 foci were assessed over a time course following induction of I-SceI
expression. n = 200 at each time point. Error bars, SD. (C) Immunofluorescence analysis of RAD51 foci in INT (left-hand panel) and INThat3 (right-hand
panel) cells following induction of I-SceI expression (+Tet for 12 h). RAD51, red; DNA counter-stained with DAPI, blue; N, nucleus; K, kinetoplast.

reduced survival in a clonogenic assay, again likely due to
defective repair of spontaneous breaks (Figure 4B). In con-
trast to what we observed in the INT strain (Figure 2A),
however, neither null TEL strain displayed further reduced
survival following induction of a DSB at the VSG locus
(Figure 4B). In fact, we observed a significant increase in
survival in TELhat3 null cells.

Survival typically requires replacement of the active
VSG with a different VSG following an induced DSB in
the TEL strain (16). Cloned survivors from TELhat3 and
TELsir2rp1 strains were assessed for VSG switching using
immunofluorescence analysis. More than 99% of cells ex-
pressed VSG221 prior to induction of the break whilst al-
most all (but one) of the survivors (n = 33) had switched
off VSG221 expression (Figure 4C). These results confirm

efficient induction of DSBs by I-SceI in both TELhat3 and
TELsir2rp1 strains and indicate continued subtelomeric re-
pair and VSG replacement in the absence of either HAT3 or
SIR2rp1. We conclude that HAT3, in striking contrast to its
role in RAD51-focus assembly and repair at a chromosome-
internal locus, suppresses antigenic variation through VSG
recombination at a subtelomeric locus.

Locus-dependent control of ssDNA accumulation by HAT3

We next sought the mechanism by which HAT3 and
SIR2rp1 differentially control DNA repair at chromosome-
internal and subtelomeric loci. Since DNA resection to gen-
erate ssDNA is required for RAD51-focus assembly at the
site of the break, we monitored the kinetics of ssDNA accu-
mulation over time adjacent to breaks in the INT and TEL
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Figure 3. A synthetic defect in hat3-sir2rp1 double-null T. brucei. (A) Growth of wild-type, hat3, sir2rp1 and hat3:sir2rp1 double-null strains. Error bars,
SD. (B) Cloning efficiency of the wild-type (WT) hat3, sir2rp1 and hat3-sir2rp1 double-null strains. Error bars, SD. (C) Monitoring of �H2A foci in
the hat3, sir2rp1 and hat3-sir2rp1 double-null strains. Nuclei with detectable �H2A foci were counted, n = 200 for each sample. Error bars, SD. Inset:
immunofluorescence image of a �H2A focus (green); DNA was counter-stained with DAPI, blue.

strains (Figure 5). In INT cells, ssDNA accumulates adja-
cent to a break at the chromosome-internal locus 12 h after
induction and declines thereafter (Figure 5A and B), as also
described previously (10). In contrast, and consistent with
the defects in RAD51-focal assembly and disassembly (Fig-
ure 2B and C), ssDNA fails to accumulate in INThat3 null
cells, and persists in INTsir2rp1 null cells (Figure 5A and B).

Analysis of ssDNA following a break at the TEL locus
confirmed locus-specific control of the DNA-damage re-
sponse by HAT3. In this case, we observed little difference
between TEL cells and TELsir2rp1 null cells, but increased ss-
DNA accumulation in TELhat3 null cells (Figure 5C and D).
Thus, HAT3 promotes DNA resection and RAD51 assem-
bly at a chromosome-internal locus but suppresses DNA re-
section and VSG recombination at the subtelomeric VSG
locus. No increase in RAD51 foci was detected in TELhat3

cells, despite the accumulation of VSG221 ssDNA (data not
shown).

HAT3 and SIR2rp1 facilitate DNA resection at a multi-copy
chromosome-internal locus

The locus-specific functions of HAT3 may be explained by
the large number of potential templates available for sub-
telomeric repair or by differences between subtelomeres and
other chromosomal loci. To begin to address these alterna-
tive hypotheses, we established strains for the analysis of
DNA repair at a multi-copy but chromosome-internal lo-
cus. The T. brucei genome, in the context of widespread con-
stitutive polycistronic transcription, employs tandem gene
duplication to increase expression (36), as exemplified by
the tubulin gene array on T. brucei chromosome 1 (Figure
6A). To generate the ‘TANdem’ or ‘TAN’ strain, an I-SceI
cleavage site was targeted to one of ∼30 α/β tubulin repeats
(37,38). Southern blot analysis indicated an I-SceI site in-
serted within the shorter gene array (Figure 6B).

As was the case at the TEL locus, we detected no increase
in RAD51 foci following a DSB at the tubulin/TAN locus
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Figure 4. HAT3 suppresses subtelomeric VSG recombination. (A) The schematic illustrates the subtelomeric VSG221 locus on chromosome 6a in the
TEL strain after insertion of the ScePAC cassette; the I-SceI site is indicated; black circle, centromere; striped box, 70-bp repeats; arrowheads, telomeric
repeats. (B) Cloning efficiency in the TEL strain and hat3 and sir2rp1-null derivatives. *P < 0.01 and **P < 0.001. Other details are as in the legend to
Figure 1D. (C) Survivors from the clonogenic assays were scored by VSG221 immunofluorescence microscopy. hat3,n = 8; sir2rp1,n = 25. The VSG221
immunofluorescence images show an example of a switched survivor. DNA was counter-stained with DAPI.

(data not shown). To determine the contribution of RAD51
to repair at this locus, we generated TANrad51 null cells (Fig-
ure 6C). A clonogenic assay revealed remarkably efficient
repair following a DSB at this locus (Figure 6D). Once again
though (see Figure 1D), we observed a major RAD51-
associated defect in the repair of spontaneous breaks (Fig-
ure 6D). Consistent with approximately equal repair by
RAD51-dependent allelic HR or inter-chromosomal single-
strand annealing (SSA), approximately half of the induced
breaks appeared to be successfully repaired in the absence
of RAD51 (Figure 6D); SSA is typically RAD51 indepen-
dent (39) and can operate when a break occurs between
two repeated sequences oriented in the same direction. Dur-

ing SSA, single-stranded regions extend to the repeated se-
quences such that the complementary strands can anneal to
each other, leading to repair and the loss of one or more of
the repeats. Among seven cloned DSB survivors, four ap-
peared to reflect allelic HR, regenerating the short array,
two revealed deletions and one revealed a mixture of these
outcomes; the deletions may arise due to HR but most likely
arise due to SSA (Figure 6E). These results indicate highly
efficient induction of I-SceI-mediated breaks and highly ef-
ficient repair of these breaks at the tubulin/TAN locus.

To address the role of HAT3 or SIR2rp1 in repair at the
tubulin/TAN locus, we disrupted the HAT3 or the SIR2rp1
genes in the TAN strain (Supplementary Figure S1A). In
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Figure 5. Locus-dependent control of DNA resection by HAT3. Accumulation of ssDNA adjacent to a DSB was monitored by slot-blot analysis in the
INT (A) and TEL (C) strains. Genomic DNA was extracted at the times indicated following I-SceI induction. Ninety percent of each sample was ‘native’
(n; where a hybridization signal with native DNA indicates the presence of ssDNA) and the remainder was denatured (d). The probes used on each blot
are indicated on the right (see the schematic maps in Figures 1A and 4A). ssDNA signals from the INT (B) and TEL (D) strains were quantified by
phosphorimager analysis as previously described (10).

clonogenic assays, neither protein had a detectable effect on
the repair of induced breaks (Figure 7A). As seen following
DNA breaks at other sites, ssDNA adjacent to the break
was most abundant 12 h following induction in the TAN
strain and declined thereafter. The hat3 defect at the tubu-
lin locus was similar to the defect at the INT locus; resec-
tion was again severely compromised (Figure 7B and C).
Notably though, we also observed a resection defect in the
sir2rp1-null strains (Figure 7B and C), suggesting an ear-
lier role for SIR2rp1 at the TAN locus compared to the role
observed at the INT locus. In the case of the TANhat3-null
strain, the RFP signal was rapidly depleted compared to
the control or TANsir2rp1-null strains. This suggested more
rapid loss of dsDNA adjacent to the break (Figure 7B; com-
pare the 12- and 24-h time points, d-column) and a PCR-
based assay suggested that this was in fact due to more
rapid cleavage by I-SceI in the TANhat3-null strain (Sup-
plementary Figure S1E). These results indicate that both
HAT3 and SIR2rp1 facilitate DNA resection at a tandem-
arrayed chromosome-internal locus, that only HAT3 facili-
tates DNA resection at a ‘single-copy’ locus and that neither
protein is required for DNA resection at the subtelomeric
VSG locus. We can also conclude that DNA repair contin-
ues to operate effectively at the TAN locus, despite the resec-
tion defect; residual resection must be sufficient when mul-
tiple adjacent templates are available for SSA and/or when
multiple allelic templates are available for HR.

Locus-dependent control of the G2 DNA-damage checkpoint
response

The DSB response is characterized by a cascade of events.
Following the formation of �H2A foci (34), DNA resection
and the assembly of RAD51 foci can culminate in an ar-
rest at the G2-phase of the cell cycle (10,16). There is also
evidence that histone acetylation and �H2A act coopera-
tively in the DNA-damage response in human cells (40).
To explore the relationship amongst different steps in the
T. brucei repair cascade, we assessed the accumulation of
�H2A and G2-checkpoint function in response to breaks
at chromosome-internal and subtelomeric loci. Cells with
�H2A foci are present at a low level in unperturbed cells
and increased ∼5-fold in cells with induced breaks (Figure
8A). We observed ∼2-fold reduction in detectable �H2A
foci following DSB induction at all three loci in cells lacking
HAT3 (Figure 8A). We saw a similar effect in cells lacking
SIR2rp1, but this appeared to be restricted to the INT lo-
cus in this case (Figure 8A). Thus, the formation of �H2A
foci is moderately affected by HAT3 function and, at a
chromosome-internal locus, also by SIR2rp1 function.

For cell-cycle analysis, DAPI-stained nuclear and mi-
tochondrial (kinetoplast) DNA in T. brucei can be used
as cytological markers. Cells with one nucleus and two
distinct kinetoplasts (1N2K) are defined as being in the
G2-phase. Examination of the G2-checkpoint revealed re-
sponses following breaks at the INT and TEL loci (Fig-
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Figure 6. DSB repair within the tubulin/TAN gene array (Tb927.1.2340-2400). (A) The schematic illustrates the TUB locus on chromosome 1 after
replacement of an �-TUB gene with the RFP:PAC cassette. The I-SceI recognition site is indicated; black circle, centromere; β, β-TUB genes. (B) The
schematic illustrates analysis of the TUB alleles on chromosome 1; the polymorphic wild-type (WT) a and b alleles (37) and the b allele after insertion of
the RsP cassette (TAN, b+) are shown. The approximate sizes of the NcoI (N) fragments expected on Southern blots are indicated below the maps. For
Southern blotting, genomic DNA was digested with Nco1 and subjected to pulsed-field gel electrophoresis. Bands corresponding to the WT and b+ alleles
are present. (C) Western blotting validates the TANrad51 null cells. Coo., Coomassie-stained gel, which serves as a loading control. (D) Cloning efficiency
in the TANrad51-null strain. Other details are as in the legend to Figure 1D. (E) DSB-repair survivors were cloned in medium containing tetracycline and
genomic DNA was analysed by Southern blotting as described in (B) above. Bands corresponding to the ‘WT’-b and truncated b alleles are recovered. The
schematic illustrates repair, which we predict is via either allelic homologous recombination (survivors 2, 4 and 5–7) or single-strand annealing (survivors
1, 3 and 6).
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Figure 7. HAT3 and SIR2rp1 facilitate DNA resection at a chromosome-internal tandem gene array. (A) Cloning efficiency in the TAN strain, hat3-null
and sir2rp1-null derivatives. Other details are as in the legend to Figure 1D. (B/C) Accumulation of ssDNA adjacent to the DSB was monitored as described
in the legend to Figure 5A/C. The loading control was prepared using a ‘4250’ probe also from chr. 1 (see the Materials and Methods section). (C) Signals
derived from the TAN strains were quantified by phosphorimager analysis as described (10).

ure 8B). Surprisingly, we see no G2-checkpoint response
in TAN cells (Figure 8B), despite robust resection (Fig-
ure 7B); resection and G2-checkpoint activation are typi-
cally thought to be part of the canonical DNA-damage re-
sponse in eukaryotes (41). Consistent with impacts on the
efficiency of DNA repair, the G2-checkpoint response was
ablated specifically following a break at the chromosome-
internal locus in cells lacking either HAT3 or SIR2rp1 (Fig-
ure 8B, compare INT and TEL strains). Thus, SIR2rp1 pro-
motes efficient �H2A-focus assembly, RAD51-focus disas-
sembly and efficient DNA repair at a ‘single-copy’ locus
but promotes DNA resection at a tandem-arrayed locus.
In contrast, HAT3 promotes efficient �H2A-focus assem-
bly, DNA resection, RAD51-focus assembly and efficient
DNA repair at a chromosome-internal, ‘single-copy’ locus
but suppresses DNA resection and DNA repair at a sub-
telomeric VSG locus.

DISCUSSION

Although loss of a T. brucei telomere fails to trigger a DSB
response (42), a subtelomeric break can trigger VSG re-
combination and antigenic variation (16). These results sug-
gest a gradient of DSB-response suppression starting at
the telomere and this may reflect the particular features of
chromatin structure that protect the ends of chromosomes
(23,24). Since the major mechanism of antigenic variation
in T. brucei involves VSG recombination at subtelomeres,
these structures have an important impact on the capac-
ity for immune evasion. To further explore locus-specific
responses to DSBs and the impact on antigenic variation,
we identified chromatin modifiers with a role in DNA re-
pair and probed the impact of these factors on DSB re-
pair at two chromosome-internal sites and one subtelom-
eric site. We demonstrate distinct roles for HAT3 histone
acetyltransferase and the SIR2rp1 deacetylase in DNA re-
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Figure 8. Impact of HAT3 or SIR2rp1 on �H2A foci and the G2 DNA-damage checkpoint response. (A) Monitoring of �H2A foci in the INT, TEL or
TAN strains with or without HAT3 or SIR2rp1. Nuclei with detectable �H2A foci were counted 12 h after I-SceI induction. See the legend to Figure 3C
for other details. (B) Monitoring of nuclei in the G2-phase of the cell cycle in the INT, TEL or TAN strains with or without HAT3 or SIR2rp1. G2 cells
contain a single nucleus and two kinetoplasts. Counts were taken 0, 12 and 24 h after I-SceI induction (n ≥ 90 cells at each time point).

section and DSB repair. HAT3 has opposite impacts on
DNA repair at chromosome-internal and subtelomeric loci.
The results suggest that protein acetylation by HAT3 and
deacetylation by SIR2rp1 are important for efficient HR
at a chromosome-internal locus. In contrast, HAT3 specifi-
cally suppresses DNA resection and VSG recombination at
a subtelomeric locus.

RAD51-dependent HR dominates DSB repair at a
chromosome-internal locus in T. brucei (10). Consistent
with the defects in resection and RAD51-focus formation
at this site, HAT3 was specifically required for the G2-
checkpoint response. Mammalian Tip60, another MYST-
family histone acetyltransferase, is required to gener-
ate �H2A foci (43), and we also observe compromised
�H2A-focus formation in the absence of HAT3. RAD51-
dependent HR also makes an important contribution to
DSB repair at a subtelomeric VSG locus (16). However,
although RAD51 foci are readily visible following a DSB
at the chromosome-internal site, and our genetic analyses

indicate ∼50% RAD51-dependent repair at either a sub-
telomere (16) or within a tandem array (the current work),
RAD51 foci are not visible following a DSB at these lat-
ter two sites. This suggests that less RAD51 is required for
homology searching and repair in these cases, possibly due
to the large number of alternative templates available for re-
pair. Indeed, efficient repair operated independent of HAT3
and was suppressed by HAT3, respectively, at the tandem-
arrayed locus and at the VSG locus. These results do not
reveal whether the repair suppressed by HAT3 at the VSG
locus is RAD51 dependent or independent, but they do sug-
gest that the availability of multiple repair templates com-
pensates for a HAT3 defect.

DSB repair requires chromatin remodelling but the un-
derlying mechanisms remain only partially characterized.
Remodelling in the region surrounding the break is thought
to prime the DSB and facilitate access to the DNA-end-
resection machinery. It is thought that the ssDNA tails
then serve to activate the DNA-damage response. Follow-
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ing recombination, further remodelling is then thought to
restore the original chromatin structure; this is known as
the ‘Prime, Repair, Restore’ model (44). Specifically, his-
tone acetylation by Tip60 (21) or MOF (45,46) in mam-
malian cells or Esa1 in yeast (47) promotes accumulation of
factors required for recombination. Sirtuin-family deacety-
lases also promote DNA repair (22) and, potentially anal-
ogous to the situation we report in T. brucei, RAD51 focus
disassembly is delayed by SIRT1 knockdown (48) or chem-
ical inhibition of sirtuins (49) in mammalian cells. Indeed,
SIRT1 physically interacts with and negatively regulates
Tip60 in these cells (48). Since Tip60, Esa1 and HAT3 are
all MYST-family histone acetyltransferase, our results sug-
gest that cycling of acetylation and deacetylation by MYST
acetyltransferases and sirtuins may play an important and
conserved role in genome integrity from trypanosomes to
humans.

Although Tip60-dependent histone acetylation is one of
the best characterized responses to a DSB in mammalian
cells (18), this acetyltransferase is also required for the ac-
tivation of the ATM (ataxia telangiectasia mutated) ki-
nase (50,51), an early DNA-damage sensor (14). Thus,
HAT3 may mediate its effects on DNA repair in T. brucei
through acetylation of histone H4K4 (25), and/or through
the acetylation of other factors, or even potentially by an in-
direct mechanism. Sirtuins also deacetylate non-histone re-
pair factors (51,52) so SIR2rp1 could equally mediate its ef-
fects through deacetylation of histones or other non-histone
substrates. Indeed, SIR2rp1 does not appear to deacetylate
histone H4K4 (25) and the synthetic defect we report in
hat3-sir2rp1 double-null cells suggests that these two pro-
teins mediate their distinct impacts on DNA repair by mod-
ifying distinct substrates. Several sirtuins, including T. bru-
cei SIR2rp1 also exhibit ADP ribosyltransferase activity
(27). The locus-specific effects that we observe in response
to DNA damage are also consistent with distinct roles for
HAT3 and SIR2rp1.

The prime, repair, restore model for DNA repair invokes
a strict temporal order of post-translation modification. For
example, acetylation allows repair factors to negotiate the
barrier presented by chromatin, and deacetylation switches
off the DNA-damage response and allows cells to resume
the cell-cycle following repair. Our results are entirely con-
sistent with this model. The HAT3 defect impacts �H2A-
focus assembly, one of the earliest steps in the DNA-damage
response, and also leads to almost complete failure to resect
DNA, assemble RAD51 foci or trigger a G2-checkpoint.
The known modification mediated by HAT3 is constitu-
tive acetylation of histone H4K4 (25). Post-damage expo-
sure of constitutive chromatin modification has been pro-
posed in DNA damage signalling (53), and we also suggest
a role for cell-cycle-regulated exposure in the case of acety-
lated H4K4; this modification is specifically inaccessible to
antibodies in fixed T. brucei cells in the G1-phase of the
cell cycle (25). Thus, access to acetylated H4K4 could de-
lay the DNA-damage response until the S- and G2-phases
of the cell cycle. Later in a repair cycle, strand invasion and
new DNA synthesis are thought to precede disassembly of
RAD51 foci (54). Telomeric sirtuins in other cell types re-
localize to sites of damage to mediate their effects (55,56).
Our results indicate a role in disassembly of RAD51 foci at

chromosome-internal sites and, since SIR2rp1 functions in
telomeric silencing in T. brucei (26), we suggest that relocal-
ization also operates in T. brucei to mediate this effect.

We show that HAT3 is required for efficient DNA resec-
tion, focal assembly of RAD51, G2-checkpoint activation
and DNA repair. In contrast, HAT3 suppressed DNA re-
section and recombination at a subtelomeric locus. Thus, we
see a correlation between DNA resection and the efficiency
of DNA repair that is locus specific and dependent upon the
action of HAT3. We also describe a locus-specific impact for
SIR2rp1 on DNA repair, with little impact on subtelomeres
in this case. The locus dependence we observe in T. brucei
is important for antigenic variation, which depends upon
VSG recombination at subtelomeres. Indeed, the vast ma-
jority of VSG genes are located in subtelomeric arrays and
many are flanked by 70-bp repeats (57) and telomeric re-
peats, which range in both sequence and size. The 70-bp re-
peats create sequence homology that defines the boundary
of the duplicative transposition of VSG genes during recom-
bination (58). Given that donor VSGs are typically thought
to be within heterochromatin, chromatin remodelling could
be required to allow invasion of a RAD51 synaptic fila-
ment. Indeed, chromatin remodelling facilitates recombi-
nation within heterochromatin in Saccharomyces cerevisiae
(59) so we must consider the impact of chromatin modi-
fiers at both the damaged and donor sites during HR. As
well as T. brucei HAT3, other factors, such as the type-IA
topoisomerase, TOPO3� (60), the telomere-interacting fac-
tor, TIF2 (61) and long telomeres (62), also suppress VSG
recombination.

An understanding of the control of DNA resection and
resolution of recombination intermediates has remained
elusive. The approach taken here has allowed us to begin to
dissect the role of HAT3 and SIR2rp1 in DSB repair at three
different chromosomal loci in T. brucei, two chromosome-
internal and one subtelomeric. Our data suggest a cycle
of protein acetylation and deacetylation contributing to
a DSB response that facilitates repair at a chromosome-
internal locus. Several acetyltransferases and deacetylases
impact the DNA-repair process in eukaryotes and we now
show that a pair of these enzymes controls the cycle of
DNA resection and RAD51 assembly and disassembly, re-
spectively, in T. brucei. Our finding that HAT3 suppresses
subtelomeric recombination and antigenic variation also
reveals compartmentalization of the T. brucei genome in
terms of DNA repair.
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FUNDING

Wellcome Trust [083648; 100476; 100320/Z/12/Z to
D.H.]. Funding for open access charge: Wellcome Trust
[100320/Z/12/Z].
Conflict of interest statement. None declared.

REFERENCES
1. Brun,R., Blum,J., Chappuis,F. and Burri,C. (2010) Human African

trypanosomiasis. Lancet, 375, 148–159.

 at U
niversity of D

undee on M
ay 9, 2016

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku900/-/DC1
http://nar.oxfordjournals.org/


12612 Nucleic Acids Research, 2014, Vol. 42, No. 20

2. Kostriken,R., Strathern,J.N., Klar,A.J., Hicks,J.B. and Heffron,F.
(1983) A site-specific endonuclease essential for mating-type
switching in Saccharomyces cerevisiae. Cell, 35, 167–174.

3. Lee,S.E., Moore,J.K., Holmes,A., Umezu,K., Kolodner,R.D. and
Haber,J.E. (1998) Saccharomyces Ku70, mre11/rad50 and RPA
proteins regulate adaptation to G2/M arrest after DNA damage.
Cell, 94, 399–409.

4. Vickerman,K. (1985) Developmental cycles and biology of
pathogenic trypanosomes. Br. Med. Bull., 41, 105–114.

5. Pays,E. (2006) The variant surface glycoprotein as a tool for
adaptation in African trypanosomes. Microbes Infect., 8, 930–937.

6. Robinson,N.P., Burman,N., Melville,S.E. and Barry,J.D. (1999)
Predominance of duplicative VSG gene conversion in antigenic
variation in African trypanosomes. Mol. Cell. Biol., 19, 5839–5846.

7. Baker,N., Glover,L., Munday,J.C., Aguinaga Andres,D.,
Barrett,M.P., de Koning,H.P. and Horn,D. (2012) Aquaglyceroporin
2 controls susceptibility to melarsoprol and pentamidine in African
trypanosomes. Proc. Natl Acad. Sci. U.S.A., 109, 10996–11001.

8. Graf,F.E., Ludin,P., Wenzler,T., Kaiser,M., Brun,R., Pyana,P.P.,
Buscher,P., de Koning,H.P., Horn,D. and Maser,P. (2013) Aquaporin
2 mutations in Trypanosoma brucei gambiense field isolates correlate
with decreased susceptibility to pentamidine and melarsoprol. PLoS
Negl. Trop. Dis., 7, e2475.

9. Vincent,I.M., Creek,D., Watson,D.G., Kamleh,M.A., Woods,D.J.,
Wong,P.E., Burchmore,R.J. and Barrett,M.P. (2010) A molecular
mechanism for eflornithine resistance in African trypanosomes.
PLoS Pathog., 6, e1001204.

10. Glover,L., McCulloch,R. and Horn,D. (2008) Sequence homology
and microhomology dominate chromosomal double-strand break
repair in African trypanosomes. Nucleic Acids Res., 36, 2608–2618.

11. Sugawara,N. and Haber,J.E. (1992) Characterization of
double-strand break-induced recombination: homology requirements
and single-stranded DNA formation. Mol. Cell. Biol., 12, 563–575.

12. Paques,F. and Haber,J.E. (1999) Multiple pathways of recombination
induced by double-strand breaks in Saccharomyces cerevisiae.
Microbiol. Mol. Biol. Rev., 63, 349–404.

13. Longhese,M.P., Mantiero,D. and Clerici,M. (2006) The cellular
response to chromosome breakage. Mol. Microbiol., 60, 1099–1108.

14. Harrison,J.C. and Haber,J.E. (2006) Surviving the breakup: the DNA
damage checkpoint. Annu. Rev. Genet., 40, 209–235.

15. Symington,L.S. (2002) Role of RAD52 epistasis group genes in
homologous recombination and double-strand break repair.
Microbiol. Mol. Biol. Rev., 66, 630–670, table of contents.

16. Glover,L., Alsford,S. and Horn,D. (2013) DNA break site at fragile
subtelomeres determines probability and mechanism of antigenic
variation in African trypanosomes. PLoS Pathog., 9, e1003260.

17. McCulloch,R. and Barry,J.D. (1999) A role for RAD51 and
homologous recombination in Trypanosoma brucei antigenic
variation. Genes Dev., 13, 2875–2888.

18. Price,B.D. and D’Andrea,A.D. (2013) Chromatin remodeling at
DNA double-strand breaks. Cell, 152, 1344–1354.

19. Tamburini,B.A. and Tyler,J.K. (2005) Localized histone acetylation
and deacetylation triggered by the homologous recombination
pathway of double-strand DNA repair. Mol. Cell. Biol., 25,
4903–4913.

20. Gong,F. and Miller,K.M. (2013) Mammalian DNA repair: HATs
and HDACs make their mark through histone acetylation. Mutat.
Res., 750, 23–30.

21. Tang,J., Cho,N.W., Cui,G., Manion,E.M., Shanbhag,N.M.,
Botuyan,M.V., Mer,G. and Greenberg,R.A. (2013) Acetylation limits
53BP1 association with damaged chromatin to promote homologous
recombination. Nat. Struct. Mol. Biol., 20, 317–325.

22. Haldar,D. and Kamakaka,R.T. (2008) Schizosaccharomyces pombe
Hst4 functions in DNA damage response by regulating histone H3
K56 acetylation. Eukaryot. Cell, 7, 800–813.

23. Sfeir,A. and de Lange,T. (2012) Removal of shelterin reveals the
telomere end-protection problem. Science, 336, 593–597.

24. Dreesen,O., Li,B. and Cross,G.A. (2007) Telomere structure and
function in trypanosomes: a proposal. Nat. Rev. Microbiol., 5, 70–75.

25. Siegel,T.N., Kawahara,T., Degrasse,J.A., Janzen,C.J., Horn,D. and
Cross,G.A. (2008) Acetylation of histone H4K4 is cell cycle regulated
and mediated by HAT3 in Trypanosoma brucei. Mol. Microbiol., 67,
762–771.

26. Alsford,S., Kawahara,T., Isamah,C. and Horn,D. (2007) A sirtuin in
the African trypanosome is involved in both DNA repair and
telomeric gene silencing but is not required for antigenic variation.
Mol. Microbiol., 63, 724–736.

27. Garcia-Salcedo,J.A., Gijon,P., Nolan,D.P., Tebabi,P. and Pays,E.
(2003) A chromosomal SIR2 homologue with both histone
NAD-dependent ADP-ribosyltransferase and deacetylase activities is
involved in DNA repair in Trypanosoma brucei. EMBO J., 22,
5851–5862.

28. Kawahara,T., Siegel,T.N., Ingram,A.K., Alsford,S., Cross,G.A. and
Horn,D. (2008) Two essential MYST-family proteins display distinct
roles in histone H4K10 acetylation and telomeric silencing in
trypanosomes. Mol. Microbiol., 69, 1054–1068.

29. Alsford,S. and Horn,D. (2007) RNA polymerase I transcription
stimulates homologous recombination in Trypanosoma brucei. Mol.
Biochem. Parasitol., 153, 77–79.

30. Horn,D. and Cross,G.A. (1997) Position-dependent and
promoter-specific regulation of gene expression in Trypanosoma
brucei. EMBO J., 16, 7422–7431.

31. Ingram,A.K., Cross,G.A. and Horn,D. (2000) Genetic manipulation
indicates that ARD1 is an essential N(infinity)-acetyltransferase in
Trypanosoma brucei. Mol. Biochem. Parasitol., 111, 309–317.

32. Proudfoot,C. and McCulloch,R. (2005) Distinct roles for two
RAD51-related genes in Trypanosoma brucei antigenic variation.
Nucleic Acids Res., 33, 6906–6919.

33. Glover,L., Jun,J. and Horn,D. (2011) Microhomology-mediated
deletion and gene conversion in African trypanosomes. Nucleic Acids
Res., 39, 1372–1380.

34. Glover,L. and Horn,D. (2012) Trypanosomal histone gammaH2A and
the DNA damage response. Mol. Biochem. Parasitol., 183, 78–83.

35. Boothroyd,C.E., Dreesen,O., Leonova,T., Ly,K.I., Figueiredo,L.M.,
Cross,G.A. and Papavasiliou,F.N. (2009) A
yeast-endonuclease-generated DNA break induces antigenic
switching in Trypanosoma brucei. Nature, 459, 278–281.

36. Jackson,A.P. (2007) Evolutionary consequences of a large duplication
event in Trypanosoma brucei: chromosomes 4 and 8 are partial
duplicons. BMC Genomics, 8, 432.

37. Callejas,S., Leech,V., Reitter,C. and Melville,S. (2006) Hemizygous
subtelomeres of an African trypanosome chromosome may account
for over 75% of chromosome length. Genome Res., 16, 1109–1118.

38. Ersfeld,K., Asbeck,K. and Gull,K. (1998) Direct visualisation of
individual gene organisation in Trypanosoma brucei by
high-resolution in situ hybridisation. Chromosoma, 107, 237–240.

39. Ivanov,E.L., Sugawara,N., Fishman-Lobell,J. and Haber,J.E. (1996)
Genetic requirements for the single-strand annealing pathway of
double-strand break repair in Saccharomyces cerevisiae. Genetics,
142, 693–704.

40. Lee,H.S., Park,J.H., Kim,S.J., Kwon,S.J. and Kwon,J. (2010) A
cooperative activation loop among SWI/SNF, gamma-H2AX and
H3 acetylation for DNA double-strand break repair. EMBO J., 29,
1434–1445.

41. Trovesi,C., Manfrini,N., Falcettoni,M. and Longhese,M.P. (2013)
Regulation of the DNA damage response by cyclin-dependent
kinases. J. Mol. Biol., 425, 4756–4766.

42. Glover,L., Alsford,S., Beattie,C. and 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.

43. Kranz,D., Dohmesen,C. and Dobbelstein,M. (2008) BRCA1 and
Tip60 determine the cellular response to ultraviolet irradiation
through distinct pathways. J. Cell Biol., 182, 197–213.

44. Soria,G., Polo,S.E. and Almouzni,G. (2012) Prime, repair, restore: the
active role of chromatin in the DNA damage response. Mol. Cell, 46,
722–734.

45. Li,X., Corsa,C.A., Pan,P.W., Wu,L., Ferguson,D., Yu,X., Min,J. and
Dou,Y. (2010) MOF and H4 K16 acetylation play important roles in
DNA damage repair by modulating recruitment of DNA damage
repair protein Mdc1. Mol. Cell. Biol., 30, 5335–5347.

46. Sharma,G.G., So,S., Gupta,A., Kumar,R., Cayrou,C.,
Avvakumov,N., Bhadra,U., Pandita,R.K., Porteus,M.H., Chen,D.J.
et al. (2010) MOF and histone H4 acetylation at lysine 16 are critical
for DNA damage response and double-strand break repair. Mol.
Cell. Biol., 30, 3582–3595.

 at U
niversity of D

undee on M
ay 9, 2016

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

http://nar.oxfordjournals.org/


Nucleic Acids Research, 2014, Vol. 42, No. 20 12613

47. Bird,A.W., Yu,D.Y., Pray-Grant,M.G., Qiu,Q., Harmon,K.E.,
Megee,P.C., Grant,P.A., Smith,M.M. and Christman,M.F. (2002)
Acetylation of histone H4 by Esa1 is required for DNA
double-strand break repair. Nature, 419, 411–415.

48. Yamagata,K. and Kitabayashi,I. (2009) Sirt1 physically interacts with
Tip60 and negatively regulates Tip60-mediated acetylation of H2AX.
Biochem. Biophys. Res. Commun., 390, 1355–1360.

49. Uhl,M., Csernok,A., Aydin,S., Kreienberg,R., Wiesmuller,L. and
Gatz,S.A. (2010) Role of SIRT1 in homologous recombination. DNA
Repair (Amst), 9, 383–393.

50. Sun,Y., Jiang,X., Chen,S., Fernandes,N. and Price,B.D. (2005) A role
for the Tip60 histone acetyltransferase in the acetylation and
activation of ATM. Proc. Natl Acad. Sci. U.S.A., 102, 13182–13187.

51. Sun,Y., Xu,Y., Roy,K. and Price,B.D. (2007) DNA damage-induced
acetylation of lysine 3016 of ATM activates ATM kinase activity.
Mol. Cell. Biol., 27, 8502–8509.

52. Li,K., Casta,A., Wang,R., Lozada,E., Fan,W., Kane,S., Ge,Q.,
Gu,W., Orren,D. and Luo,J. (2008) Regulation of WRN protein
cellular localization and enzymatic activities by SIRT1-mediated
deacetylation. J. Biol. Chem., 283, 7590–7598.

53. Huyen,Y., Zgheib,O., Ditullio,R.A. Jr, Gorgoulis,V.G.,
Zacharatos,P., Petty,T.J., Sheston,E.A., Mellert,H.S., Stavridi,E.S.
and Halazonetis,T.D. (2004) Methylated lysine 79 of histone H3
targets 53BP1 to DNA double-strand breaks. Nature, 432, 406–411.

54. Miyazaki,T., Bressan,D.A., Shinohara,M., Haber,J.E. and
Shinohara,A. (2004) In vivo assembly and disassembly of Rad51 and
Rad52 complexes during double-strand break repair. EMBO J., 23,
939–949.

55. Martin,S.G., Laroche,T., Suka,N., Grunstein,M. and Gasser,S.M.
(1999) Relocalization of telomeric Ku and SIR proteins in response to
DNA strand breaks in yeast. Cell, 97, 621–633.

56. Oberdoerffer,P., Michan,S., McVay,M., Mostoslavsky,R., Vann,J.,
Park,S.K., Hartlerode,A., Stegmuller,J., Hafner,A., Loerch,P. et al.
(2008) SIRT1 redistribution on chromatin promotes genomic stability
but alters gene expression during aging. Cell, 135, 907–918.

57. Marcello,L. and Barry,J.D. (2007) Analysis of the VSG gene silent
archive in Trypanosoma brucei reveals that mosaic gene expression is
prominent in antigenic variation and is favored by archive
substructure. Genome Res., 17, 1344–1352.

58. McCulloch,R., Rudenko,G. and Borst,P. (1997) Gene conversions
mediating antigenic variation in Trypanosoma brucei can occur in
variant surface glycoprotein expression sites lacking 70-base-pair
repeat sequences. Mol. Cell. Biol., 17, 833–843.

59. Sinha,M., Watanabe,S., Johnson,A., Moazed,D. and Peterson,C.L.
(2009) Recombinational repair within heterochromatin requires
ATP-dependent chromatin remodeling. Cell, 138, 1109–1121.

60. Kim,H.S. and Cross,G.A. (2010) TOPO3alpha influences antigenic
variation by monitoring expression-site-associated VSG switching in
Trypanosoma brucei. PLoS Pathog., 6, e1000992.

61. Jehi,S.E., Wu,F. and Li,B. (2014) Trypanosoma brucei TIF2
suppresses VSG switching by maintaining subtelomere integrity. Cell
Res., 24, 870–885.

62. Hovel-Miner,G.A., Boothroyd,C.E., Mugnier,M., Dreesen,O.,
Cross,G.A. and Papavasiliou,F.N. (2012) Telomere length affects the
frequency and mechanism of antigenic variation in Trypanosoma
brucei. PLoS Pathog., 8, e1002900.

 at U
niversity of D

undee on M
ay 9, 2016

http://nar.oxfordjournals.org/
D

ow
nloaded from

 

http://nar.oxfordjournals.org/

