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ABSTRACT

DNA damage-induced cell cycle checkpoints serve
as surveillance mechanisms to maintain genomic
stability, and are regulated by ATM/ATR-mediated
signaling pathways that are conserved from yeast
to humans. Trypanosoma brucei, an early diver-
gent microbial eukaryote, lacks key components
of the conventional DNA damage-induced G2/M
cell cycle checkpoint and the spindle assembly
checkpoint, and nothing is known about how T.
brucei controls its cell cycle checkpoints. Here
we discover a kinetochore-based, DNA damage-
induced metaphase checkpoint in T. brucei. MMS-
induced DNA damage triggers a metaphase arrest
by modulating the abundance of the outer kineto-
chore protein KKIP5 in an Aurora B kinase- and
kinetochore-dependent, but ATM/ATR-independent
manner. Overexpression of KKIP5 arrests cells at
metaphase through stabilizing the mitotic cyclin
CYC6 and the cohesin subunit SCC1, mimicking DNA
damage-induced metaphase arrest, whereas deple-
tion of KKIP5 alleviates the DNA damage-induced
metaphase arrest and causes chromosome mis-
segregation and aneuploidy. These findings suggest
that trypanosomes employ a novel DNA damage-
induced metaphase checkpoint to maintain genomic
integrity.

INTRODUCTION

To maintain genomic integrity in eukaryotes, two surveil-
lance mechanisms, the DNA damage response (DDR) and
the spindle assembly checkpoint (SAC), function to en-
sure the fidelity of genome replication and segregation. The
DDR recognizes DNA damage and arrests the cell cycle,
allowing cells to repair DNA damage before they enter the
next cell cycle stage. The signaling pathway for DDR has

been well characterized in yeast and animals (1,2). DNA
damage induces DNA replication folk stalling, thereby acti-
vating the PI3K-like kinases, ataxia-telangiectasia mutated
(ATM) and ataxia-telangiectasia and Rad3-related (ATR).
ATM phosphorylates the checkpoint kinase Chk2, which
activates p53 and p21 for the two proteins to inhibit the
Cyclin E/Cdk2 complex, thus leading to G1/S cell cy-
cle arrest. ATR phosphorylates another checkpoint kinase
named Chk1, which, together with Chk2, arrests the cell cy-
cle at the intra-S phase or the G2/M boundary by inhibit-
ing the Cdc25 phosphatase, which activates the G1 cyclin-
dependent kinase (CDK) Cdk2 and the mitotic CDK Cdkl1
by removing the inhibitory phosphorylation in the activa-
tion loop of these CDKs (3). Additionally, Chkl1 can ac-
tivate the Weel kinase, which phosphorylates Cdk1 in the
activation loop, thereby inhibiting Cdk1 and preventing the
G2/M cell cycle transition (4).

While the DDR activates G1/S, intra-S phase and G2/M
checkpoints (3), the SAC delays anaphase onset in response
to kinetochore-microtubule attachment errors through in-
hibiting Cdc20, a co-activator of the anaphase-promoting
complex/cyclosome (APC/C), an E3 ubiquitin ligase that
targets crucial cell cycle regulators for degradation during
the metaphase-anaphase transition (5). When the SAC is
activated, the mitotic checkpoint complex (MCC), com-
posed of Mad2, BubR1 and Bub3, binds to Cdc20 and
prevents Cdc20 from activating APC/C. Once kinetochore-
microtubule attachment errors are corrected, the SAC is in-
activated and Cdc20 is released from the MCC, thereby acti-
vating the APC/C to promote anaphase onset (6,7). APC/C
promotes the degradation of securin (Pdsl in yeast), an in-
hibitor of the separase protease, thus activating separase,
and the activated separase then cleaves the cohesin subunit
SCClI, leading to sister chromatid separation (8). APC/C
also targets the mitotic B-type cyclin for degradation to pro-
mote anaphase onset (9,10) and mitotic exit (11). The sig-
nal for SAC activation is generated from unattached kineto-
chores, to which the SAC components are recruited through
binding to the outer kinetochore component KNL1 (12—
14), an essential subunit of the KMN complex that also in-
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cludes the Mis12 sub-complex and the Ndc80 sub-complex
(15). Targeting of SAC components to kinetochores re-
quires the Aurora B kinase, which phosphorylates Ndc80
for recruitment of the SAC component Mpsl initially and
other SAC components subsequently (16).

Although the DDR and the SAC sense different pertur-
bations, extensive studies have demonstrated synergistic in-
teractions and cross-talk between these two checkpoints in
yeast and animals (for a review, see (17)). In addition to
responding to kinetochore-microtubule attachment errors,
the SAC can also be triggered by DNA damage, and the
DNA damage-induced metaphase arrest depends on the
SAC and both the ATM and ATR kinases, but is inde-
pendent of kinetochores (18-20). DNA damage can acti-
vate the SAC in a kinetochore-dependent, but ATM/ATR-
independent manner to arrest meiosis metaphase I in mouse
oocytes (21). The DDR and the SAC regulate a com-
mon target, the anaphase inhibitor securin/Pdsl, to con-
trol anaphase onset. Pdsl is phosphorylated and stabilized
by DNA damage checkpoint in a SAC-independent manner
(22,23), whereas the SAC stabilizes Pds1 through inhibition
of APC/C (24,25).

The molecular components and the signaling pathways of
the DDR and the SAC are conserved across evolution from
yeast to humans (26,27). However, distinctions in the DDR
are observed in plants (28), and certain components of the
DDR and the SAC are not identifiable in the lineage of
the flagellated protozoa kinetoplastids, which include 7ry-
panosoma brucei, Trypanosoma cruzi and Leishmania spp.
and belong to the Excavata supergroup of eukaryotes (29).
Trypanosoma brucei appears to lack the homologs of all but
Mad?2 of the SAC machinery, and the Mad2 homolog (Tb-
Mad?2) localizes to the flagellar basal body region instead
of kinetochores (30). 7. brucei also lacks the homologs of
the Cdc25-family protein phosphatase (31) and the check-
point kinases Chk1 and Chk2 (32), key components of the
ATM/ATR-mediated DNA damage checkpoint (3). More-
over, T. brucei appears to lack the mitosis-cytokinesis check-
point to monitor the faithful transition from mitosis to cy-
tokinesis in the procyclic (insect) life cycle stage (33-35).
Trypanosoma brucei may employ distinct cell cycle check-
point pathways during its cell cycle.

Here, we report that DNA damage induces a metaphase
checkpoint in the procyclic form of 7. brucei through mod-
ulating the abundance of the outer kinetochore protein
KKIP5. This KKIP5-mediated checkpoint operates in an
ATM/ATR-independent manner, but requires functional
kinetochores and the Aurora B kinase. This finding sug-
gests that trypanosomes utilize an unusual DNA damage-
induced metaphase checkpoint to maintain genomic in-
tegrity.

MATERIALS AND METHODS
Trypanosome cell culture and RNA interference

The procyclic trypanosome Lister 427 strain and the 29-13
cell line (36), which expresses the T7 RNA polymerase and
the tetracycline repressor, were used in this work. The Lis-
ter 427 strain was maintained at 27°C in SDM-79 medium
supplemented with 10% heat-inactivated fetal bovine serum

(Atlanta Biologicals, Inc.). The 29-13 cell line was cul-
tured at 27°C in SDM-79 medium containing 10% heat-
inactivated fetal bovine serum, 15 pg/ml G418, and 50
wg/ml hygromycin B. Cell density was maintained between
10° to 107 cells/ml by routine dilutions with fresh medium.

To generate RNAI cell lines, a 479-bp DNA fragment (nu-
cleotides 104-582) of the KKIP5 gene, a 581-bp DNA frag-
ment (nucleotides 1250-1830) of the ATM gene, a 500-bp
DNA fragment of the ATR gene (nucleotides 407-906), a
560-bp DNA fragment (nucleotides 296-855) of the KKIPI
gene, and a 610-bp DNA fragment (nucleotides 1-610) of
the KKT8 gene were each cloned into the pZJM vector
(37). To construct the ATM-ATR double RNAI plasmid,
the same DNA fragments of ATM and ATR genes used for
single gene knockdown above were ligated in tandem into
the pZJM vector. The resulting plasmids were linearized by
restriction digestion with Notl, and then transfected into
the 29-13 cell line by electroporation. Transfectants were
selected with 2.5 wg/ml phleomycin, and cloned by limit-
ing dilution in 96-well plates containing SDM-79 medium
supplemented with 20% fetal bovine serum and appropri-
ate antibiotics. The TbAUK 1 RNAI cell line was generated
previously (38,39).

Epitope tagging of proteins at the endogenous locus

For epitope tagging of proteins at the endogenous locus,
the PCR-based epitope tagging approach (40) was used.
KKIP5 was tagged with a triple HA epitope at the C-
terminus, Kif13-1, KKT2, ATM, ATR, KKIP1, KKTS,
TbSCCI1 and TbAUKI were each tagged with a PTP epi-
tope at the C-terminus, and CYC6 was tagged with an N-
terminal PTP epitope. PCR products were transfected into
the Lister427 strain, certain RNAi (KKIP5 RNAi, ATM
RNAi, ATR RNAi, ATM-ATR double RNAi, KKIPI
RNAI, KKT8 RNAi or TbAUK1 RNAI) cell lines, or the
KKIPS5 overexpression cell line. Transfectants were selected
with 1 pg/ml puromycin or 10 pg/ml blasticidin, and were
further cloned by limiting dilution as described above. To
confirm that epitope tagging did not affect KKIP5 func-
tion, we knocked out the other allele of KKIP5 in the cell
line expressing endogenously KKIP5-3HA, and the result-
ing cell line (KKIP5-3HA*/KKIP5™) grew at a similar rate
as the wild-type (KKIP5" /KKIP5") and the KKIP5-3HA
cell line (KKIP5*/KKIP5-3HA™) (Supplementary Figure
S1).

Yeast two-hybrid library screening and directional yeast two-
hybrid assays

Yeast two-hybrid library screening using TbAUKI as the
bait was performed by Hybrigenics Services (https://www.
hybrigenics-services.com). The full-length TbAUKI1 cod-
ing sequence was cloned in the pGADT7 vector (38), and
the T. brucei yeast two-hybrid genomic library, containing
7.5 million independent genomic DNA fragments (41), was
used for screening. A total of 67.4 million interactions with
TbAUKI1 were tested, and positive clones were selected on
medium lacking Leu, Trp and His.

Directional yeast two-hybrid assays were carried out es-
sentially as described previously (38). KKIP5 was cloned in
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the pPGBKT?7 vector, and was expressed in yeast strain Y187
(mating type o). TbAUK1 was cloned in the pPGADT7 vec-
tor, and was expressed in yeast stain AH109 (mating type
a). Yeast mating was carried out by mixing the Y187 and
AH109 strains in YPDA medium at 30°C for 24 h and then
plating on SD medium lacking Leu and Trp for selection of
clones carrying both plasmids. The diploid stain thus ob-
tained was spotted in four 10-fold serial dilutions onto the
SD medium plate lacking Leu and Trp and the SD medium
plate lacking Leu, Trp and His. Yeast strains containing the
empty vector were used as negative controls. The interaction
between p53 and SV40 was used as the positive control.

Ectopic overexpression of KKIP5

The full-length coding sequence of KKIP5 was cloned into
the pLew100-3HA vector (42), which was modified from
the pLew100 vector (36). The resulting plasmid pLew100-
KKIP5-3HA was linearized with Notl and transfected into
the 29-13 cell line by electroporation. Transfectants were
selected under 2.5 wg/ml phleomycin, and then cloned by
limiting dilution in a 96-well plate as described above. To
induce KKIP5-3HA overexpression, cells were incubated
with 1.0 pg/ml tetracycline.

Treatment of cells with the proteasome inhibitor MG-132 and
DNA damage-inducing agents

Cells expressing endogenously triple HA-tagged KKIP5
were incubated with 50 uM MG-132 for up to 6 h, and time-
course samples were collected every 2 h for western blot-
ting and immunofluorescence microscopy with anti-HA
monoclonal antibody. For treatment with DNA damage-
inducing agents, the following cell lines were used: the Lis-
ter 427 cell line expressing KKIP5-3HA; the ATM RNAIi
cell line expressing KKIP5-3HA; the ATR RNAI cell line
expressing KKIP5-3HA; the ATM-ATR double RNAI cell
line expressing KKIP5-3HA; the KKIP1 RNAI cell line
expressing KKIPS-3HA; the KKT8 RNAIi cell line ex-
pressing KKIP5-3HA; and the TbAUKI1 RNAI cell line
expressing KKIP5-3HA. Cells were incubated with 0.3
pwM hydroxyurea (HU), 0.0003% (v/v) methyl methanesul-
fonate (MMS), 0.1% (v/v) ethyl methanesulfonate (EMS),
28 wM Camptothecin (CPT), 5 wM 4-nitroquinoline-1-
oxide (4NQO), 100 wM S-fluorouracil (5-FU), or 1 pg/ml
Zeocin for 16 h, and then collected for western blotting
and immunofluorescence microscopy with anti-HA mon-
oclonal antibody. The KKIP5 RNAI cells were incubated
with 0.0003% (v/v) MMS for a total of 120 h for analysis
of growth defects or for 16 h for immunofluorescence mi-
croscopic analysis with the anti-RadS1 polyclonal antibody
and for cell counting to assess cell cycle defects.

Quantitative RT-PCR

Trypanosome Lister 427 cells were treated with MMS for
16 h, and cells were collected and wash once with PBS
for RNA extraction. Total RNA was isolated using TR1zol
Reagent (Ambion-Life technology) and chloroform. RNA
was then treated with DNAse I to remove all DNA contam-
ination. RNA was washed with 100 w1 phenol/chloroform,
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precipitated with isopropanol, and then washed twice with
70% ethanol. RNA was dried and re-suspended in DEPC-
treated water. RNA concentration was determined using a
NanoDrop spectrometer (Thermo Scientific). One micro-
gram of total RNA was then subjected to cDNA synthe-
sis by using ProtoScript II Reverse Transcriptase (BioLabs,
New England). qRT-PCR experiment was carried out us-
ing FastStart SYBR Green master mix (Bio-Rad) according
to manufacturer’s instruction with primers 5'- ACCAGA
AGAGCCAGTCTCCA-3 and 5-CCCACAGGCTCCTA
TGAGTT-3' for KKIPS and primers 5-ATGGCAGTAG
TGGAGATTG-3" and 5-CAGGCGGTTCCAACAAGT
G-3 for actin gene as an internal control. The fluores-
cence from DNA-SYBR green complex was monitored with
CFX-Connect Real-time System (Bio-Rad). The level of
KKIP5 mRNA, relative to the mean of the control gene
actin was calculated by comparative Ct method.

Measurement of protein degradation kinetics by cyclohex-
imide chase analysis

To monitor the degradation kinetics of CYC6, KKIPS and
TbSCCI1, cycloheximide chase analysis was carried out.
The following cell lines were used: the Lister 427 cell line
expressing PTP-CYC6; the Lister427 cell line expressing
TbSCCI1-PTP; the Lister 427 cell line expressing KKIP5-
3HA; the TbAUK1 RNAI cell line expressing KKIP5-3HA;
the KKIP5 overexpression (OE) cell line expressing PTP-
CYC6 or TbSCCI1-PTP. Cells were treated without or with
0.0003% (v/v) MMS for 16 h, and then treated with 100
pwg/ml cycloheximide for up to 8 h. Time-course samples
were collected every 2 h for western blotting. TbAUKI1
RNAI cells were induced for RNAi with 1.0 pg/ml tetra-
cycline for 8 h before treated with MMS, whereas KKIP5
OE cells were induced for KKIP5 overexpression with 1.0
pg/ml tetracycline for 8 h before they were treated with
MMS.

For quantitative western blotting, an equal number (5
x 10%) of cells were lysed, and cell lysate was fraction-
ated on SDS-PAGE, transferred onto a PVDF membrane,
and immunoblotted with the primary antibodies for 1 h at
room temperature. The following primary antibodies were
used: anti-HA monoclonal antibody (mAb) (1:1000 dilu-
tion, Sigma-Aldrich, Clone HA-7), anti-Protein A poly-
clonal antibody (pAb) (1:1000 dilution, Sigma-Aldrich),
and anti-TbPSA6 pAb (1:1000 dilution) (43). After wash-
ing three times with TBST, the membrane was incubated
with FITC-conjugated anti-mouse IgG (1:1000 dilution,
Sigma-Aldrich), FITC-conjugated anti-rabbit IgG (1:1000
dilution, Sigma-Aldrich), or IRDye® 680LT anti-rabbit
IgG (1:2500 dilution, Li-Cor Cooperate), and western blot
signals were captured using the Bio-Rad ChemiDoc™ MP
imaging system, which allows fluorescent western blot
imaging and quantitative analysis of protein bands. Pro-
tein band intensity was normalized with the loading con-
trol, and plotted against time of cycloheximide treatment.

Analysis of chromosome segregation defects

Two molecular markers were used to analyze the defects
in chromosome segregation in KKIP5 RNAi and OE cells.
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The mitotic MCAK-type kinesin, Kif13-1, which localizes
to nucleus during interphase and to the spindle during mi-
tosis (44,45), was used as the spindle marker. Kif13-1 was
endogenously tagged with a C-terminal PTP epitope in
KKIP5 RNAI cell line and KKIP5 OE cell line. The inner
kinetochore protein KKT2, which localizes to the kineto-
chores throughout the cell cycle (46), was used to monitor
kinetochore segregation. KKT2 was endogenously tagged
with a C-terminal PTP epitope in KKIP5 RNAI cells. Tag-
ging of Kifl3-1 and KKT2 was carried out by the PCR-
based tagging approach (40).

Co-immunoprecipitation and western blotting

For co-immunoprecipitation of TbAUK1 and KKIPS5, a 7.
brucei cell line expressing PTP-tagged TbAUK1 and triple
HA-tagged KKIP5 from their respective endogenous lo-
cus was generated by PCR-based epitope tagging method
(40). As negative controls, T. brucei cell lines expressing
TbAUK1-PTP and KKIP5-3HA alone were also generated
using the PCR-based epitope tagging method. Cells were
lysed by incubating in 1 ml immunoprecipitaiton buffer (25
mM Tris—Cl, pH 7.6, 100 mM NaCl, 1 mM DTT, 1% NP-
40 and protease inhibitor cocktail) for 30 min on ice, and
lysed cells were cleared by centrifugation at 18407 x g for
10 min at 4°C. Cleared cell lysate was incubated with 20 .l
settled anti-HA agarose beads (Sigma-Aldrich) at 4°C for
1 h, and the anti-HA beads were washed six times with the
immunoprecipitation buffer. Proteins bound to the beads
were eluted with 10% SDS, separated by SDS-PAGE, trans-
ferred onto a PVDF membrane, and immunoblotted with
anti-Protein A pAB (Sigma-Aldrich) and anti-HA mAb to
detect Tb)AUK1-PTP and KKIP5-3HA, respectively.

Immunofluorescence microscopy

Cells were collected by centrifugation at 5000 x g for 5 min
and washed once in PBS. Cells were then attached onto
glass coverslips for 30 min at room temperature and fixed
in cold (-20°C) methanol for 30 min. Coverslips were re-
hydrated in PBS for 10 min and blocked with 3% BSA
in PBS for 30 min. Fixed cells were incubated with pri-
mary antibodies diluted in blocking buffer for 1 h. The
following primary antibodies were used: FITC-conjugated
anti-HA mAb (1:400 dilution, Sigma Aldrich, Clone HA-
7), anti-Protein A pAb (1:400 dilution, Sigma Aldrich),
anti-y H2A pAb (1:2000 dilution) (47) and anti-Rad51 pAb
(1:2000 dilution) (48). After washing with PBS three times,
cells were incubated with the Cy3-conjugated anti-rabbit
1gG (1:400 dilution, Sigma Aldrich) for one hour at room
temperature. After washing three times in PBS, coverslips
were mounted with DAPI-containing VectaShield mount-
ing medium (Vector Labs) and imaged using an inverted
fluorescence microscope (Olympus IX71) equipped with a
cooled CCD camera (Hamamatsu, Japan) and a PlanApo
N 60x 1.42 NA oil lens. Images were acquired with the
Slidebooks5 software.

RESULTS

MMS-induced DNA damage
anaphase transition in 7. brucei

inhibits metaphase-to-
We investigated whether DNA damage exerts any effect on
cell cycle progression in 7 brucei. Treatment of the procyclic
form of 7. brucei cells with various concentrations of DNA
damage-inducing agent, Methyl methanesulfonate (MMYS),
resulted in moderate to severe growth defects (Figure 1A).
Given the toxicity of higher concentrations of MMS to T.
brucei cells, we used 0.0003% (v/v) of MMS for cell cycle
analysis. At this concentration, MMS treatment caused a
significant increase of cells containing one nucleus and two
kinetoplasts (1N2K), followed by a significant decrease of
cells containing two nuclei and two kinetoplasts (2N2K)
(Figure 1B). T. brucei cells at different cell cycle stages can
be distinguished by the numbers of nucleus and kineto-
plast, the cell’s unique mitochondrial DNA complex. G1
and S-phase cells contain one nucleus and one kinetoplast
(IN1K), G2 and metaphase cells contain one nucleus and
two kinetoplasts (1N2K), and anaphase and telophase cells
contain two nuclei and two kinetoplasts (2N2K). Given the
increase of 1N2K cells and a corresponding decrease of
2N2K cells, MMS-induced DNA damage appears to inhibit
cell cycle transition from metaphase to anaphase in the pro-
cyclic form of T. brucei.

To understand the molecular basis of MMS-induced
metaphase defect, we monitored the degradation kinetics
of the mitotic B-type cyclin CYC6, since its degradation is
required for metaphase-to-anaphase transition (10). Cyclo-
heximide chase analysis showed that MMS treatment signif-
icantly slowed down CYC6 degradation, increasing its half-
life from ~4 to >8 h (Figure 1C). In response to DNA dam-
age, yeast cells stabilize securin/Pdsl1, an inhibitor of sepa-
rase, to delay anaphase onset (22). Since the securin/Pdsl
homolog in 7. brucei has not been identified (49), we ex-
amined the degradation kinetics of the cohesin subunit
SCCI1, which is a separase substrate and whose homolog,
named TbSCC1, has been identified in 7. brucei (50). Cleav-
age of SCC1 by separase and subsequent degradation of
SCCI1 by the proteasome are necessary for anaphase on-
set (50,51). Treatment with MMS significantly slowed down
TbSCCI1 degradation, causing an increase of its half-life
from ~5 to >8 h (Figure 1D). Together, these results pro-
vided the molecular evidence for the MMS-induced inhibi-
tion of anaphase onset in the procyclic form of 7. brucei.

MMS-induced DNA damage modulates the abundance of the
outer kinetochore protein KKIP5

The finding that MMS treatment inhibited anaphase onset
in T brucei (Figure 1) suggests a potentially novel DNA
damage-induced metaphase checkpoint. In animals, DNA
damage is known to trigger the SAC concurrently (18-
20), thereby inhibiting the metaphase-to-anaphase transi-
tion. It is thus tempting to wonder whether MMS-induced
anaphase delay is attributed to the concurrently activated
SAC in T. brucei. A bona fide SAC has not been identified
in 7. brucei, and this parasite expresses a close homolog of
Mad?2 (TbMad2), but not other SAC components (30,49).
In wild-type cells, TbMad2 localizes to the flagellar basal
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Figure 1. MMS-induced DNA damage inhibits anaphase onset in 7 brucei. (A) MMS treatment caused growth defects in the procyclic form of 7. brucei.
Error bars indicate S.D. calculated from three independent experiments. (B) Analysis of cell cycle progression in control and MMS-treated cells. Cells were
treated with 0.0003% (v/v) MMS, and cells were stained with DAPI for counting of cells with different numbers of nucleus (N) and kinetoplast (K). Error
bars indicate S.D. from three independent experiments. ***P < 0.001. (C) Effect of MMS treatment on CYC6 stability. Shown is the cycloheximide (CHX)
chase analysis. CYC6 was endogenously tagged with a PTP epitope and detected by anti-Protein A pAb. TbPSAG6, the 26S proteasome a-6 subunit, was
detected by anti-TbPSA6 pAb and served as a loading control. The histogram below the western blots is the quantitation of CYC6 protein band intensity,
which was normalized with that of TbPSAG6. Error bars represent S.D. from three independent experiments. (D) Effect of MMS treatment on TbSCCI
stability. Shown is the cycloheximide (CHX) chase analysis. TbSCC1 was endogenously tagged with a PTP epitope and detected by anti-Protein A pAb.
TbPSAG served as a loading control. The histogram shown below the western blots is the quantitation of TbSCCI protein band intensity, which was
normalized with that of TbPSAG6. Error bars indicate S.D. from three independent experiments.

body region, but not kinetochores (30). In MMS-treated
cells, TbMad2 remained at the basal body region (Supple-
mentary Figure S2A). Remarkably, TbMad2 was not re-
sponsive to the perturbation of spindle microtubules (Sup-
plementary Figure S2B), which is known to trigger the SAC
by targeting Mad?2 to kinetochores in other organisms (7),
ruling out the possibility that TbMad2 plays a role in the
SAC in T. brucei. Given that MCC components transiently
associate with kinetochores when SAC is activated (12-14),
we reasoned that certain outer kinetochore protein(s), in
particular those proteins that associate with the outer kine-
tochore transiently, might participate in the DNA damage-
induced metaphase checkpoint. Out of the seven outer kine-
tochore proteins identified in 7. brucei, KKIP5 and KKIP7

associate with kinetochores transiently during the cell cycle
(52), suggesting a potential regulatory role for KKIP5 and
KKIP7.

KKIPS5 was of particular interest, because it was only de-
tectable in ~12% of the total cell population and was ex-
pressed only in cells from S phase to metaphase (Figure
2A, B), suggesting that KKIPS5 likely is not a constitutive
component of the outer kinetochore and that KKIPS pro-
tein level is under stringent control. Treatment of cells with
the proteasome inhibitor MG-132 significantly increased
the population of KKIP5-positive cells (Figure 2A, B). In
MG-132-treated cells, KKIP5 was detectable in cells of all
cell cycle stages except post-metaphase cells, because MG-
132 treatment arrested the cells at metaphase and thus no
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Figure 2. Inhibition of proteasome activity by MG-132 stabilizes KKIPS5. (A) Immunofluorescence microscopy of KKIPS localization in control and MG-
132-treated cells. KKIP5 was endogenously tagged with a triple HA epitope and immunostained with FITC-conjugated anti-HA mAb. DNA (blue) was
counterstained with DAPI. IN1eK, one nucleus and one elongating kinetoplast. Scale bar: 5 wm. (B) Effect of MG-132 treatment on KKIP5 localization to
kinetochores. Two hundred cells were counted for each time point. Error bars indicate S.D. from three independent experiments. ***P < 0.001. (C) Effect
of MG-132 treatment on cell cycle progression. Two hundred cells were counted for each time point. Error bars indicate S.D. from three independent
experiments. (D) KKIPS5 protein level increased by MG-132 treatment. Endogenously 3HA-tagged KKIP5 was detected by anti-HA mAb. TbPSA6 was

detected by anti-TbPSA6 pAb and served as a loading control.

anaphase and telophase (2N2K) cells were available for
examination of KKIP5 localization (Figure 2C). Further,
MG-132 treatment also significantly increased the level of
KKIP5 protein (Figure 2D). These results demonstrated
that KKIPS5 expression is tightly controlled at the post-
translational level.

We tested whether KKIP5 may respond to DNA dam-
age. Treatment of cells with MMS significantly increased the
population of KKIP5-positive cells (Figure 3A and Supple-
mentary Figure S3, A, B) and the protein level of KKIP5
(Figure 3B), but not KKIP7 and other outer kinetochore
proteins (Supplementary Figure S4). Treatment with other
DNA damage agents, Ethyl methanesulfonate (EMS) and
hydroxurea (HU), caused similar effects on KKIPS5 (Figure
3A, B and Supplementary Figure S3B). To explore the po-
tential response of KKIP5 to various types of DNA dam-
ages, we treated the cells with a variety of DNA damage-
inducing agents, Camptothecin (CPT), 4-nitroquinoline-1-
oxide (4NQO), 5-fluorouracil (5-FU), and Zeocin, which
induced distinct DNA damages in eukaryotes, and these
DNA damage agents also caused the increase of KKIP5-
positive cells and KKIP5 protein level (Figure 3C, D). How-
ever, treatment with a variety of microtubule inhibitors
did not affect KKIP5 protein level (Supplementary Figure

S3C). These results suggest that KKIP5 responds to DNA
damage, but not perturbations of spindle microtubules, and
that KKIPS5 is not a component of the SAC in T brucei.
To test whether MMS induced KKIP5 expression at the
transcriptional level, quantitative RT-PCR was performed,
and we found no significant difference in KKIP5 mRNA
level between control and MMS-treated cells (Supplemen-
tary Figure S3D). Since KKIPS is regulated at the post-
translational level (Figure 2), we examined whether the in-
crease in KKIP5 protein level was due to its defective degra-
dation by using cycloheximide chase analysis to monitor the
degradation kinetics of KKIP5. In MMS-untreated control
cells, KKIPS5 was gradually degraded and its half-life was
estimated to be ~3 h (Figure 3E, F). In MMS-treated cells,
however, degradation of KKIP5 was significantly slowed
down and its half-life was increased to >8 h (Figure 3E,
F). This result suggests that MMS-induced DNA damage
stabilizes KKIP5 protein. To further corroborate the cor-
relation of DNA damage with KKIP5 expression, we im-
munostained the cells for the co-existence of KKIPS5 and
vH2A, a phosphorylated histone H2A and one of the earli-
est markers of DNA damage in eukaryotes including 7. bru-
cei (47). Without MMS treatment, the majority (~89%) of
cells were both yH2A-negative and KKIP5-negative (Fig-
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Figure 3. DNA damage increases KKIPS5 protein level through inhibiting KKIP5 degradation. (A) Treatment with DNA damage-inducing agents MMS,
EMS and HU increased the population of KKIP5-positive cells. Two hundred cells were counted for each cell sample. Error bars represent S.D. calculated
from three independent experiments. ***P < 0.001. (B) KKIP5 protein level increased in response to DNA damage agents. Endogenous KKIP5-3HA
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ure 3G, H). However, when treated with MMS for 16 h,
the majority (~74%) of cells were both y H2A-positive and
KKIP5-positive (Figure 3G, H), confirming that expression
of KKIP5 correlates with DNA damage. It is noteworthy
that the KKIP5 foci did not overlap with the yH2A foci,
but co-localized with the kinetochore protein KKT2 (46)
(Figure 3G), indicating that KKIP5 remained on the kine-
tochores and did not accumulate at the sites of DNA dam-
age.

MMS-induced stabilization of KKIP5 is independent of
ATM and ATR, but requires kinetochore function

We investigated whether the response of KKIP5 to DNA
damage is mediated by the ATM and ATR kinases, both of
which have close homologs in 7" brucei (53). To this end, we
generated an ATM RNAI cell line, an ATR RNAI cell line,
and an ATM-ATR double RNAI cell line, and then tagged
KKIP5 with a C-terminal triple HA epitope at its endoge-
nous locus (Figure 4A). These cell lines were induced for
RNAI for 56 h and then treated with or without MMS for
an additional 16 h for a total time of 72 h. In either MMS-
untreated cells or MMS-treated cells, depletion of ATM,
ATR, or both ATM and ATR by RNAI affected neither the
protein level of KKIP5 nor the number of KKIP5-positive
cells (Figure 4A, B). Taken together, these results demon-
strated that the response of KKIPS5 to MMS-induced DNA
damage is independent of the ATM and ATR kinases.

Since KKIPS5 was identified as a component of the outer
kinetochore (52), we asked whether its response to MMS-
induced DNA damage depends on the integrity of the
kinetochore structure. We knocked down the outer kineto-
chore protein KKIP1 (52) and the inner kinetochore pro-
tein KKTS8 (46) by RNAI, and tested the effect on the re-
sponse of KKIP5 to MMS. Cells were induced for RNAi
for 8 or 32 h and then treated with or without MMS for
an additional 16 h for a total time of 24 and 48 h, respec-
tively. Knockdown of KKIP1 or KKTS8 reduced the pro-
tein level of KKIP5 in MMS-treated cells after RNAI in-
duction for 48 h (Figure 5A). Consistent with the reduction
on KKIP5 protein level, knockdown of KKIP1 or KKT8
significantly decreased the number of KKIP5-positive cells
among the MMS-treated cell population (Figure 5B). These
results suggest that knockdown of KKIP1 or KKT8 may
prevent KKIPS5 from assembling onto the kinetochore and
subsequently cause KKIPS5 degradation. Indeed, a previous
study showed that KKIP1 knockdown impaired KKIP5 lo-
calization to kinetochores (52), and we showed that knock-
down of KKT8 also disrupted KKIP5 localization to kine-
tochores (Figure 5C, D). Together, these results suggest
that MMS-induced stabilization of KKIPS protein requires
functional kinetochores.

MMS-induced stabilization of KKIPS5 requires Aurora B ki-
nase activity

KKIPS5 was recently identified as an interacting protein
of TbAUKI, the Aurora B kinase homolog in 7. brucei
(42), in a yeast two-hybrid screen. Directional yeast two-
hybrid assay confirmed the interaction between KKIP5 and
TbAUKI1 (Figure 6A). Co-immunoprecipitation showed

that KKIP5 and TbAUKI interact in vivo in try-
panosomes (Figure 6B), and co-immunofluorescence mi-
croscopy showed that they co-localize at kinetochores from
S phase to metaphase in the ~12% cells that express KKIP5
under normal growth conditions (Figure 6C). These results
suggest that KKIP5 may be regulated by TbDAUKI.

We asked whether the response of KKIPS5 to MMS-
induced DNA damage requires TbAUKI1 function. We
knocked down TbAUK1 by RNAI, and tested the effect on
KKIPS protein level in MMS-treated cells. Cells were in-
duced for ThbAUK1 RNAI for 8 or 32 h and then treated
with MMS for an additional 16 h for a total time of 24 and
48 h, respectively. Depletion of TbAUK 1 did not cause de-
tectable change in KKIP5 protein level at 24 h but sig-
nificantly reduced the level of KKIP5 protein at 48 h in
MMS-treated cells (Figure 6D). However, immunofluores-
cence microscopy showed that in MMS-treated cells after
TbAUKI1 RNAI for 24 and 48 h, the number of KKIP5-
positive cells was significantly decreased (Figure 6E). These
results suggest that TbAUKI1 depletion may either pre-
vent KKIPS from localizing to the kinetochores or remove
KKIP5 from the kinetochores to the cytosol, leading to
KKIPS degradation after prolonged RNAI induction. To
corroborate this finding, we tested the effect of inhibiting
TbAUKI1 activity on the response of KKIP5 to MMS-
induced DNA damage. Cells were treated with Hesperadin,
a potent inhibitor of the Aurora B kinase in a vast variety of
organisms including 7. brucei (54,55), for 8 h and then in-
cubated with MMS for an additional 16 h. Treatment with
Hesperadin significantly reduced the level of KKIPS pro-
tein and the number of KKIP5-positive cells (Supplemen-
tary Figure S5). These results suggest that DNA damage-
induced stabilization of KKIPS requires Aurora B kinase
activity.

To understand the underlying mechanism for TbAUK1-
dependent response of KKIPS to MMS-induced DNA
damage, we carried out cycloheximide chase analysis to
monitor the degradation kinetics of KKIPS5 in TbAUK1
RNAI cells treated without or with MMS. Without MMS
treatment, KKIP5 in TbAUK1 RNAI cells was degraded
at a rate faster than in the non-RNAI cells, with its half-
life reduced from ~3 to ~1.5 h (Figure 6F, G). With MMS
treatment, faster degradation of KKIP5 was also detected
in TbAUK 1 RNAI cells than in the non-RNA: cells (Figure
6F, G). These findings indicated that depletion of TbAUK 1
promoted KKIP5 degradation. To further confirm this no-
tion, we monitored the level of KKIPS protein in TbAUK1
RNAI cells, and we found that KKIP5 level was indeed
gradually decreased from 24 h and beyond (Figure 6H). Im-
munofluorescence microscopy showed that KKIPS-positive
cells were significantly decreased upon TbAUKI deple-
tion (Figure 61, J). Altogether, these results suggest that
TbAUKI functions in stabilizing KKIP5.

Overexpression of KKIP5 causes metaphase arrest and mim-
ics MMS-induced cell cycle defects

If KKIP5 mediates the DNA damage-induced metaphase
checkpoint through its elevated protein level, one would
assume that overexpression of KKIP5 should also inhibit
anaphase onset, mimicking the effect of MMS treatment.



Nucleic Acids Research, 2019, Vol. 47, No. 15 7981

A ATM RNAI ATR RNA ATM+ATR RNAi
RNAI___0 72 (h) RNAi_ 0 72 (h) RNAi 0 72 (h)
MMS: 0 16 0 16 (h) MMS: 0 16 0 16 (h) MMS: 0 16 0 16 (h)

B # &S KKIP5-3HA
200 kDa- ATM-PTP
30 kDa- ser——— TbPSAG

.

200 kDa-

B ATM RNAI (+Tet) ATR RNAi (+Tet)
100 100
o 80 — o 80 e
8 60 60
X 40 40
20 i 207 —=—
0 0

KKIP5 on kinetochores

100 kDa- o e s KKIP5-3HA

30 KDa- m—— TP SAG

KKIP5 on kinetochores

100 kDa- S s KKIP5-3HA

200 kDa- ‘ a ATM-PTP

200 kDa- # = ATR-PTP
30 kDa- “S——_——— TP SAG

~ ATR-PTP

ATM+ATR RNAi (+Tet)

100
80 —_ns " _Tet/-MMS
60 el= u +Tet (72h)-MMS
40 -Tet/+MMS (16h)
201 —MNS " +Tet (72h)/+MMS (16h)
0

KKIP5 on kinetochores

Figure 4. MMS-induced stabilization of KKIPS is independent of ATM and ATR kinases. (A) MMS-induced increase in KKIP5 protein level was not
affected by depletion of ATM, ATR or both ATM and ATR. KKIP5 was endogenously tagged with a triple HA epitope, whereas ATM and ATR were
each tagged with a PTP epitope. TbPSAG6 served as a loading control. (B) MMS-induced increase in KKIP5-positive cells was not affected by depletion of
ATM, ATR, or ATM and ATR. Two hundred cells were counted for each cell sample. Error bars indicate S.D. from three independent experiments. ns, no

statistical significance.

KKIP1 RNAI

RNA:_O0 24 48 (h)
MMS: 0 16 0 16 0 16 (h)

100 KDa- w4 . . &8 KK|P5-3HA

KKIP1-PTP

30 KDa- wew weww s swrsw® T DSAG

KKT8 RNAI

RNAi: _ 0 24 48 (h)
MMS: 0 16 0 16 0 16 (h)

100 kDa- 1/ s s s 5. KKIP5-3HA

100 KD st KKT8-PTP
30 KDa- s e TOPSAG

200 kDa- (i

KKIP1 RNA KKT8 RNA
ek dkk
100 - * 100 M
j = _Tet-MMS
2 " _Tet/+MMS (16 h)
- +Tet (24 h)+MMS (16 h)
= +Tet (48 h)+MMS (16 h)

KKIPS5 on kinetochores  KKIP5 on kinetochores

D KKT8 RNAI
Hekk
15 “ *
10

DAPI

Figure 5. DNA damage-induced stabilization of KKIP5 requires func-
tional kinetochores. (A) MMS-induced increase in KKIP5 protein level
depends on KKIP1 and KKT8. KKIP5 was endogenously tagged with a
triple HA epitope, whereas KKIP1 and KKT8 were each tagged with a
PTP epitope. TbPSAG6 served as a loading control. (B) MMS-induced in-
crease of KKIPS-positive cells requires KKIP1 and KKT8. Two hundred
cells were counted for each cell sample. —~Tet, RNAi non-induction; +Tet,
RNAIi induction. Error bars represent S.D. from three independent experi-
ments. *P < 0.05; **P < 0.01; ***P < 0.001. (C, D) KKT8 RNAi impaired
KKIPS5 localization. Shown are the immunofluorescence microscopy of
KKIPS-3HA (C) and quantitation of KKIP5-3HA-positive cells in con-
trol and KKT8 RNAI cells (D). KKIP5-3HA was detected by anti-HA
mADb. 200 cells were counted for each time point. Error bars represent S.D.
from three independent experiments. *P < 0.05; ***P < 0.001. Scale bar:
S pm.

KKIP5-3HA

"0h
24 h
48 h

% Cells

5 e

0

KKIP5 on kinetochores

We tested this hypothesis by overexpressing KKIP5 from
an ectopic locus (Figure 7A). Overexpressed KKIP5 local-
ized to kinetochores, as demonstrated by its co-localization

with the kinetochore protein KKT2 (Figure 7B). Intrigu-
ingly, in metaphase cells, overexpressed KKIP5 addition-
ally localized to the spindle (Figure 7B, C), as demonstrated
by the co-immunostaining with the spindle marker Kif13-
1 (44,45) (Figure 7C). Overexpression of KKIPS caused a
severe growth defect (Figure 7D), and analysis of the cell
cycle showed a significant increase of 1N2K cells (Figure
7E), suggesting a defective anaphase onset. After 16 h of
KKIPS overexpression, anucleate (ON1K) cells were also
significantly increased (Figure 7E), indicating that aber-
rant cytokinesis occurred in some mitotically deficient cells,
as observed in other mitosis-defective cells (33-35). Flow
cytometry analysis showed that after 8 hours of KKIP5
overexpression, G1 cells decreased from ~56% to ~23%,
whereas G2/M cells increased from ~20% to ~45% (Fig-
ure 7F), further demonstrating that KKIP5 overexpression
caused a mitotic defect. We next examined the molecular
basis of the metaphase arrest induced by KKIP5 overex-
pression by monitoring the degradation kinetics of CYC6
and TbSCCI1. Cycloheximide chase analysis showed that
both CYC6 and TbSCC1 were stabilized in KKIP5 over-
expression cells (Figure 7G-J), with the half-life of CYC6
increased from ~4 to >8 h (Figure 7G, H) and the half-
life of TbSCCI1 increased from ~5 to >8 h (Figure 71, J).
These results suggest that the inhibition of anaphase onset
by KKIPS overexpression was attributed, at least in part, to
the failed degradation of CYC6 and TbSCCI.

Depletion of KKIP5 causes chromosome mis-segregation and
aneuploidy, and alleviates the MMS-induced metaphase ar-
rest

The findings that KKIP5 was only detectable in ~12% of
the total cell population and responded to DNA damage
(Figure 3) suggest that KKIP5 might function as an ef-
fector of the DDR instead of a bona fide component of
the outer kinetochore. In this scenario, we postulated that
depletion of KKIPS5 would alleviate the DNA damage-
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induced inhibition of anaphase onset and cause pre-mature
chromosome segregation (or chromosome mis-segregation)
and ancuploidy through bypassing the metaphase check-
point. To test this hypothesis, we generated a procyclic-
form KKIPS5 RNA:i cell line, in which KKIPS was efficiently
depleted after 24 h of RNAI induction (Figure 8A). Un-
like in the bloodstream form (52), however, knockdown of
KKIPS in the procyclic form caused a moderate growth de-
fect (Figure 8B). Quantitation of cells at different cell cy-
cle stages showed that the G1/S (1N1K) cells decreased by
~8%, whereas the abnormal ON1K cells and 2N 1K cells in-
creased to ~12% of the cell population (Figure 8C), indicat-
ing that KKIP5 depletion interfered with cell cycle progres-

sion in a small cell population. The anaphase and telophase
(2N2K) cells were slightly decreased by ~3% (Figure 8C),
but ~13% of the 2N2K cells underwent unequal nuclear di-
vision (Figure 8D), producing cells with a big nucleus and a
small nucleus (Figure 8E, F). Formation of a mitotic spin-
dle, which was labeled with the spindle marker Kifl3-1,
was not affected in these 2N2K cells (Figure 8E). More-
over, the anaphase cells containing lagging kinetochores,
which were marked by KKT2, were increased to ~50% of
the total anaphase cell population (Figure 8F, G). These re-
sults suggest that depletion of KKIPS caused chromosome
mis-segregation and aneuploidy. Intriguingly, knockdown
of KKIPS caused a faster rate of TbSCC1 degradation (Fig-
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overexpression on cell cycle progression. Two hundred cells at each time point were counted for the number of kinetoplas (K) and nucleus (N). Error bars
represent S.D. from three independent experiments. ** P < 0.01. (F) Flow cytometry analysis of control and KKIP5 overexpression cells. The insets showed
the percentage of cells at different cell cycle stages. (G) Effect of KKIPS overexpression on the stability of CYC6. Shown is the cycloheximide (CHX)
chase analysis. CYC6 was tagged with a PTP epitope and detected by anti-ProtA pAb. TbPSAG6 served as a loading control. (H) Quantitation of CYC6
protein level in panel G. CYC6 protein band intensity was normalized with that of TOPSAG6. Error bars represent S.D. from three independent experiments.
(I) Effect of KKIPS5 overepxression on the stability of TbSCC1. Shown is the cycloheximide (CHX) chase analysis. TbSCC1 was tagged with a PTP epitope,
and detected by anti-ProtA pAb. TbPSA6 served as a loading control. (J) Quantitation of TbSCC1 protein level in panel I. TbSCCI protein band intensity
was normalized with that of TbPSAG6. Error bars represent S.D. from three independent experiments.

ure 8H), opposite to the slower rate of TbSCC1 degrada-
tion by KKIP5 overexpression (Figure 71, J), suggesting
that modulation of KKIP5 protein level impacts TbSCC1
stability and, hence, chromosome segregation.

As the expression of KKIP5 responds to DNA dam-
age, we tested whether knockdown of KKIP5 sensitizes the
cells to DNA damage. Treatment of KKIPS5 RNAI cells
with MMS caused more severe growth defects than KKIP5
RNAIi alone or MMS treatment alone (Figure 9A), demon-
strating that KKIPS is required for cells to survive in the
presence of MMS. To investigate whether KKIPS5 partici-
pates in DNA damage repair, we examined the expression
of yH2A and Rad51, two markers of DNA damage (47,48).
We found that the cells containing yH2A and Rad51 foci
upon KKIP5 RNAIi were not significantly different from
that in the non-induced control cells, regardless of MMS
treatment or non-treatment (Figure 9B). Further, we found
that the KKIPS RNAI cells had similar survival rate as the
non-induced control cells (Figure 9C). These results suggest
that KKIPS5 likely does not participate in the repair of DNA
damage. They also suggest that the sensitivity of KKIP5

RNAI cells to MMS is not attributed to the failure in DNA
damage repair.

Finally, we examined whether KKIP5 knockdown would
relief the MMS-induced metaphase arrest. Treatment of the
control cells with MMS caused a significant increase of
IN2K cells (Figure 9D), but depletion of KKIP5 in MMS-
treated cells significantly reduced the number of the IN2K
cells (Figure 9D), suggesting that KKIP5 depletion alle-
viated the DNA damage-induced metaphase arrest. No-
tably, anucleate (ON1K) cells were significantly increased
in MMS-treated KKIP5 RNAI cells (Figure 9D), indicat-
ing that depletion of KKIPS5 in MMS-treated cells exerted
greater effects on aneuploidy than the depletion of KKIP5
in non-MMS-treated cells and MMS-treated control cells.

DISCUSSION

Eukaryotic cells respond to DNA damage, which either
occurs naturally or is caused by environmental agents,
by arresting the cell cycle through activating the DNA
damage-induced cell cycle checkpoints. These checkpoints
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Figure 8. Depletion of KKIPS5 causes chromosome mis-segregation and
aneuploidy. (A) RNAi-mediated depletion of KKIPS in procyclic try-
panosomes. KKIP5-3HA was detected by anti-HA mAb. TbPSAG6 served
as a loading control. (B) KKIP5 depletion caused a growth defect.-Tet,
KKIP5 RNAI non-induced; +Tet, KKIP5 RNAI induced. (C) Effect of
KKIPS depletion on cell cycle progression. Cells with different numbers
of nucleus (N) and kinetoplast DNA (K) were counted (200 cells for each
time point). Error bars indicate S.D. from three independent experiments.
(D) KKIPS5 depletion resulted in unequal nuclear division. Shown are the
percentages of 2N2K cells undergoing equal and unequal nuclear divi-
sion in control and KKIP5 RNAI cells, based on the results in panel E.
Two hundred cells were counted for each time point. Error bars represent
S.D. from three independent experiments. (E) KKIPS depletion caused
unequal nuclear division. Shown are a non-induced control cell under-
going equal nuclear division and a KKIP5 RNAIi cell undergoing un-
equal nuclear division. PTP-tagged Kif13-1 served as the spindle marker.
sN, small nucleus; bN, big nucleus. Scale bar: 5 pm. (F) KKIP5 deple-
tion caused defective chromosome segregation. Shown are a control cell
with well-segregated kinetochores and two KKIP5 RNAI cells with ei-
ther unequal kinetochore segregation or lagging kinetochores. PTP-tagged
KKT?2 served as the kinetochore marker. The open arrowheads indicate
lagging chromosomes, whereas the solid arrowheads indicate the lagging
kinetochores. Lagging chromosomes/kinetochores are defined as those
chromosomes/kinetochores that are distributed between the two segregat-
ing nuclei. Scale bar: 5 pm. (G) KKIP5 depletion caused defective chro-
mosome segregation. Shown are the percentages of anaphase cells with lag-
ging kinetochores in control and KKIP5 RNAI cells, based on the results
in panel G. Two hundred cells were counted for each cell sample. Error bars

are, mechanistically, signal transduction pathways involv-
ing the ATM and ATR kinases, and are evolutionarily con-
served from yeast to humans (26). In this study, we dis-
covered in the procyclic form of 7. brucei a kinetochore-
based metaphase checkpoint that responds to DNA dam-
age by modulating the protein abundance of KKIPS,
a kinetoplastid-specific outer kinetochore protein (52).
KKIPS5 may play dual roles in regulating chromosome seg-
regation by serving as a component of the outer kinetochore
and an effector of the DNA damage-induced metaphase
checkpoint. This hypothesis was supported by the fol-
lowing experimental results. (i) Knockdown of KKIP5
caused chromosome mis-segregation in cells that were
not exposed to DNA damage-inducing agents (Figure 8);
(i) KKIPS expression responded to DNA damage (Fig-
ures 3-5); (iii) depletion of KKIP5 relieved DNA damage-
induced metaphase arrest (Figure 9D). However, the find-
ing that KKIPS was only detectable in a small cell popu-
lation (Figure 2) and that KKIPS5 deficiency only caused a
moderate defect on chromosome segregation (Figure 8C—
G) suggests that its role as an outer kinetochore subunit
is rather limited. As a support of this notion, knockdown
of KKIPS5 in the bloodstream form of 7. brucei exerted lit-
tle effect on cell growth (52). Further, it should be noted
that expression of KKIP5 coincides with the induction of
vyH2A upon MMS treatment (Figure 3G, H), and that
the percentage (12.2 + 3.1%) of cells that contain yH2A
foci and Rad51 foci almost equals to the percentage (11.6
+ 1.2%) of KKIPS5-positive cells in the wild-type popula-
tion (Figures 3A and 9B ). Thus, an alternative hypoth-
esis could be that KKIP5 has a sole function in mediat-
ing the metaphase checkpoint in response to MMS-induced
DNA damage. In this scenario, the small population of
wild-type cells that express KKIP5 may contain naturally
occurred DNA damage and may have activated the KKIP5-
mediated metaphase checkpoint to allow these cells to re-
pair the DNA damage. When KKIPS5 was depleted, cells
proceeded to anaphase and cytokinesis with their genome
carrying the naturally occurred DNA damage, thus leading
to aneuploidy due to chromosome mis-segregation, as ob-
served in KKIP5 RNAI cells (Figure 8D-G). Nevertheless,
no matter whether KKIPS has dual functions or a sole func-
tion, these results demonstrated an essential involvement of
KKIPS5 in DNA damage-induced metaphase checkpoint.
The increase of KKIPS protein level in response to DNA
damage was attributed to its defective degradation (Figure
3E, F), indicating that DNA damage exerted an inhibitory
effect on KKIPS degradation. Although we have little infor-
mation to predict the underlying mechanisms, we can con-
jecture about the role of DNA damage in regulating KKIP5
stability. The finding that KKIP5 was not detectable after

represent S.D. from three independent experiments. *** P < 0.001. (H) Ef-
fect of KKIP5 RNAI on the stability of TbSCC1 in MMS-treated cells and
MMS non-treated cells. Shown is the cycloheximide (CHX) chase analy-
sis. TbSCC1 was tagged with a PTP epitope and detected by anti-ProtA
pAb. TbPSAG served as a loading control. The histogram below the west-
ern blots shows the quantitation of TbSCC1 protein level. TbSCCI1 band
intensity was normalized with that of TbPSAG6. Error bars indicate S.D.
from three independent experiments.
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metaphase in wild-type cells (Figure 2A, B) suggests that
KKIPS is either degraded or spread into the cytosol and
thus becomes undetectable during the metaphase-anaphase
transition. Given that KKIPS5 is a short-lived protein (Fig-
ure 3E, F) and inhibition of proteasome activity by MG-
132 stabilizes KKIPS5 on kinetochores (Figure 2), we favor
the hypothesis that KKIPS is degraded after metaphase.
Likewise, TbAUKI1 also stabilizes KKIP5 by inhibiting
its degradation (Figure 6F, G) through unknown mecha-
nisms. Since TbAUK associates with and co-localizes with
KKIP5 at kinetochores (Figure 6B, C), TbAUK 1 may pro-
mote the interaction of KKIP5 with other outer kineto-
chore protein(s) or the assembly of KKIPS onto the outer
kinetochore, thereby stabilizing KKIP5. This prediction of
TbAUKI1 function at the kinetochore is in line with the
role of the Aurora B kinase homologs in humans (56,57)
and yeast (58). Another possibility could be that TbAUK 1
phosphorylates KKIP5, which stabilizes KKIPS. Future
work will be directed to understand the mechanism under-
lying DNA damage-induced KKIPS5 stabilization and the
mechanistic role of TbAUKI in regulating KKIPS stability.

The finding that MMS-induced KKIP5 expression is
independent of ATM and ATR (Figure 4) is surprising,
given the essential involvement of the two protein ki-
nases in DNA-damage-induced cell cycle checkpoints in
yeast and animals (3). However, this result suggests that
the MMS-induced KKIP5-mediated metaphase checkpoint
operates in an ATM/ATR-independent manner, and it
does not rule out the possibility that ATM and ATR may
still be involved in other DNA damage-induced cell cycle
checkpoints in trypanosomes. It should also be noted that
MMS induces heat-labile DNA damages but not double-
strand DNA breaks (DSBs) in yeast, and these damages
appear to be repaired by the base excision repair path-
way (59). This may explain why the MMS-induced DNA
damage response is not ATM/ATR dependent. In mouse
oocytes, DNA damage also induces a metaphase arrest in a
kinetochore-dependent, but ATM/ATR-independent man-
ner (21). However, this DNA damage-induced metaphase
checkpoint is mediated by the SAC (21), whereas KKIPS
is irresponsive to the perturbation of spindle microtubules
(Supplementary Figure S3C), suggesting a distinct mecha-
nism in trypanosomes.
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Figure 10. A model for the KKIP5-mediated DNA damage-induced
metaphase checkpoint in the early divergent trypanosomes. DNA dam-
age inhibits KKIP5 degradation, leading to ThbAUK1- and kinetochore-
dependent accumulation of KKIPS5 protein at kinetochores, where KKIP5
is speculated to inhibit APC/C activity through unknown mechanisms.
Inactivation of the APC/C leads to failed degradation of the mitotic cy-
clin CYC6, a known APC/C substrate whose degradation is required for
anaphase onset, thus inhibiting the metaphase-to-anaphase transition. In-
activation of the APC/C also leads to failed degradation of the cohesin
subunit TbSCCI1, a substrate of the protease separase and a further down-
stream target of the APC/C whose degradation is required for sister chro-
matid separation and anaphase onset, thus inhibiting the metaphase-to-
anaphase transition. Solid lines indicate the confirmed mode of actions,
whereas the dashed lines indicate speculated (KKIP5 to APC/C) or indi-
rect (APC/C to TbSCC1) mode of actions. Black lines with a solid arrow
indicate positive regulation, whereas red lines indicate inhibition.

The attenuation of DNA damage-induced KKIP5 re-
sponse by depletion of KKIP1 and KKT8 (Figure SA, B)
demonstrated the requirement of functional kinetochores
for the KKIP5-mediated DNA damage-induced metaphase
checkpoint. Further, the finding that KKIPS localization
to kinetochores requires KKIP1 (52) and KKT8 (Figure
5C, D) suggests that KKIP5 may need to be assembled
into kinetochores, through a process that may be regulated
by TbAUKI (see above), in order to maintain its stabil-
ity. DNA damage can trigger the SAC by targeting the
SAC components to kinetochores (21,60), which also re-
quires functional kinetochores. However, KKIPS5 is unlikely
to function as a SAC component or a downstream factor
of the SAC, due largely to its lack of response to the per-
turbation of spindle microtubules (Supplementary Figure

S3C). Alternatively, KKIP5 may act as an upstream factor
of the SAC in mediating the DDR for targeting the SAC
components to kinetochores. However, whether 7. brucei
has a SAC is still in doubt (10,35). If there is no SAC, it
is unclear how 7. brucei maintains genomic stability when
kinetochore-microtubule attachment errors occur. If there
is a SAC in T, brucei, it is necessary to identify its compo-
nents and investigate whether and how KKIP5 may regulate
the SAC in response to DNA damage.

The induction of a metaphase arrest by overexpression
of KKIP5 is reminiscent of the effect caused by overex-
pression of Mad2 in fission yeast (61). While Mad2 over-
expression causes continuous inactivation of APC/C by se-
questering the APC/C co-activator Cdc20 (62), the imme-
diate target(s) of inhibition for KKIP5 overexpression re-
mains unknown, except the inhibited degradation of CYC6
and TbSCCI1 (Figure 7G-J). Since CYC6 is a substrate of
APC/C (63) and APC/C is required to activate separase for
the latter to cleave SCC1 (64), it is possible that the inhib-
ited degradation of CYC6 and TbSCC1 caused by KKIP5
overexpression is attributed to APC/C inactivation. Inacti-
vation of APC/C requires sequestration of Cdc20 through
binding to Mad2 (7). However, the APC/C purified from 7
brucei does not contain Cdc20 (63), and TbMad2 does not
participate in the SAC (Supplementary Figure S2B), indi-
cating a distinct mechanism for APC/C activation and inac-
tivation in 7. brucei. Overexpression of KKIP5 also mimics
MMS treatment, as both block anaphase onset through in-
hibiting the degradation of CYC6 and TbSCCI (compare
Figures 1C, D and 7G-J). Given that MMS treatment in-
creases KKIPS5 protein level, it is tempting to speculate that
MMS-induced DNA damage may inactivate the APC/C
via KKIPS.

The alleviation of the DNA damage-induced metaphase
arrest by knockdown of KKIP5 (Figure 9D) is in line with
the function of KKIPS5 in mediating the DNA damage-
induced metaphase checkpoint. In principle, depletion of
KKIPS5 will inactivate the metaphase checkpoint, which al-
lows cells to proceed to anaphase without repairing dam-
aged DNA, thus inducing chromosome mis-segregation
and aneuploidy, as is evidenced by the generation of sig-
nificantly more anucleate (ON1K) cells from MMS treat-
ment and KKIP5 RNAIi than from MMS treatment alone
and from KKIPS5 RNAi alone (Figure 9D). These anucleate
cells are not able to survive. Moreover, the failure in repair-
ing damaged DNA in the KKIP5-deficient cells likely will
also cause cell death. These may explain why knockdown of
KKIPS5 in the MMS-treated cells caused slower cell growth
than the MMS-treated cells (Figure 9A).

In summary, we have discovered in 7. brucei an un-
usual DNA damage-induced metaphase checkpoint, which
is mediated by the outer kinetochore protein KKIP5 in an
Aurora B kinase-dependent, but ATM/ATR-independent
manner. DNA damage induces KKIPS5 stabilization by in-
hibiting its degradation and, consequently, leads to a sig-
nificant elevation of KKIP5 protein level, which requires
the activity of the Aurora B kinase homolog TbAUKI1
and the function of kinetochore proteins KKT8 and
KKIP1 (Figure 10). We speculate that the massive ac-
cumulation of KKIPS5 protein inhibits APC/C activity
through unknown mechanisms, which results in failed



degradation of CYCO6, thereby inhibiting the metaphase-
to-anaphase transition (Figure 10). Inactivation of APC/C
also leads to failed degradation of TbSCCI, likely through
failed activation of separase, thereby preventing sister
chromatid separation and anaphase onset (Figure 10).
This KKIPS5-mediated metaphase checkpoint, which re-
quires functional kinetochores (Figure 5), but is inde-
pendent of ATM and ATR (Figure 4) and is irrespon-
sive to spindle perturbations (Supplementary Figure S3C),
differs from the DNA damage-induced concurrent SAC
activation, which operates in a manner that is either
ATM/ATR-dependent but kinetochore-independent (18-
20) or kinetochore-dependent but ATM/ATR-independent
(21). Finally, the most unusual feature in this KKIP5-
mediated metaphase checkpoint is the modulation of
KKIPS5 protein stability in response to DNA dam-
age, as similar control mechanisms have not been dis-
covered in any other organisms. 7. brucei thus em-
ploys a novel kinetochore-based, DNA damage-induced
metaphase checkpoint to maintain genomic integrity.
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Supplementary Data are available at NAR Online.
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