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ABSTRACT

Human Mps1 (hMps1) is a protein kinase essential for
mitotic checkpoints and the DNA damage response.
Here, we present new evidence that hMps1 also par-
ticipates in the repair of oxidative DNA lesions and
cell survival through the MDM2-H2B axis. In response
to oxidative stress, hMps1 phosphorylates MDM2,
which in turn promotes histone H2B ubiquitination
and chromatin decompaction. These events facili-
tate oxidative DNA damage repair and ATR-CHK1,
but not ATM-CHK2 signaling. Depletion of hMps1 or
MDM2 compromised H2B ubiquitination, DNA repair
and cell survival. The impairment could be rescued
by re-expression of WT but not the phospho-deficient
MDM2 mutant, supporting the involvement of hMps1-
dependent MDM2 phosphorylation in the oxidative
stress response. In line with these findings, local-
ization of RPA and base excision repair proteins to
damage foci also requires MDM2 and hMps1. Signif-
icantly, like MDM2, hMps1 is upregulated in human
sarcoma, suggesting high hMps1 and MDM2 expres-
sion may be beneficial for tumors constantly chal-
lenged by an oxidative micro-environment. Our study
therefore identified an hMps1-MDM2-H2B signaling
axis that likely plays a relevant role in tumor progres-
sion.

INTRODUCTION

Human Mps1 (hMpsl) or TTK is a protein kinase with dual
specificity (1,2). The kinase has been shown to be required
for safeguarding spindle assembly and centresome dupli-
cation in eukaryotes from yeasts to mammals (3-7). Fur-
thermore, it colocalizes with mitotic checkpoint proteins on
unattached kinetochores (3). In addition to spindle check-
point regulation, our previous studies demonstrated that

hMpsl can be activated by DNA damage and phospho-
rylates CHK?2 at Thr68, resulting in CHK?2 activation and
arrest of the cell cycle at G2/M. Reciprocally, hMpsl can
be phosphorylated at Thr288 and stabilized by CHK?2 after
DNA damage (8,9). The tumor suppressor protein p53 is
another hMps1 substrate in the tetraploid checkpoint where
phosphorylation at Thr18 by hMps1 disrupts p53-MDM?2
interaction and causes stabilization and activation of p53
(10). hMpsl has also been reported to phosphorylate c-Abl
and controls its nuclear targeting under oxidative stress (11).
Collectively, these studies indicate that, in addition to reg-
ulation of the spindle assembly checkpoint (SAC), hMpsl
may also participate in other stress responses.

MDM2 is an E3 ubiquitin ligase which functions as an
important negative regulator of p53 by targeting the pro-
tein for proteasomal degradation. In addition to p53, other
substrates of MDM?2, for example, APE1 (12), Mdmx (13)
and histone H2B (14), have been identified. Modification of
MDM2 has been reported to regulate either its enzymatic
activity or protein stability. Acetylation of the RING do-
main diminishes its ability to promote p53 ubiquitination
(15). Phosphorylation by AKT at the S166 and S188 sta-
bilizes MDM2 protein and promotes its nuclear transloca-
tion (16). Furthermore, phosphorylation by Ataxia telang-
iectasia mutated (ATM) inhibits MDM2 RING domain
oligomerization and E3 processivity (17). Although MDM?2
has been considered as an oncogene due to its overexpres-
sion in many human cancers and its ability to ubiquitinate
p53, accumulating evidence suggests that MDM2 might
also act as a tumor suppressor by inhibiting the GO/G1-S
phase transition in normal human diploid cells; in support
of this, the growth repressor domains of MDM?2 have been
identified (18-20). Moreover, MDM?2 has been reported
to ubiquitinate histone H2B at Lys120 and Lys125 in hu-
man cells to repress transcription (14), and more recently,
MDM2 has been implicated in H2B ubiquitination in re-
sponse to oxidative DNA damage to control chromatin re-
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laxation for repair, though no direct evidence was provided
(21).

Histone H2B ubiqutination is known to be involved in the
regulation of various cellular pathways such as transcrip-
tion elongation, chromatin reorganization and DNA repli-
cation (22-25). H2B ubiquitination has also been shown to
be associated with DNA damage responses (DDR) in hu-
man cells (26,27) and in budding yeast (28-30). Human E3
ubiquitin ligase, RNF20 and RNF40 are the orthologs of
Brel that monoubiquitinates histone H2B at Lys123 in bud-
ding yeast (31-34). Like Brel, RNF20/40 monoubiquiti-
nates H2B at Lys120 in mammals (23,24,35). Histone H2B
ubiquitination also plays important role in trans-tail H3 hi-
stone methylation (36,37). The underlying mechanism that
renders H2B ubiquitination so versatile can be attributed to
reduced chromatin compaction as a result of this modifica-
tion (38,39).

We observed previously that coexpression with hMpsl
increases a slower migrating form of MDM2, suggesting
that hMpsl might have an impact on MDM?2 (10). Here,
we explore the possible interplay between the two proteins
and show that hMpsl1 can interact with and phosphorylate
MDM2, and that the functional interaction contributes to
oxidative DDR and repair through the regulation of H2B
ubiquitination.

MATERIALS AND METHODS
Cell lines

293T, MCF-7 and HelLa cells were maintained in Dul-
becco’s modified Eagle’s medium (DMEM; HyClone), and
HCT116 and H1299 cells were kept in RPMI-1640 medium
(Gibco) with 10% fetal bovine serum (HyClone) and an-
tibiotics (Gibco). HeLa cells inducibly expressing Myc-
MDM2 WT, the 3A mutant and the vector control (10-3)
were cultured in DMEM medium with G418 (400 pg/ml),
puromycin (0.4 wg/ml) and doxycycline (1 pwg/ml).

Plasmids and siRNAs

The MDM2 constructs were generated by cloning the
cDNA amplified from pCMV-MDM2 (kind gift of B. Vo-
gelstein, Johns Hopkins) in between the BamH I and Xho
I sites of the pXJ-HA or the pXJ-myc vector (40) for
mammalian expression, or the pRSET-A (Invitrogen) and
pGEX4T-1 (Amersham Biosciences) vectors for the expres-
sion of His-or GST-tagged proteins in Escherichia coli. All
tags are at the N-terminus of MDM2. To generate the con-
structs for inducible expression of siRINA-resistant myc-
MDM2 WT or the 3A mutant, primers with Pvu II and
Nhe I cutting sites were used to amplify the correspond-
ing sequences, and the polymerase chain reaction (PCR)
products were cloned into the vector, pTRE2pur (Clon-
tech). The DsRed-MDM?2 expression plasmid was gener-
ated by cloning the DsRed coding sequence in between the
EcoR I and BamH I of pXJ-MDM2. Plasmids for the ex-
pression of hMpsl were described previously (10). GST-
hMpsl-His was generated by insertion of the His-tag into
the C-terminus of GST-hMpsl. The DNA sequences en-
coding H2B were amplified from LNCaP cells and cloned
in between the BamH I and Xho I sites of the pXJ vector

or pCMV-Tag 2B (Stratagene) with an N-terminal Flag-
tag. The H2B 2KR mutant was generated by PCR-based
site-directed mutagenesis. Plasmids were transfected using
TurboFect (Thermo Scientific) for HeLa cells and Lipofec-
tamine 2000 (Invitrogen) for other cells.

siRNAs were synthesized by Sigma and transfected
using Oligofectamine (Invitrogen). The targeted sequences
were (5 to 3'): MDM2, GTCTGTTGGTGCACAAAAA
(siMDM2) and CCTACTGATGGTGCTGTAA (siMDM?2
#2); and hMpsl, TGAACAAAGTGAGAGACAT
(sihMpsl) and TGGTTGAGTTTGTTGCTCA (sihMpsl
#3).

Antibodies

Antibodies used for western blotting were as follows: anti-
Myc (sc-40), anti-hMpsl (sc-540), anti-MDM?2 (sc-965),
anti-GST (sc-138), anti-His (sc-803), anti-CHK1 (sc-7898),
anti-ATRIP (sc-365383) and anti-RPA2 (sc-56770) anti-
bodies from Santa Cruz; anti-H2B-Ub (05-1312) and anti-
histone H3 (07-690) antibodies from Millipore; anti-CHK 1
pS345 (#2348), anti-CHK2 pT68 (#2661) and anti-ATM
pS1981 (#2355) antibodies from Cell Signaling; anti-Flag
M2 (F3165) and anti-actin (A2066) from Sigma; anti-H2B
from Epitomics (1847-1) and GeneTex (GTX115955); anti-
yH2Ax (#27505) from Upstate; anti-RPA2 pS33 (NB100-
544) from Novus; and anti-HA (MMS-101p) from Cov-
ance. Anti-Myc and anti-HA used for immunoprecipitation
were from LTK Biolaboratories (Touyuan, Taiwan). Anti-
XRCCI1 (sc-56254, sc-11429), anti-CRM1 (A300-469A),
anti-8-0xoG (MAB3560) and anti-PARP1 (11835238001)
used for immunofluorescence were from Santa Cruz,
Bethyl, Millipore and Roche, respectively.

Phospho-specific antibodies

Rabbit polyclonal antibodies against phospho-Thr4
or Thr306 of MDM2 were raised, respectively,
against phosphopeptides H-CNpTNMSVPT-OH or
H-YWKCpTpSCNEM-OH synthesized by Kelowna
International Scientific Inc. (Taipei, Taiwan). Rabbit
inoculation and crude serum production were performed
by LTK Biolaboratories (Touyuan, Taiwan). Antibodies
were affinity-purified by binding to a phosphopeptide
column. The eluted antibodies were further purified by
passing through the unphosphorylated peptide column to
remove antibodies that cross-react with unphosphorylated
epitopes.

In vivo ubiquitination assay

293T cells transfected with His-tagged ubiquitin, HA-
hMpsl, Flag-H2B and pCMV-MDM2 WT or its mutants
were collected and sonicated in buffer A (6 M guanidine-
HCI, 0.1 M Na,HPO4/NaH;,PO,4, 10 mM imidazole, pH
8.0). When indicated, MG132 (Sigma-Aldrich) at a final
concentration of 25 wM was added 4 h before harvest. Cell
lysates were incubated with Ni-NTA agarose beads (Qi-
agen) to pulldown the His-tagged ubiquitinated proteins.
The beads were washed once with buffer A, once with Ti-A
mixed buffer (3:1) and three times with Ti buffer (20 mM im-
idazole, 0.2% Triton X-100, 25 mM Tris—HCI, pH 6.8). The



beads were boiled in sample buffer and analyzed by western
blotting.

Preparation of recombinant proteins

His-tagged and GST fusion proteins were expressed in E.
coli strain BL21 (DE3) LysE and purified as described pre-
viously (8).

GST pulldown assay

Assays were performed essentially as previously de-
scribed (8) using recombinant GST-hMps1 and His-tagged
MDM2.

Coimmunoprecipitation

HeLa or transfected 293T cells were lysed in buffer (100 mM
NacCl, 300 mM sucrose, 3 mM MgCl,, 10 mM PIPES) con-
taining 0.1% NP-40, protease inhibitor cocktail (Roche), 10
mM NaF, 10 mM B-glycerophosphate and 1 mM dithio-
threitol (DTT). Cell lysates were sonicated and incubated
with antibodies and protein G beads (Thermo Scientific) for
2 h at 4°C. The beads were washed three times in cytoskele-
ton (CSK) buffer and the bound proteins were analyzed by
immunoblotting.

In vitro Kinase assay

Purified recombinant hMpsl was incubated with recombi-
nant MDM2 in kinase buffer (20 mM Tris, pH 7.5, 10 mM
MgCl,, and 1 mM DTT) in the presence of 50 uM ATP
and 3 pCi [y-*?P] ATP for 15 min at 30°C and analyzed by
autoradiography and immunoblotting.

Comet assay

The alkaline comet assay was performed using the comet
assay kit (Trevigen). Briefly, cells were treated with 0.1 mM
H,O, for 15 min and incubated in drug-free medium for the
indicated time before collection. Cells were lysed and elec-
trophoresis was conducted under alkaline conditions. DNA
was visualized by staining with yoyo-1. Comet tails were an-
alyzed and quantified using CometScore.

HPRT mutation assay

The mutation frequency at the HPRT locus was deter-
mined as previously described (41) with the following mod-
ification. In brief, cells were first grown in HAT medium
(DMEM with 100 uM hypoxanthine, 0.4 uM aminopterin
and 16 wM thymidine) for 3 days to eliminate those with a
pre-existing HPRT mutation. Cells were then grown in HT
medium for 1 day and in fresh DMEM medium for 3 days.
Following the HAT procedure, 5 x 10° cells were seeded and
either untreated or treated with 0.1 mM H,O, for 10 min
and then grown in fresh medium for 10 d to allow the mu-
tation to stabilize. Next, 10° cells/100 mm dish were plated
and cultured in medium containing 2.5 wg/ml 6-TG for the
first 4 days then in normal medium until colonies appeared.
For the plating control, 2500 cells were grown in parallel in
the absence 6-TG. Colonies formed after 3 weeks of incu-
bation were counted after crystal violet staining.
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Immunofluorescence assay

Cells grown on coverslips were treated with 0.5 or 1 mM
H,0; for 15 min and then recovered in drug-free medium
for the indicated time. Cells were extracted with CSK buffer
containing 0.5% Triton X-100, a protease inhibitor cocktail,
10 mM NaF, 10 mM B-glycerophophate and 1 mM DTT
for 2 min on ice followed by methanol/acetone fixation at
4°C for 20 min. After blocking in 5% bovine serum albumin
(BSA) in phosphate buffered saline (PBS) for 30 min at RT,
cells were incubated with primary antibodies diluted in 1%
BSA/PBS overnight at 4°C and the next day with secondary
DyLight™488-conjugated goat anti-mouse IgG, TRITC-
conjugated goat anti-rabbit or mouse IgG antibodies (Jack-
son ImmunoResearch). Images were obtained using a Carl
Zeiss LSM 510 confocal microscope.

Preparation of chromatin fraction

Cells were lysed in CSK containing 0.1% NP-40, protease
inhibitor cocktail, 10 mM NakF, 10 mM B-glycerophophate
and 1 mM DTT and centrifuged at 13 000 rpm for 10 min.
The supernatant was reserved and designated as the solu-
ble fraction. The pellet was washed twice with CSK and ex-
tracted with 0.2 N HCI for 20 min at 4°C followed by neu-
tralization with 1/4 volume of 1.5 M Tris (pH 8.8). The su-
pernatant after centrifugation was collected and designated
as the chromatin fraction.

Clonogenic survival assay

HeLa cells transfected with siRNA for 24 h were replated
in a 35 mm dish at a density of 10* cells per dish. Cells
were treated with the indicated concentration of H,O, for
15 min and incubated in drug-free medium for 14-21 days.
Colonies were stained with 0.5% crystal violet before count-
ing.

Statistical analysis

All statistical analyses except that in Figure 9A were con-
ducted with Student’s #-test. For Figure 9A, Fisher’s exact
test was used. * and ** denote P < 0.05 and P < 0.01, re-
spectively.

RESULTS
hMps1 interacts with MDM2 invivo and invitro

To decipher the functional relationship between human
Mpsl (hMpsl) and MDM2, we first investigated whether
hMpsl interacts with MDM?2. We coexpressed hMps1 wild-
type (WT) or the kinase-dead mutant (KD) with MDM?2
in 293T cells and immunoprecipitated hMpsl or MDM2.
Both WT and KD hMpsl can be coprecipitated with
MDM2 (Figure 1A) and, reciprocally, MDM2 was copre-
cipitated with either WT or KD hMpsl (Figure 1B). The
interaction was mediated through the C-terminal domain
of hMpsl (Figure 1C) binding to either the N- or the C-
terminal domain of MDM2 (Figure 1D). The fact that both
N- and C-terminal domains of MDM2 interact with hMps1
suggests there are more than one Mpsl binding modules
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Figure 1. hMpsl] interacts with MDM2. (A and B) MDM?2 interacts with hMpsl in cells. 293T cells were transfected with MDM?2 together with either
wild-type (WT) or kinase-dead (KD) hMpsl and cell lysates were collected and analyzed by immunoprecipitation (IP) using the anti-myc antibody (A) or
the anti-hMps1 antibody (B). Anti-His antibody was used as IgG control. (C) MDM2 binds the C-terminal domain of hMpsl. 293T cells were transfected
as in (A) but with the full-length (FL), the N- (amino acids 1-386) or the C-terminal (amino acids 387-857) domain of HA-hMpsl. Immunoprecipitation
was performed using anti-HA antibody. (D) hMpsl-interacting domains in MDM?2. 293T cells were transfected as in (A) but with FL, the N- (amino acids
1-210) or the C-terminal (amino acids 211-491) domain of myc-MDM2. (E) Direct interaction of MDM?2 with hMpsl1 in vitro. GST pulldown assays were
performed with His-tagged recombinant FL MDM2 and the recombinant GST-hMpsl WT or KD. Results were analyzed by immunoblotting using the

indicated antibodies.



in MDM2. Furthermore, the recombinant GST-fused WT
and KD hMps] also pulled down the His-tagged full-length
MDM2 in vitro (Figure 1E), suggesting that the interaction
can be direct.

MDM2 is phosphorylated by hMps1

The fact that coexpression of hMps1 and MDM?2 increased
the slower migrating form of MDM2 (10) suggested to us
the possibility of MDM2 phosphorylation by hMpsl. In-
deed, when the lysates were treated with A phophatase, the
slower migrating form of MDM?2 was reduced, whereas
the faster migrating form was increased (Figure 2A). Fur-
thermore, the recombinant hMps1 phosphorylated the His-
tagged MDM2 at both the N-terminal and C-terminal
domains in vitro (Figure 2B). These results suggest that
MDM?2 is a substrate of hMpsl.

Using the full-length MDM?2 as the substrate in vitro,
the hMps1 phosphorylation sites were subsequently ana-
lyzed by mass spectrometry. Altogether, 22 phosphorylation
sites were identified (Figure 2C). Interrogation of these sites
by Thr/Ser to Ala substitution revealed that Thr4, Thr306
and Ser307 are the major hMpsl target sites (Supplemen-
tary Figure S1A and B), which are conserved among mam-
mals (Supplementary Figure S1C). Mutations of Thr4 to
Ala (T4A) in the truncated MDM?2 (amino acids 1-13) and
Thr306/Ser307 to Ala (AA) in MDM?2 (amino acids 285-
334) compromised the phosphorylation by hMpsl1 (Figure
2D). In the context of the MDM2 full-length protein, muta-
tion of Thr4/Thr306/Ser307 to Ala (3A) also resulted in re-
duced phosphorylation by hMps1 (Figure 2E). This was not
because the mutation had disrupted the interaction, as the
3A mutant and WT MDM?2 were comparable in interaction
with hMps1 (Supplementary Figure S1D). Taken together,
these results demonstrate that MDM2 can be phosphory-
lated by hMpsl at Thr4, Thr306 and Ser307 in vitro.

hMps1 phosphorylation promotes MDM?2-mediated histone
H2B ubiquitination

MDM2 has been reported to ubiquitinate histone H2B at
Lys120/125 (14), and H2B ubiquitination has been impli-
cated in the DDR upon oxidative stress (21). Based on
the results described above, we hypothesized that hMpsl
may act upstream of the MDM2-H2B axis in response to
oxidative stress. To address this possibility, we first deter-
mined whether hMps1 phosphorylation regulates MDM2-
mediated H2B ubiquitination. By coexpression of WT or
KD hMpslwith MDM?2 and His-tagged ubiquitin in 293T
cells, we found that hMps1 phosphorylation increased H2B
ubiquitination (Figure 3A). Such an increase was not ob-
served when the ligase-dead (LD) MDM2 mutant was used,
indicating that the enhanced H2B ubiquitination was in-
deed mediated by the E3 ligase activity of MDM2 (Supple-
mentary Figure S2A). In addition to the enhanced activity,
we also observed a marked increase in MDM2 protein lev-
els. As coexpression of hMpsl WT but not the KD mutant
increased the protein half-life of MDM2 (Supplementary
Figure S2B), we concluded that the effect on the activity was
at least in part attributable to the increased stability of the
MDM2 protein. In support, the MDM?2 3A mutant was less
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stable than the WT protein when coexpressed with hMpsl
(Supplementary Figure S2B and C).

The ubiquitination site on H2B, in this event, was also
investigated. We compared ubiquitination of WT H2B with
the H2B mutants with Arg substitution at Lys120 (K120R)
or at Lys120 and Lys125 (2KR). As a result, while ubiquiti-
nation of K120R was similar to WT, ubiquitination of 2KR
was markedly reduced, suggesting that ubiquitination was
mainly at Lys125 (Figure 3B).

Next, we compared H2B ubiquitination by WT MDM2
and the Ala mutants. The results show that Ala substitution
at MDM?2 Thr4, Thr306 and Ser307, singularly or in combi-
nation dampened the hMpsl-promoted MDM2-mediated
H2B ubiquitination (Figure 3C). The difference appears to
be an in vivo event as the recombinant MDM?2 WT and 3A
proteins prepared from bacteria are equally competent in
ubiquitination of p53 in vitro (Supplementary Figure S1E).
Collectively, these results indicate that MDM?2 phosphory-
lation at Thr4, Thr306 and Ser307 by hMpsl plays a deci-
sive role in MDM?2-mediated H2B ubiquitination.

To exclude the possibility that hMps]l may inhibit the
proteasome to render the effect, we performed the H2B
ubiquitination assay in the presence or absence of MG132,
a proteasome inhibitor. The results showed that although
MG132 generally increased the observed ubiquitination,
hMpsl stills markedly enhanced WT MDM?2-mediated
H2B ubiquitination compared to the 3A mutant (Supple-
mentary Figure S2D), suggesting that the impact of hMps1
on MDM?2 are most likely to be direct, through MDM?2
phosphorylation.

hMps1 and MDM2 are required for H2B ubiquitination after
H,0; treatment

Human Mpsl has been reported to be activated by oxidative
stress to control c-Abl cellular localization (11). Therefore,
we explored the possibility that hMps1, upon activation by
oxidative stress, may act on MDM?2 to affect H2B ubiquiti-
nation. First, we investigated whether H2B ubiquitination is
altered under oxidative stress. Extraction of the chromatin
fraction after H,O, treatment in HeLa cells demonstrated
that ubiquitination of H2B was increased transiently within
minutes after treatment (Figure 4A). Concomitantly, the
interaction between endogenous MDM?2 and hMps1 were
detected (Figure 4B). Moreover, knockdown of hMpsl or
MDM?2 by small interfering RNA (siRNA) markedly re-
duced both basal and induced H2B ubiquitination (Figure
4C and D). Similar effects were observed in MCF-7 and
HCT116 cells (Supplementary Figure S3A and B), or by us-
ing a second set of siRNAs (Figure 4E), thus excluding off-
target effects. Notably, the knockdown effect was also ob-
served in pS3-null H1299 cells (Supplementary Figure S3C),
suggesting that the hMps1-MDM?2-H2B signaling axis can
be independent of p53.

Next, rescue experiments were performed to further con-
firm the involvement of MDM?2 and hMps1 in H2B ubig-
uitination. To that end, we established HeLa cell lines with
Tet-off inducible expression of the siRNA-resistant MDM?2
WT or MDM?2 3A (Figure 4F). In these cells, induced
WT MDM2 was better than the 3A mutant at restoring
H2B ubiquitination upon depletion of endogenous MDM?2
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Figure 2. MDM2 is phosphorylated by hMpsl. (A) MDM2 was phosphorylated upon coexpression of hMps1 in 293T cells. Lysates were treated with A
phosphatase at room temperature for 30 min in the absence or presence of the inhibitor (10 mM Na3VOy) prior to gel electrophoresis and western blot
analysis. (B) MDM?2 was phosphorylated by hMps1 in vitro. Kinase assays were conducted in vitro with recombinant GST-hMps1-His and recombinant
FL, N- or C- region of His-tagged MDM?2 in the presence of [y->2P]JATP. Results were analyzed by autoradiography and immunoblotting. (C) Summary
of hMpsl1 phosphorylation sites in MDM?2 identified by LC-MS-MS after reaction in vitro. (D and E) MDM2 was phosphorylated by hMpsl at Thr4,
Thr306 and Ser307 in vitro. Kinase assays were performed as in (B) but using truncated MDM2 carrying WT sequences or Ala substitution at Thr4 (T4A)
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(Figure 4G). Similar results were observed using a second
MDM2 WT and 3A clones (Supplementary Figure S4), in-
dicating that the activity was not a clonal effect. Likewise,
transient expression of MDM2 WT but not the 3A mu-
tant also restored H2B ubiquitination in MDM?2-depleted
HCT116 cells (Figure 4H). Cumulatively, our results sug-
gest that hMpsl-mediated MDM2 phosphorylation is in-
volved in H2B ubiquitination in H,O;-treated cells and pos-
sibly also in undisturbed cells under a basal level of oxida-
tive stress.

MDM2 Thr4 and Thr306 are phosphorylated by hMps1 upon
oxidative stress

To determine whether MDM?2 Thr4, Thr306 and Ser307
can be phosphorylated upon oxidative stress in cells,
we generated phospho-specific antibodies against MDM?2
phospho-Thr4 (pT4) and Thr306 (pT306). The antibod-
ies preferentially recognized the T4 and T306 phosphory-
lated peptides compared with the unphosphorylated pep-
tides (Supplementary Figure S5A and B), and reacted with
the in vitro phosphorylated full-length (Supplementary Fig-
ure S5C and D) or truncated (Supplementary Figure S5E
and F) WT MDM2, but not the corresponding Ala mu-
tants. These results demonstrate the specificity of these an-
tibodies.

Whether MDM?2 Thr4 and Thr306 are phosphorylated
upon oxidative damage was studied using the pT4 and
pT306 antibodies. Our results show that the pT4 and pT306
antibodies preferentially reacted with WT but not the 3A
mutant immunoprecipitated from transfected 293T cells,
and both peaked at 5 min after H,O, treatment (Figure SA
and B). Furthermore, the pT4 and pT306 antibodies de-
tected endogenous phosphorylated MDM?2 in HeLa cells
after H,O; treatment, and the detection was reduced in cells
depleted of hMpsl or MDM?2 (Figure 5C and D). These re-
sults together demonstrated that MDM?2 can be phosphory-
lated by hMps1 at Thr4 and Thr306 in cells under oxidative
stress. The attempt to generated pSer307-specific antibody
was not successful. Whether Ser307 is also phosphorylated
in cells remains unclear.

Next, Thr4, Thr306 and Ser307 were mutated to Asp to
mimic constitutive phosphorylation, and their H2B E3 ac-
tivity was examined in 293T cells. As shown in Supplemen-
tary Figure S5G and quantified in Supplementary Figure
S5H, T4/T306D and T4/S307D double substitution mu-
tants but not the T4/T306/S307D triple mutant exhibited
modest increase in the activity to promote H2B ubiquitina-
tion. These results suggest that phosphorylation at at least
two of the sites, T4 and T306 or T4 and S307, is involved in
regulating the H2B E3 activity of MDM2.

Oxidative DNA damage repair is impaired in hMps1 and
MDM2-depleted cells

H2B ubiquitination has been shown to regulate DNA dou-
ble strand break repair (26) and control the recruitment
of the chromatin-remodeling factor SNF2h (27). More-
over, H2B ubiquitination by itself could lead to chromatin
relaxation in vitro (38,39). Based on the data presented
above, we wondered whether hMpsl and MDM?2 are in-
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volved in repair of oxidative DNA damage through regula-
tion of H2B ubiquitination. We first downregulated hMps1
or MDM2 in Hela cells with siRNA (Figure 6A), then
assessed the oxidative damage repair using the comet as-
say (Figure 6B). The results indicate that depletion of ei-
ther hMps1 or MDM2 significantly hampered DNA repair,
evidenced by sustained tail DNA (Figure 6C) and conse-
quently reduced clonogenic cell survival (Figure 6D). Com-
plementation with siRNA-resistant MDM2 WT but not
the 3A mutant in MDM2 knockdown cells completely re-
stored the repair (Figure 6E, Supplementary Figure S6A
and B), suggesting the three hMpsl phosphorylation sites
in MDM2 are required for oxidative DNA damage repair.

In addition to the comet assay, we also sought support-
ing evidence by directly assessing the repair of the oxidative
damage lesion 8-oxoguanine (8-0x0G.) using immunofluo-
rescence staining. The 8-0xoG positive cells appeared min-
utes after the removal of H202 whereas the unrelated pro-
tein CRM1 stained uniformly before and after the treat-
ment, thus validating the specificity of the assay (Supple-
mentary Figure S6C). Similar to the observations with the
comet assay, elimination of 8-0xoG was compromised in
hMpsl or MDM2 downregulated cells (Figure 6F and G).

To determine if the impact of MDM2 and hMpsl in re-
pair is mediated through H2B ubiquitination, we first es-
tablished HeLa cells stably expressing either Flag-H2B WT
or 2KR (Supplementary Figure S6D). The results of comet
assays with H,O, indicate that the repair was less efficient
in the ubiquitination-deficient H2B 2KR—than in H2B
WT—expressing cells (Figure 6H, Supplementary Figure
S6E and F). Moreover, knockdown of MDM2 or hMpsl
increased comet tails in WT but not in 2KR cells (Fig-
ure 61 and Supplementary Figure S6G), suggesting that
H2B ubiquitination functions downstream of hMpsl and
MDM?2 in oxidative DNA damage repair. Taken together,
these data provide further support for the involvement of
the hMps1-MDM2-H2B signaling axis in oxidative DNA
damage repair.

Defect in hMps1-MDM2 signaling promotes accumulation
of mutation

If indeed hMps1-mediated MDM?2 phosphorylation is re-
quired for oxidative DNA damage repair, one would expect
that the damage would accumulate in phosphorylation-
deficient cells, which would then lead to increased muta-
tion. To address this, the HPRT mutation assay was em-
ployed. The Tet-off HeLa cells inducibly expressing either
MDM2 WT or 3A were either untreated or treated with
H,0, and then selected with 6-TG for mutation in HPRT.
Our data show that while minimal mutation was observed
in untreated cells, elevated mutation was seen after H,O,
treatment in cells expressing empty vector (Figure 6J). The
mutation frequency was effectively downregulated by WT
but less so by the 3A mutant (Figure 6J). This result further
supports a role for hMpsl-dependent MDM?2 phosphory-
lation in oxidative DNA damage repair.
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Figure S. MDM2 Thr4 and Thr306 phosphorylation is induced by oxidative stress. (A and B) The ectopically expressed WT MDM2 but not the 3A mutant
reacted with anti-MDM?2 pT4 and pT306 antibodies after H,O; treatment. HA-tagged MDM?2 was first immunoprecipitated from the transfected 293T
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(C) and Thr306 (D) after H,O; treatment in an hMpsl-dependent manner. HeLa cells transfected with control, hMpsl or MDM2 siRNA were untreated
(UT) or treated with 0.5 mM H,O, for the indicated time and collected for western blot analysis using the indicated antibodies.

Colocalization of MDM2 with base excision repair proteins
after oxidative damage

To further confirm the involvement in oxidative DNA dam-
age repair, we next investigated the localization of MDM2,
hMpsl and the proteins known to be involved in base ex-
cision repair after oxidative damage. Following H,O, treat-
ment, MDM2 relocalized to form foci in the nuclei, partially
overlapped with those formed by PARP-1 and XRCC1, two
key effectors participating in repair of oxidative DNA le-
sions (Figure 7A and B). In addition, DsRed-MDM2 but
not DsRed formed foci that colocalized with XRCCI1 af-
ter H,O, treatment (Figure 7C). Moreover, we observed
partial colocalization of MDM2 foci with those of hMpsl
phosphorylated at Thr288 (Figure 7D), which has been re-
ported to colocalize with y H2AX after ionizing irradiation
and might function as a damage response marker (9). Our
data suggest that at least some of the MDM?2 foci represent
damage sites and that MDM?2 can colocalize with activated
hMpsl and base excision repair machinery at these sites af-
ter oxidative damage.

Ocxidative stress-induced ATR-CHK1 signaling is obliterated
in hMps1 and MDM2-depleted cells

As depletion of hMpsl and MDM2 impaired oxidative
DNA damage repair (Figure 6C and G), we wondered
whether the DNA damage signaling was also affected. Im-
munoblot analysis of cell lysates using phospho-specific

antibodies indicated that depletion of hMpsl or MDM?2
dampened the activation of the checkpoint kinase CHK1,
but not CHK?2 or ATM after H,O, treatment (Figure 8A).
Concurrently, we also observed reduced yH2AX in these
cells (Figure 8B). These data indicate that the ATR-CHK 1
pathway but not the ATM-CHK?2 pathway was specifi-
cally affected by hMpsl and MDM2 downregulation. In
support, phosphorylation of Replication protein A (RPA)
Ser33, a target site of Ataxia telangiectasia mutated and
Rad3 related (ATR) , was also reduced in hMpsl and
MDM2-knockdown cells (Figure 8C).

Whether the signaling defect is related to H2B ubiquiti-
nation was examined using cells stably expressing the H2B
2KR mutant. Similar to hMps1 and MDM2-depleted cells,
these cells showed reduced CHK1 activation and yH2AX
when compared to the WT H2B-expressing cells (Figure 8D
and E).

H2B ubiquitination has been reported to regulate chro-
matin compaction (38). DNA damage including oxida-
tive stress was shown to cause chromatin remodeling,
histone exchange and increased soluble histones (42—
44). Consistent with these studies, we found that soluble
H2B was increased after H,O, treatment. More impor-
tant, this increase was diminished in hMpsl and MDM2-
downregulated cells (Figure 8F), suggesting that in these
cells chromatin is more compact and less accessible. In sup-
port, we found reduced RPA and XRCCI foci in hMpsl
and MDM2-depleted cells (Figure 8G and H, Supplemen-
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Figure 6. Depletion of hMps1 or MDM2 dampens DNA repair and cell survival in cells encountering oxidative stress. (A) Western blots showing downreg-
ulation of hMpsl and MDM2 by siRNA in HeLa cells. sc, scramble control. (B) Comet assays demonstrating delayed repair of oxidative DNA damage in
hMpsl and MDM?2 knockdown cells. HeLa cells transfected with sc, hMpsl or MDM siRNA were treated or not with 0.1 mM H»O, for 15 min and then
recovered in drug-free fresh medium for 0, 60 or 90 min. UT, untreated. (C) Quantification of comet tails shown in (B). Mean £ SD from three indepen-
dent experiments is shown. (D) Downregulation of hMps1 or MDM2 sensitized HeLa cells to H,O; treatment. Colony survival assay was performed using
HeLa cells transfected with control (sc), hMpsl or MDM?2 siRNA. Cells were untreated or treated with various concentrations of H,O, for 15 min before
plating. Shown are results from three independent experiments. (E) Re-expression of WT MDM?2 but not the 3A mutant restored DNA repair in MDM?2
knockdown cells. Comet assays were performed as in (B) but using the Tet-off HeLa cell lines induced to express siRNA-resistant WT or 3A MDM?2 (Sup-
plementary Figure S6A and B). Mean + SD from three independent experiments is shown. (F and G) Delayed repair of 8-oxoguanine (8-0xoG) lesions
in hMpsl and MDM2-downregulated cells. HeLa cells treated as in (A) were fixed and stained with an anti-8-oxoG antibody for immunofluorescence
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Figure 8. The hMpsl-MDM2-H2B pathway is required for ATR but not ATM signaling in response to oxidative stress. (A) Phosphorylation of CHK 1
but not CHK2 or ATM was compromised in hMps] or MDM2-downregulated cells. HeLa cells as treated in Figure 6A were analyzed by western blotting
using the indicated antibodies. (B) Impaired induction of y H2AX in hMpsl and MDM2-depleted cells. (C) RPA phosphorylation was reduced in hMpsl
and MDM2-depleted cells. HeLa cells treated as in (A) were analyzed by immunoblotting using the indicated antibodies. n.s., non-specific. (D and E)
Expression of the H2B 2KR mutant interferes with phosphorylation of CHK1 (D) and H2AX (E) after H,O; treatment. HeLa cells stably expressing WT
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Supplementary Figure S7A and B, respectively. Mean + SD from three independent experiments is shown. *P < 0.05.
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Figure 9. Upregulation of hMpsl in human sarcoma. (A) Co-occurrence of the A Mpsl and M DM? alteration in gene expression. Shown are OncoPrints for
207 high-grade adult soft tissue sarcomas across seven subtypes of disease collected from MSKCC, the Broad Institute and Barretina etal. (47). Data were
downloaded and analyzed on the cBioPortal for Cancer Genomics platform (http://www.cbioportal.org). (B) mRNA expression of hMpsl and MDM2 in
158 sarcoma specimens. Data source: Barretina sarcoma (47). (C) Copy number variation of the #Mpsl and MDM?2 genes in 165 human sarcoma samples.
Data source: TCGA sarcoma. Datasets in (B) and (C) were downloaded from Oncomine® (https://www.oncomine.com) and analyzed by Prism. **P <
0.01 by Student’s z-test.
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tary Figure S7), which at least in part explains the defective
repair in these cells.

hMpsl, like MDMZ2, is highly expressed in human soft tissue
sarcoma

To explore the physiological relevance of the hMpsl-
MDM?2 relationship, we analyzed expression of hMpsl
and MDM2 in human cancers using data from available
public databases. Data were downloaded and analyzed us-
ing the cBioPortal for Cancer Genomics platform (http:
/[cbioportal.org) (45,46). Of the several human cancer types
analyzed, soft tissue sarcoma stood out with the highest
proportion of tumors showing hMpsl mRNA upregula-
tion. Forty-one percent of the 207 samples from the sar-
coma studies by Barretina et al. (47) exhibited hMpsl up-
regulation, compared to ~3-9% in breast, colorectal and
lung cancers from other studies (data not shown) (Figure
9A). Interestingly, the alteration was found to associate sig-
nificantly with that of MDM2 expression (mostly upregu-
lation and some downregulation), with the co-occurrence
log odds ratio reaching 5.190 (P = 9.41E-38). Of the 207
samples analyzed, 54 (26%) showed upregulation in both
MDM2 and Mpsl mRNA, and these samples were mainly
from the subtype of dedifferentiated liposarcoma (Figure
9B). This, together with the prevalence of hMps1 upregula-
tion, highlights the importance of hMps1-MDM2 signaling
in the development of sarcoma.

To determine whether this upregulation of hMpsl is at
the DNA level, we analyzed available TCGA sarcoma data
and found that the copy number variation of the ZMpsl
gene among the 165 samples appeared to be negligible (Fig-
ure 9C), whereas consistent with previous findings (48,49),
the MDM?2 gene was amplified in dedifferentiated liposar-
coma. These analyses show that the #ZMpsl upregulation
occurs mostly at the transcriptional or post-transcriptional
level, and affects all subtypes analyzed (Figure 9B). In com-
parison, MDM2 mRNA upregulation was observed mostly
in dedifferentiated liposarcoma (Figure 9B) and appeared
to be correlated with the MDM?2 gene amplification (Fig-
ure 9C). The results of these analyses together with the ex-
perimental data from our study suggest the possibility that,
in sarcoma that does not have MDM2 amplification, up-
regulation of hMpsl may, among other things, promote
MDM2 function and cancer cell survival in an oxidative tu-
mor micro-environment.

DISCUSSION

In this study, we identified an hMps1-MDM?2-ubH2B sig-
naling axis that plays an important role in oxidative DNA
damage repair and signaling. We demonstrated that hMps1-
mediated MDM2 phosphorylation is required for ATR-
CHK1 signaling and the recruitment of repair proteins af-
ter oxidative DNA damage. This is likely mediated through
chromatin remodeling as a result of MDM2-mediated H2B
ubiquitination.

Compared to the response to DNA double strand break,
the signaling in response to oxidative DNA damage is less
well characterized. It has been reported that hMps1 may be
activated under oxidative stress (11). hMpsl and H2B ubiq-
uitination have each been shown to play a role in regulating
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the response to DNA damage not limited to oxidative dam-
age (8,9,11,26,27). MDM2 has also been implicated to mod-
ulate base excision repair through ubiquitination of APEI
(12). In contrast to these previous studies, our data pre-
sented here provide a new perspective and a mechanistic
explanation linking signaling (by hMpsl) to chromatin re-
modeling (by MDM2 and histone H2B) and further to the
oxidative DDR and repair.

H2B ubiquitination and the Brel mammalian orthologs,
RNF20 and RNF40, have been demonstrated to regulate
the DDR in human cells upon DNA double-strand break
(26,27). Tt was shown that H2B ubiquitination is required
for the recruitment of the chromatin-remodeling factor
SNF2h, and that the requirement for RNF20 in HR re-
pair could be partially bypassed by forced chromatin re-
laxation (27). As chromatin structure can be influenced
by H2B ubiquitination by directly disrupting the contact
between histone and DNA (38,39) or by the recruitment
of remodeling factors such as SNF2h or FACT (24,27),
we propose here that hMps1 regulates H2B ubiquitination
and chromatin compaction by phosphorylating MDM?2 to
promote DNA damage signaling and repair under oxida-
tive stress. The signaling axis is reminiscent of the ATM-
RNF20/RNF40-H2B signaling characterized by Moyal et
al. (26) upon DNA double-strand break; however, whether
hMpsl and ATM are interchangeable for these two signal-
ing pathways remains to be determined. Our data appear to
disfavor the involvement of ATM in oxidative repair since,
despite normal activation of ATM, cells were unable to re-
pair oxidative damage efficiently upon hMpsl depletion.

MDM?2 has been shown to inhibit DNA double-strand
break repair and induce chromosome/chromatid breaks
(50,51), which is in conflict with the role of MDM2 we iden-
tified here in oxidative DNA damage repair. Several pos-
sibilities could account for the differences. Apart from the
usage of different cell lines and DNA damage agents, dif-
ferent approaches were employed. In those previous stud-
ies, MDM2 was overexpressed in cells, which according to
our proposed model and a report from Minsky and Oren
(14), may promote H2B ubiquitination and likely reduce
chromatin compaction. This could possibly explain why in-
creased chromosome/chromatid breaks were observed in
those studies, as it has also been demonstrated that loosen-
ing of chromatin increases its susceptibility to DNA dam-
age agents (52-55). In contrast to their studies, we mainly
utilized an siRNA-mediated knockdown approach to assess
the role of MDM2 and hMps]1 in DNA damage signaling
and repair. In addition, our data suggest that MDM2 may
have a housekeeping surveillance function in unstressed
cells as its depletion in cells reduced H2B ubiquitination un-
der not only the stressed but also the basal condition (Fig-
ure 4C, Supplementary Figure S3) and its knockdown in-
creased 8-0xoG staining in untreated cell (Figure 6G). It
should be noted that although our data implicate a role of
H2B ubiquitination, there exists the possibility that addi-
tional MDM?2 and hMpsl-regulated players may also be
involved. Our data do not support a role of the p53 re-
sponse in this signaling axis, as comparable results were ob-
served with HeLa cells (p53-compromised) (Figure 4C and
E), H1299 cells (p53-null) (Supplementary Figure S3C), and
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MCEF7 and HCT116 cells (p53 competent) (Supplementary
Figure S3A and B).

A growing body of evidence supports the involvement
of the chromatin structure in the regulation of DNA-
associated processes such as transcription, replication, re-
combination and the DDR (56-58). Compacted chromatin
limits the access of protein regulators and must be relaxed
to allow efficient progression of DNA-associated processes,
such as the access of effectors to detect and repair the DNA
lesions and also to deliver damage signals. Our findings here
demonstrate that the hMps1-MDM2 pathway may join in
to affect the DDR and repair, at least in cells under oxida-
tive stress. It was, however, somewhat perplexing that deple-
tion of hMps1 or MDM2 only affected the ATR-CHK 1 but
not the ATM-CHK2 pathway. The mechanism by which a
global impact on chromatin would preferentially elicit one
signaling pathway but not the other remains unclear. One
possible explanation for this phenomenon might be that
there are different needs for chromatin decompaction in
different response pathways. Chromatin compaction might
compromise the initial cleavage and thus the formation of
ssDNA, which is required for RPA binding and activation
of the ATR-CHKI1 pathway. For example, activation of the
ATR-CHK1 pathway after UV or base damage requires ini-
tial cleavage, which is impinged on by the nucleotide or base
excision repair machinery (59-62). On the other hand, the
ATM-CHK2 pathway could be activated by the cellular re-
dox state and therefore may be independent of DNA le-
sions (63). Our results suggest that, upon oxidative damage,
hMpsl and MDM2 may work together to loosen the chro-
matin, therefore facilitating initial DNA cleavage by the re-
pair machinery. We believe that the model can explain the
reduced RPA and XRCCI1 foci and impaired ATR-CHK1
signaling in hMpsl andMDM2 depleted cells.

As hMpsl is also required for the SAC, a relevant ques-
tion is that whether the observations we made in hMpsl
knockdown cells were somehow linked to an inefficient
SAC. Several lines of evidence suggest that this may not be
the case. Our earlier studies indicated that hMpsl knock-
down (10) or expression of a kinase-deficient hMpsl mu-
tant (8) did not grossly alter cell cycle unless cells were
treated with DNA damage agent or spindle poison. In ad-
dition, there was no apparent comet tail (Figure 6B) or in-
creased ATM-CHK2 signaling (Figure 8A) before H,O,
treatment, arguing that DNA break was minimal. Further-
more, knockdown of MDM2, which has not been linked to
SAC, yielded similar results. Collectively, our data are more
consistent with an oxidative damage response independent
of its role in SAC. The staining of §-oxoG (Figure 6F and
G) lends further support.

Because of the unique metabolic activity and the chronic
inflammatory tumor micro-environment, cancer cells are
constantly challenged by oxidative stress (64). Our analysis
of clinical sarcoma samples implicates a role of the hMpsl-
MDM2 pathway in ensuring the survival of cancer cells,
perhaps also the surrounding supporting stroma cells, at
least through facilitating oxidative DNA damage repair. It
would be interesting to see if inhibition of this pathway, for
example, by using an hMpsl inhibitor, would synergize with
chemotherapeutic agents in treating human sarcoma.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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