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Abstract

Background. Temozolomide (TMZ) resistance in glioblastoma multiforme (GBM) is mediated by the DNA repair
protein O8-methylguanine DNA methyltransferase (MGMT). MGMT promoter methylation (occurs in about 40% of
patients) is associated with loss of MGMT expression (MGMT-) that compromises DNA repair, leading to a favor-
able response to TMZ therapy. The 60% of patients with unmethylated MGMT (MGMT+) GBM experience resist-
ance to TMZ; in these patients, understanding the mechanism of MGMT-mediated repair and modulating MGMT
activity may lead to enhanced TMZ activity. Here, we report a novel mode of regulation of MGMT protein activity
by poly(ADP-ribose) polymerase (PARP).

Methods. MGMT-PARP interaction was detected by co-immunoprecipitation. PARylation of MGMT and PARP was
detected by co-immunoprecipitation with anti-PAR antibody. O8-methylguanine (O%-MetG) adducts were quantified
by immunofluorescence assay. In vivo studies were conducted in mice to determine the effectiveness of PARP in-
hibition in sensitizing GBM to TMZ.

Results. We demonstrated that PARP physically binds with MGMT and PARylates MGMT in response to TMZ treat-
ment. In addition, PARylation of MGMT by PARP is required for MGMT binding to chromatin to enhance the re-
moval of 0O%-MetG adducts from DNA after TMZ treatment. PARP inhibitors reduced PARP-MGMT binding and
MGMT PARylation, silencing MGMT activity to repair O%-MetG. PARP inhibition restored TMZ sensitivity in vivo in
MGMT-expressing GBM.

Conclusion. This study demonstrated that PARylation of MGMT by PARP is critical for repairing TMZ-induced O°8-
MetG, and inhibition of PARylation by PARP inhibitor reduces MGMT function rendering sensitization to TMZ, pro-
viding a rationale for combining PARP inhibitors to sensitize TMZ in MGMT-unmethylated GBM.

Key Points
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Importance of the Study

Increasing evidence supports the notion that DNA
damage repair signaling plays an important role in
inducing TMZ resistance; hence, it has emerged as a mo-
lecular target for therapeutic development. PARP is an
enzyme involved in base excision repair, and PARP inhibi-
tors are being developed as sensitizing agents to improve
TMZ efficacy. Here, we report a novel mode of regulation
of MGMT activity by PARP. PARP acts as a double-edged
sword in unmethylated (MGMT+) glioma: PARP physically

Glioblastoma multiforme (GBM) is a lethal primary brain
tumor with limited treatment options. The standard therapy
is surgical resection, followed by adjuvant radiotherapy and
the treatment with the DNA alkylating agent temozolomide
(TMZ). Although TMZ displays antitumor activity and lim-
ited toxicity, its survival benefit is merely 2.5 months be-
cause of the rapid occurrence of resistance and tumor
relapse. Further, the median overall survival among O¢-
methylguanine DNA methyltransferase (MGMT) methyl-
ated patients was 18.2 months as compared to 12.2 months
among those without methylation. Inhibition of TMZ-
induced DNA damage repair response represents an attrac-
tive strategy for potentiating the cytotoxic effects of TMZ
and improving the outcome of GBM treatment.

The cytotoxicity of TMZ is mediated by the addition of
methyl groups at N7 and OF sites on guanines and the N3
site on adenines (N7-MetG, 0%-MetG, and N3-MetA, re-
spectively) in genomic DNA. 0%-MetG is the most toxic and
mutagenic DNA modification produced by TMZ; it is quickly
repaired by the enzyme O%-metG DNA methyl transferase
(MGMT). The methylation status of the MGMT promoter,
which silences MGMT expression, has been reported to be
a prognostic predictor of TMZ chemotherapy.? In MGMT-
unmethylated GBM tumors (approximately 60% of pa-
tients), TMZ-induced O%-MetG adducts are rapidly removed
by MGMT, conferring resistance to TMZ. Understanding
the underlying mechanism of MGMT-mediated repair and
modulating MGMT activity in the unmethylated GBM
group will be critical to enhancing the TMZ mediated re-
sponse to chemotherapy.

On the other hand, N3-MetA and N7-MetG repair are me-
diated by the base excision repair (BER) machinery in a
process that involves poly(ADP-ribose) polymerase (PARP),
which ADP-ribosylates DNA and proteins. PARP proteins
create a docking site for the incorporation of other compo-
nents of the BER machinery, when acting on DNA, which
complete the repair process.

Poly(ADP-ribose) polymerase 1 (PARP1) is well known as
an ADP-ribosylating enzyme involved in a number of cel-
lular processes, including DNA repair, genomic stability,
and programmed cell death. PARP activity is triggered by
various stress stimuli; among which, DNA strand breaks
are the best characterized. In particular, PARP1 acts as a
primary “DNA nick sensor” that physically recognizes DNA
lesions to elicit the intervention of several DNA damage
response pathways, including the BER/single-strand

interacts with and PARylates MGMT to remove 0°-MetG
adducts in damaged DNA, independent of base excision
repair, in response to TMZ treatment; second, PARP acts
as a sensor to elicit response pathways involved in base
excision repair. PARP inhibitors suppress PARP-MGMT
binding and abolish MGMT function. In this study, we
identified MGMT as a novel PARylation substrate for
PARP, providing a rationale for using PARP inhibitors as
sensitizers to modulate TMZ therapy in MGMT+ GBM.

break repair (BER/SSBR) pathway. Recognition of DNA
strand breaks is followed by PARP1 activation and
auto-ribosylation.® The extensive branching network of
poly(ADP-ribose) (PAR) on PARP1 attracts, and assists in
assembling, multiprotein complexes that are involved in
chromatin remodeling, DNA repair, and damage check-
point signaling.

PARP1-mediated BER/SSBR is critical for the repair of
N7-MetG and N3-MetA, and the combination of PARP in-
hibitors with TMZ increases TMZ-induced cytotoxicity by
disrupting N7-MetG and N3-MetA repair. PARP inhibitors
have potentiated TMZ efficacy in numerous preclinical
models,*’ providing a rationale for their clinical develop-
ment to potentiate TMZ therapy in GBM. Various studies
have shown that PARP inhibitors are more efficient at sensi-
tizingTMZ in MGMT-unmethylated cells than in methylated
cells®%; however, the mechanism of how PARP inhibitors
are more effective in unmethylated GBM remains to be
explored, and this preferential sensitization cannot be ex-
plained by PARP-mediated N7-MetG and N3-MetA repair.
To explore the mechanism mediated by PARP inhibitors
in sensitizing glioma sphere-forming cells (GSCs) har
boring unmethylated MGMT promoter to TMZ, in our cur-
rent study, we showed that PARP interacts with MGMT and
poly(ADP-ribosyl)ates (PARylates) MGMT, and inhibition of
MGMT PARylation by PARP inhibitors suppressed MGMT
function to repair O%-MetG, rendering sensitization to TMZ.

Materials and Methods
Cell Lines and Reagents

The GSC lines were established by isolating neurosphere-
forming cells from fresh surgical specimens of human GBM
tissue obtained at The University of Texas MD Anderson
Cancer Center (Houston, Texas) from 2005 through 2008,
as described previously." Thirteen GSC cells were cul-
tured in DMEM/F12 medium containing B27 supplement
(Invitrogen), basic fibroblast growth factor, and epidermal
growth factor (20 ng/mL each). Short tandem repeats using
the Applied Biosystems AmpFISTR Identifier kit (Foster
City, CA) were used to authenticate cells. The last authen-
tication test was performed in July 2017 Talazoparib was
from WuXi AppTec (Wuxi, Jiangsu, China). TMZ was from
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Sigma-Aldrich; veliparib, olaparib, pamiparib, and (O8-
benzylguanine [0®BG]) were from Selleck. For in vitro use,
all inhibitors were dissolved in dimethyl sulfoxide (Sigma-
Aldrich). All cell lines were tested negative for Mycoplasma
contamination using the MycoAlert Detection Kit (Lonza).

Cell Viability Assay and Sphere Formation Assay

For the cell viability assay, 5000 cells per well were plated
in 96-well plates and treated in triplicate for 5 days with
serially diluted TMZ, combined with the indicated doses
of talazoparib. Cell proliferation was estimated using the
CellTiter-Glo (Promega, Madison, WI) viability assay kit.The
IC,, values were calculated as the mean drug concentration
required to inhibit cell proliferation by 50% compared with
vehicle-treated controls. For the sphere formation assay,
cells were seeded in 96-well plates (1 cell/well) by flow
cytometry sorting and treated withTMZ (5 uM), talazoparib
(5 nM), or a combination for 3 weeks. Wells with sphere for-
mation were counted and recorded using the Cell3 iMager
CC-5000 System (SCREEN Holdings, Kyoto, Japan).The ef-
fect of the drug combination was determined by the Bliss
independence model."

Bliss Independence Model

Bliss independence model is based on the probability
theory for independent events. The Bliss model was used
to compute the expected combined effects of two drugs as
the product of their individual effects on the basis of the
assumption that there was no drug-drug interaction ef-
fect. The expected combination effect was calculated using
Effect,,,,, = E(,) + E(,) — E() E()- The drug combinations were
synergistic if their observed effects were higher than the
expected combined effects, antagonistic if they were lower,
and additive if they were equal. With the excess over Bliss
(EOB) score, the drug combination effect is determined at
each combination dose.

Immunoblotting Analysis

Cells were harvested in lysis solution, and the extracted
proteins were subjected to immunoblotting, as described
previously,'? using the following primary antibodies: anti-
PARP1, anti-MGMT (Cell Signaling, Boston, MA), anti-
gamma H2AX (phosphor-S139) antibody (Abcam) and
anti-PAR (Trevigen). Anti-B-actin antibody was purchased
from Sigma and used as a loading control.

Immunocytochemical Assay for O8-MetG

An immunocytochemical assay was performed as de-
scribed previously to quantify O%-MetG adducts.’®' Cells
were plated onto Lab-Tek Il tissue culture slides (Thermo
Fisher) and treated with TMZ and PARP inhibitor for 72
hours. O%-MetG adducts were stained with monoclonal
mouse anti-(O%-MetG) antibody EM-2-3 (1:6000) for 16
hours at 4°C. Binding of the primary antibody was visu-
alized by subsequent staining with a secondary antibody

(Alexa Fluor 488 goat anti-mouse IgG; Invitrogen) for
1 hour. The cells were counterstained with Vecta shield
sealant containing 4’,6-diamidino-2-phenylindole (Vector
Laboratories), and images were obtained with Olympus
FV1000 confocal microscope. The percentage of cells
displaying foci was quantified by counting 5 random fields.

Apoptosis Analysis by Annexin V Staining

Cell apoptosis was detected using the Annexin-V-Fluor
staining kit (Roche, San Francisco, CA) according to the
manufacturer’s instructions. In brief, 1 x 10° cells were col-
lected and resuspended in 100 pL of binding buffer. FITC
annexinV (5 pL) and 7-amino-actinomycin D (7-AAD) (5 uL)
were added, and cells were incubated for 15 minutes in the
dark at ambient temperature. Samples were tested using
BD FACS Celesta (BD Biosciences, Franklin Lakes, NJ) and
analyzed using FlowJo software version 10.3.

Immunoprecipitation

Cells were lysed in lysis buffer (560 mM Tris-HCI [pH
8.0], 5 mM EDTA, 150 mM NaCl, 0.5% NP-40, and 1 mM
phenylmethylsulfonyl fluoride). Cell lysate (200-1000 ng
of protein) was immunoprecipitated with anti-PARP anti-
body (Cell Signaling, Boston, MA), anti-MGMT antibody
(Sigma), or anti-PAR antibody (Trevigen) for 18 hours
at 4°C. Normal preimmune mouse and rabbit IgG (Cell
Signaling Technology, Boston, MA) was also used as neg-
ative controls. The immunoprecipitates were eluted by the
2x SDS sample buffer and then detected by Western blot
analysis.

Subcellular Fractionation Assay

To detect chromatin-bound MGMT, cells were collected
and cytoplasmic, nuclear soluble, and chromatin-bound
proteins were fractionated using a subcellular protein frac-
tionation kit fromThermo Scientific (#78840), following the
manufacturer’s instructions.’”® Immunoblotting was car-
ried out using standard procedures. Actin was blotted for
the cytoplasmic fraction marker, Lamin B for the nuclear
soluble marker, and histone H3 for the chromatin-bound
marker.

Animal Studies

All animal studies were conducted in the veterinary facil-
ities of MD Anderson in accordance with institutional rules.
All the animals used in this study were 4- to 6-week-old
male nu/nu mice.To create the subcutaneous tumor model,
luciferase-tagged GSC23 or GSC272 cells (5 x 10%) were im-
planted into the hind flanks of nu/nu mice. For intracranial
tumor model, the luciferase-tagged GSC23 or GSC272 cells
(5 x 10°) was implanted intracranially into nude mice using
a previously described guide-screw system.'®Two cycles of
sequential treatment were administrated. For each cycle,
TMZ (50 mg/kg/day for 5 days) was given by oral gavage;
PARP inhibitor treatment (talazoparib at 0.33 mg/kg/day for
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5 days/week or olaparib at 25 mg/kg/day for 5 days/week)
was given the following week for 3 weeks. Tumor growth
was visualized and quantified using the IVIS Spectrum in
vivo imaging system. Mice were monitored daily and eu-
thanized when they became moribund. Body weight was
monitored at every 2-week interval. Whole tumors were
extracted, rapidly frozen in liquid nitrogen, and stored at
—-70°C.

Statistical Analysis

The statistical comparison was performed using Student’s
t-test or Fisher’s exact test, as appropriate. The results
are presented as the mean of at least 3 independent ex-
periments. All tests were two-sided. Statistical analyses
were carried out using GraphPad Prism software. Survival
curves were plotted using the Kaplan-Meier method, and
log-rank tests were used to compare survival curves be-
tween groups. A P value of <.05 was considered statisti-
cally significant.

Study Approval

The animal study was approved by the institutional re-
view board of The University of Texas MD Anderson Cancer
Center.

Results

PARP Inhibitor Potentiated TMZ Response in
MGMT-Unmethylated GSCs

MGMT promoter methylation and MGMT expression were
evaluated in 13 GSC lines. As detected by methylation-
specific PCR, MGMT promoter, was methylated in 6 of
13 GSC cell lines (46%) (Figure 1A), consistent with pre-
vious clinical data showing that 40%-45% of GBMs have
MGMT promoter methylation."? Of 7 unmethylated GSCs,
5 showed MGMT protein expression (Figure 1A).

To assess the ability of the PARP inhibitor to synergize
with TMZ in GSCs, we treated 4 MGMT-unmethylated/
MGMT expression (MGMT+) and 3 MGMT methylated/no
MGMT expression (MGMT-) cell lines with TMZ and PARP
inhibitor talazoparib and measured cell viability by the
CellTiter-Glo assay (Figure 1B). As expected, MGMT+ cells
were resistant to TMZ monotherapy, as indicated by less
inhibition of cell proliferation and a higher IC,; compared
to that of MGMT- cells (Figure 1C and D). However, 25 nM
talazoparib significantly enhanced TMZ-induced inhibition
of proliferation in MGMT+ GSCs but not in MGMT- GSCs
(Figure 1C).

It is noteworthy that although we used a very low con-
centration of talazoparib, GSCs showed varying sensitivity
to single-agent talazoparib. To account for this bias, we
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used a bliss independence model to calculate the syner-
gistic effect and determine the combination effect in GSCs.
The EOB additivity was as high as 27.4% in MGMT+ cells,
indicating that the combination had a significant syner-
gistic effectin MGMT+ cells, while the EOB was close to 0%
in MGMT- cells, indicating no synergistic effect (Figure 1D,
Supplementary Figure S1A).

We depleted MGMT in MGMT+ GSC23 using 0°BG—a
competitive inhibitor of MGMT. We show that treatment
of MGMT-expressing GSC 23 with 0BG to deplete MGMT
was able to reverse the sensitizing effect of PARP inhibitor
talazoparib, thereby showing that MGMT is the specific
target of PARP inhibition for theTMZ and talazoparib syner-
gistic activity (Supplementary Figure S1B).

We also analyzed the sphere-forming capability of both
MGMT+ and MGMT- cells in the presence of either TMZ
alone or combination with PARP inhibitors. MGMT+ cells
were resistant to TMZ monotherapy, as shown by the no
inhibition of sphere formation by TMZ, whereas TMZ sup-
pressed sphere formation in MGMT- GSCs. The addition
of talazoparib remarkably potentiated the TMZ-induced in-
hibition of sphere formation in MGMT+ cells, while no sig-
nificant potentiation was seen in MGMT- cells (Figure 1E).

PARP Physically Binds With MGMT and
PARylates MGMT

As PARP inhibitors potentiated TMZ-induced cytotoxicity
in MGMT+ GSCs but not in MGMT- GSCs, we hypothe-
sized that PARP regulates MGMT function. We first deter-
mined if there is an interaction between PARP and MGMT.
In MGMT+ GSC23 cells, we showed that the endogenous
MGMT was co-immunoprecipitated along with PARP by
PARP1-specific antibody, suggesting a physical interac-
tion between MGMT and PARP. IgG antibody failed to pull
down MGMT, ruling out nonspecific immunoprecipitation
(Figure 2A).The interaction between PARP and MGMT was
validated in another MGMT+ cell line GSC6-27 (Figure 2B).
The interaction between MGMT and PARP was moderate,
as only a partial fraction of MGMT was pulled down by
anti-PARP antibody (Figure 2A and B). We reasoned that
the basal DNA damage level is low. We then asked if TMZ
can induce increased PARP-MGMT interaction. Indeed,
the baseline MGMT-PARP interaction was weak, as only
a partial fraction of PARP was co-immunoprecipitated
along with MGMT by anti-MGMT antibody; however,
after TMZ treatment, a significant amount of PARP was
co-immunoprecipitated, suggesting that the MGMT-PARP
interaction was increased in response toTMZ-induced DNA
damage (Figure 2C). TMZ-induced PARP-MGMT interaction
was suppressed by the PARP inhibitor talazoparib (Figure
2C), suggesting that PARP activity is crucial for MGMT-
PARP interaction.

The main role of PARP1 is to catalyze the polymerization
of ADP-ribose units, resulting in the attachment of either
linear or branched PAR polymers to themselves or to other
target proteins that are involved in DNA damage repair or
chromatin remodeling. Therefore, we further determined
whether MGMT is a PARylation target of PARP. We used
anti-PAR antibody to immunoprecipitate all PARylated
proteins in GSC23 cells, followed by immunoblotting with

PARP antibody to detect PARylated PARP and anti-MGMT
antibody to detect PARylated MGMT. We showed that PARP
itself was PARylated; the PARylation of PARP was increased
in response toTMZ treatment (Figure 2D and E), suggesting
that PARP was activated by TMZ-induced DNA damage. As
expected, the PARP inhibitor talazoparib suppressed TMZ-
induced PARylation of PARP. Interestingly, we found that
MGMT was also PARylated and that the PARylation was
induced by TMZ treatment. More interestingly, the TMZ-
induced PARylation of MGMT was suppressed by the PARP
inhibitors talazoparib (Figure 2D) and olaparib (Figure 2E).

PARylated MGMT Binds to Chromatin and
PARP Inhibitors Suppressed MGMT-Chromatin
DNA Binding

Itis well known that the PARylation of chromatin remodeling
proteins or DNA repair proteins by PARP enhances acces-
sibility to chromatin; therefore, we determined whether
the PARylation of MGMT improves the DNA-binding ca-
pacity of MGMT. We first fractionated the nuclear protein
into a soluble nuclear fraction and chromatin-bound frac-
tion. As shown in Figure 3A, a small fraction of MGMT was
detected in the chromatin-bound fraction compared to in
the soluble nuclear fraction, indicating that the basal level
of MGMT-DNA binding is very low. However, after TMZ
treatment, the levels of both chromatin-bound PARP and
chromatin-bound MGMT were increased, indicating that
TMZ induced the binding of PARP to damaged DNA and
that PARP recruited MGMT to chromatin.

To further demonstrate that PARP recruited MGMT and
that PARylation of MGMT is coupled with its chromatin
translocation, we performed immunoprecipitation in the
soluble nuclear and chromatin-bound nuclear fraction.
Although there was an abundance of MGMT and PARP in
soluble nuclear fraction lysate, PARP was not co-precipi-
tated with MGMT by anti-MGMT antibody, suggesting that
no MGMT-PARP interaction was detected in the soluble
nuclear fraction (Figure 3B). In contrast, despite the low
expression of MGMT and PARP in the chromatin-bound nu-
clear fraction, a large portion of PARP was co-precipitated
with MGMT using anti-MGMT antibody, indicating that the
PARP-MGMT interaction specifically occurred in the chro-
matin fraction. More interestingly, only chromatin-bound
MGMT was PARylated by PARP (Figure 3B), suggesting that
PARylation of MGMT is critical for MGMT binding to DNA.

To further confirm that MGMT PARylation is mediated by
PARP1, we treated cells withTMZ, talazoparib, or combina-
tion.The results showed that chromatin-bound MGMT was
decreased in talazoparib compared to the control group,
suggesting that talazoparib inhibited the basal level of
MGMT binding to chromatin (Figure 3C). More importantly,
chromatin-bound MGMT was decreased remarkably after
combination treatment compared to TMZ treatment alone,
suggesting that talazoparib suppressed TMZ-induced
MGMT-DNA binding (Figure 3C). Since talazoparib has
PARP trapping activity, we determined whether this inhibi-
tion of MGMT-DNA binding was due to the trapping activity
of the PARP inhibitor. For that, we used other PARP inhibi-
tors (veliparib, olaparib, and pamiparib) with different
PARP trapping abilities. Both trapping and non-trapping
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PARP inhibitors suppressed TMZ-induced MGMT-DNA
binding (Figure 3D).

PARP Inhibition Potentiated TMZ-Induced O8-MetG
Accumulation and Apoptosis in MGMT+ Cells

Based on the data that PARP inhibition blocked MGMT
binding to DNA, we hypothesized that PARP inhibition
suppressed the repair function of MGMT to remove TMZ-
induced 08-MetG. To test this, we treated the MGMT+ cell
line GSC23 and MGMT- cell line GSC272 with the PARP
inhibitor talazoparib and TMZ; 0%-MetG was detected by
immunocytochemical analysis. In the MGMT+ GSC23,

TMZ alone induced a weak accumulation of O8-MetG level
indicating that MGMT actively removed TMZ-induced O°-
MetG; the addition of talazoparib significantly enhanced
TMZ-induced O%-MetG (Figure 4A).This suggests that PARP
inhibition suppressed MGMT PARylation and subsequent
MGMT-DNA binding, leading to decreased MGMT activity.

In contrast, TMZ alone induced strong 08-MetG accumu-
lation in MGMT- GSC272 cells; the addition of talazoparib
failed to enhance TMZ-induced 0O%-MetG in GSC272 cells
(Figure 4B), suggesting that the observed effect of PARP
inhibition on 08-MetG is MGMT dependent. Further, we
showed that other PARP inhibitors pamiparib, veliparib,
and olaparib also potentiated TMZ-induced O%-MetG accu-
mulation in MGMT+ GSC23 cells (Figure 4C), suggesting
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that all PARP inhibitors, regardless of their trapping
capability, suppressed MGMT activity.

To show that increased O%-MetG accumulation leads to
increased double-strand break (DSB) and subsequent cell
death, we did apoptosis analysis using annexin V staining.
Results showed that in MGMT+ GSC23, TMZ combined
with PARP inhibitor induced apoptosis as shown by in-
creased annexin V staining in comparison to TMZ or PARP
inhibitor alone. However, the induction of apoptosis was
not observed in MGMT- GSC 272 (Figure 4D). We further
showed that increased apoptosis in MGMT+ GSC23 was
due to increased DSB accumulation shown by elevated
YH2AX expression in TMZ and PARP inhibitor treatment
groups (Supplementary Figure S2).

PARP Inhibition Increased TMZ Sensitivity in
MGMT+ Tumors In Vivo

To determine whether PARP inhibition can restore TMZ
sensitivity in vivo, we first studied the combination effect

in subcutaneous mouse models (Figure 5A). In the MGMT+
GSC23 model (Figure 5B), TMZ treatment alone did not sig-
nificantly inhibit tumor progression, which is consistent
with our in vitro data and the results of clinical reports'2?
that showed that MGMT expression confers resistance to
TMZ therapy. Consistent with the results of our previous
report,’” talazoparib alone did not significantly inhibit
tumor growth in GSC23. However, sequential combination
dosing of TMZ and talazoparib significantly suppressed
tumor growth (Figure 5B). In MGMT- GSC272 cells, TMZ
single-agent treatment markedly reduced tumor growth,
and the addition of talazoparib did not show an additive
effect (Figure 5C). We next determined whether talazoparib
can potentiate TMZ therapy in an intracranial model.
Similar to the subcutaneous model, TMZ treatment alone
showed no significant survival benefit in MGMT+ GSC23
mice (Figure 5D and E); however, we observed increased
survival in MGMT- GSC272 mice (Figure 5F and G). The
addition, talazoparib did not potentiate TMZ therapy with
regard to tumor suppression or survival extension in either
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cell line, probably because of limited BBB (blood-brain bar-
rier) penetration of talazoparib, as described previously."”
Further studies were performed with other BBB-
penetrant PARP inhibitors, olaparib,'® veliparib, and
niraparib to study the sensitizing effects onTMZ -treatment.
Olaparib, veliparib, and niraparib alone did not suppress
tumor progression or extend animal survival in a GSC23
intracranial model (Figure 5H-J and Supplementary Figure
S3). GSC23 tumors were resistant to TMZ monotherapy as
TMZ did not suppress tumor progression, nor did it extend
animal survival. However, combination of olaparib (Figure
5H), veliparib, and niraparib (Supplementary Figure S3)
with TMZ significantly inhibited tumor growth (Figure 5H;
P =.0003 for combination vs control, P =.0022 for combi-
nation vs olaparib alone, P=.0024 for combination vs TMZ
alone) and extended animal survival (Figure 5l, P = .0024
for combination vs TMZ alone, P = .0002 for combination
vs olaparib alone, and P=.0023 for combination vs control,
log-rank test). The toxicity was evaluated in nude mice for 9
weeks. Animals receiving the regimens involving TMZ lost

7%-10% body weight, however, they recovered promptly
after completion of treatment. Combining PARP inhibitors
with TMZ did not confer additional toxicity as the body
weights of TMZ and combination groups were comparable.
Analysis of tumor tissue showed that TMZ alone failed to
introduce O%-MetG accumulation; addition of olaparib sig-
nificantly enhanced TMZ-induced 0%-MetG (Figure 5J).
Taken together, our data showed that PARP inhibition re-
stored TMZ sensitivity in MGMT+ tumors in vivo.

Discussion

This study shows that PARP inhibitors increase TMZ sen-
sitivity and selectivity in MGMT-unmethylated GBM by
regulating MGMT protein activity by a mechanism inde-
pendent of BER. PARP inhibitor-mediated inhibition of
BER activity is considered to be the likely mechanism by
which TMZ-resistant GBM tumors are sensitized to TMZ. It
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Fig. 5 PARP inhibition restored TMZ sensitivity in MGMT+ tumor in vivo. A, A graphic scheme for sequential combination of TMZ with PARP
inhibitors, TMZ 50 mg/kg/day; talazoparib 0.33 mg/kg/day, olaparib 25 mg/kg/day. B and C, MGMT+ GSC23 (B) and MGMT- GSC272 (C) were im-
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is imperative to understand the mechanisms that trigger
the potentiation effect of PARP inhibitors to identify mo-
lecularly defined GBM patients who will benefit from such
combinations.'®

In this study, we showed that PARP inhibitors restored
TMZ cytotoxicity in MGMT+ GSCs, both in vitro and in vivo,
by a mechanism independent of the classic BER function
of PARP inhibitors. We showed that PARP regulates MGMT
activity by PARylating MGMT and enhances MGMT/DNA
binding in response to TMZ treatment and that PARP inhi-
bition suppresses MGMT PARylation, abolishes O%-MetG
repair, and sensitizes MGMT+ GSCs to TMZ. Our results
demonstrate that PARP inhibitors synergize with TMZ in
MGMT+ GSCs but notin MGMT- cells.

PARP plays a key role in the BER/SSBR pathway, which
repairs oxidative stress and other stimuli induced SSBs.
Given the role of PARP in SSBR and BER in repairing
N3-methyladenine and N7-methylguanine lesions, PARP
inhibitor-mediated potentiation of TMZ sensitivity has been
attributed to be due to inhibition of BER. However, recent
studies showed that PARP inhibitor-mediated restoration
of TMZ sensitivity could be independent of BER, as genetic
and pharmacologic blockage of BER pathway enzymes and
XRCC1 knockdown failed to recapitulate this phenotype."
Consistent with this finding, we showed that PARP regu-
lates MGMT activity by PARylating MGMT in response
to TMZ treatment. Further, PARP inhibitors suppressed
MGMT PARylation, MGMT-DNA binding, and O%-MetG re-
pair, rendering cells sensitive to TMZ. These findings are
supported by observations from a previous report® that
showed that MGMT expression provides resistance to
TMZ in a PARP-dependent manner. Interestingly, that study
also showed that PARP inhibitors did not sensitize cells to
TMZ when MGMT activity was inhibited,® suggesting that
MGMT is required for this function. Our study conclusively
demonstrated that PARP physically interacted with MGMT
and PARylated MGMT and that PARP inhibitors inhib-
ited the PARP-mediated PARylation of MGMT, providing a
unique mechanistic explanation for predicting PARP inhibi-
tors potentiation to TMZ. These results suggest that PARP
inhibition suppressed MGMT PARylation and subsequent
MGMT-DNA binding, leading to decreased MGMT activity
and increased O%-MetG accumulation. This increased accu-
mulation of O%-MetG resulted in increased DNA damage
in MGMT+ GSCs and sensitization to TMZ, leading to
cell death.

It has been well documented that PARP plays an im-
portant role in recognizing DNA lesions and initiating
BER, NER, HR, and NHEJ pathways by recruiting repair
machinery to the site of DNA damage.?>?" PARP func-
tions by modifying directly (covalently) or indirectly
(noncovalently) by adding poly(ADP-ribosyl)ation to re-
pair proteins. PARP catalyzes the transfer of ADP-ribose
polymers to substrates, including numerous DNA repair
enzymes to sense DNA lesions, activates DNA damage
responses, and facilitates DNA damage repairs.?? Our
study further showed that PARP recognizes TMZ-induced
DNA damage and auto-modified PARP directs PARylation
of MGMT. Inhibition of PARP enzymatic activity by PARP
inhibitors suppressed MGMT PARylation, MGMT-DNA
binding, and 085-MetG repair, suggesting that MGMT

PARylation induces the conformational changes in MGMT
that are needed for its easy accessibility to the alkylated
base. PARP inhibitors have also been reported to sensitize
mismatch repair (MMR)-defective GBM cells to TMZ.19.23.24
Mechanistically, this PARP inhibitor-mediated synthetic
phenotype is independent of BER blockage remains to
be investigated.”® As TMZ-induced O%-MetG is repaired
by MGMT or MMR, MMR-GBM tumors rely on MGMT to
repair O8-MetG. Meanwhile, MGMT expression has been
found to be negatively correlated with MMR complex ex-
pression: GBM cells with a very low MMR expression level
had a high MGMT expression level.?® Thus, it is likely that
restoration of TMZ sensitivity in those MMR-GBM tumors
was mediated by PARP inhibitor-repressed MGMT activity.

Several PARP inhibitors have been developed in pre-
clinical and clinical studies for various tumors, including
GBM.?6 Combinations of the PARP inhibitors olaparib and
veliparib with TMZ have been studied in a phase | trial
and phase IVIll trials, respectively.?’?® However, exces-
sive toxicity has limited the efficacy of TMZ combination
therapy and has led to clinical trial failure. It is important
to determine strategies and identify predictive biomarkers
to select GBM patients who will most likely benefit from
PARP inhibitors. We tested various PARP inhibitors, in-
cluding olaparib, pamiparib, and veliparib, in addition to
talazoparib, and found that irrespective of their DNA trap-
ping function, all PARP inhibitors sensitized MGMT+ GSCs
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Fig. 6 Model summarizing the proposed mechanism. PARP physi-
cally interacts with and PARylates MGMT to remove 08-MetG adducts
in damaged DNA, independent of base excision repair, in response to
TMZ treatment. In addition, PARP acts as a sensor to elicit response
pathways in base excision repair. PARP inhibitors suppress PARP-
MGMT binding and abolish MGMT function. Therefore, treatment with
TMZ and PARP inhibitors inhibits both BER- and MGMT-mediated repair
and results in an increased antitumor effect. Abbreviations: BER, base
excision repair; MGMT, 0%-methylguanine DNA methyltransferase;
PARP, poly(ADP-ribose) polymerase; TMZ, temozolomide.
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to TMZ. Therefore, the trapping function of PARP inhibi-
tors may not play a part in this sensitization, as olaparib
and veliparib have low trapping ability compared to
talazoparib and pamiparib but had similar effects in sensi-
tizing MGMT+ cells to TMZ. Therefore, the catalytic activity
of PARP inhibitors is required for this function, as shown
by both in vitro and in vivo models using these PARP in-
hibitors. A recent study in Ewings Sarcoma also confirmed
that PARP1/MGMT interaction may enhance the repair of
TMZ-induced DNA damage.?

We propose that PARP inhibition by PARP inhibitors acts
as a double-edged sword in MGMT-expressing GBM, first
by blocking the BER/SSBR pathway to repair TMZ-induced
N7-MetG and N3-MetA and second, more importantly, by
suppressing MGMT activity to repair O5-MetG, resulting
in augmented cytotoxicity (Figure 6). We described the
mechanistic relationship of PARP-MGMT binding and
further clarified the mechanism of MGMT-mediated re-
pair of TMZ-induced 08-MetG, providing a rationale for
sensitizing TMZ using PARP inhibitors in patients with
MGMT-unmethylated GBM.
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Supplementary material is available at Neuro-Oncology
online.
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