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Abstract
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O6-methylguanine-DNA methyltransferase (MGMT) is an enzyme that removes alkyl groups at
the O6-position of guanine in DNA. MGMT expression is reduced or absent in many tumor types
derived from a diverse range of tissues, most notably in glioma. Low MGMT expression confers
significant sensitivity to DNA alkylating agents such as temozolomide (TMZ), providing a natural
therapeutic index over normal tissue. In this study, we sought to identify novel approaches which
could maximally exploit the therapeutic index between tumor cells and normal tissues based on
MGMT expression, as a means to enhance selective tumor cell killing. TMZ, unlike other
alkylators, activated the Ataxia Telangiectasia and Rad3-related (ATR)-Checkpoint Kinase 1
(Chk1) axis in a manner that was highly dependent on MGMT status. TMZ induced growth delay,
DNA double-strand breaks, and G2/M cell cycle arrest, which led to ATR-dependent
phosphorylation of Chk1; this effect was dependent on reduced MGMT expression. Treatment of
MGMT-deficient cells with TMZ increased sensitivity to ATR inhibitors both in vitro and in vivo
across numerous tumor cell types. Taken together, this study reveals a novel approach for
selectively targeting MGMT-deficient cells with ATR inhibitors and TMZ. As ATR inhibitors are
currently being tested in clinical trials, and TMZ is a commonly used chemotherapeutic, this
approach is clinically actionable. Furthermore, this interaction potently exploits a DNA-repair
defect found in many cancers.
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Introduction
O6-methylguanine-DNA methyltransferase (MGMT) is a major protein involved in the
repair of DNA alkylation damage, specifically at the O6-position of guanine (1). MGMT
removes O6-alkylguanine adducts by transferring the lesions from guanine to the active site
Cysteine-145 residue in the protein. The enzyme is then degraded via the ubiquitin
*
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proteolytic pathway (2). Importantly, MGMT expression levels can accurately predict the
sensitivity of cells to alkylating agents that create lesions on O6-guanine, such as
temozolomide (TMZ) (1).
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It is now well-established that MGMT expression is either silenced or down-regulated in
subsets of glioblastoma, where TMZ is used as a standard treatment component. An analysis
of data from the landmark Stupp trial (3) demonstrated that MGMT promoter methylation
was associated with almost a doubling of both progression-free survival and overall survival,
in comparison to unmethylated glioblastoma. Emerging data now reveal that subsets of many
different tumor types beyond glioma also harbor reduced MGMT expression, including lung
squamous cell carcinoma, small cell lung cancer, colon adenocarcinoma, acute myeloblastic
leukemia, and bladder cancer (4,5). Despite the fact that this natural therapeutic index exists
in numerous tumor types, the clinical use of TMZ is confined largely to glioblastoma (4).
Therefore, TMZ may be efficacious in these tumors, although effective treatment likely will
require combinations with other agents, such as DNA repair inhibitors.
TMZ is a methylating agent that creates O6-methylguanine (O6MeG) lesions. In the absence
of MGMT expression, TMZ-induced O6MeG lesions are left unrepaired and accumulate in
the genome. O6MeG lesions mispair with thymine during DNA replication, and these
mispairs activate the mismatch repair (MMR) pathway (6). MSH2 and MSH6 heterodimers
(comprising the MutSα complex) specifically recognize O6MeG:T mismatches and recruit
MLH1 and PMS2 heterodimers (referred to as the MutLα complex) (7). In vitro, selected
studies have shown that MutSα and MutLα localize to O6MeG:T mismatches and recruit
Ataxia Telangiectasia and Rad3-related protein (ATR) and its binding partner, ATRinteracting protein (ATRIP), activating ATR (7).
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ATR activates the G2/M cell cycle checkpoint and prevents premature entry into mitosis in
response to various forms of DNA damage that cause uncoupling of DNA polymerases and
helicases during DNA replication, a state otherwise known as replication stress (8). As
tumor cells harbor elevated levels of replication stress, ATR inhibitors have been developed
as antitumor agents. However, beyond homologous recombination (HR) defects (9), there is
a dearth of molecular biomarkers that have been described to identify tumors that will be
most responsive to ATR inhibitors, especially in combination with cytotoxic agents.
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Here, we report an exquisite, MGMT-dependent synergistic interaction between ATR
inhibitors and TMZ. Mechanistically, we find that TMZ induces double-strand breaks
(DSBs) and activates the ATR-Chk1 axis, specifically in tumor cells with low MGMT
expression. These findings argue that MGMT is an important molecular biomarker for ATR
inhibitor and TMZ combinations. Notably, they form the basis for a clinically actionable
DNA repair inhibitor and DNA damaging agent combination with a favorable therapeutic
index.
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Materials and Methods
Cell Culture
The LN229 MGMT- and MGMT+ cell lines were obtained from Bernd Kaina and confirmed
negative of mycoplasma using MycoAlert (Lonza). NCI-H446, SW480, and SW620, HeLa,
and U2OS were purchased from ATCC. Hap1 cells (parental and MGMT-) were purchased
from Horizon. GBM22 (patient-derived xenograft (PDX) cells) were obtained from Jann
Sarkaria. NCI-H446, SW480, and SW620 cells were cultured in RPMI-1640 with 10% FBS
(Gibco). LN229, HeLa, GBM22, and U2OS cells were cultured in DMEM/10% FBS
(Gibco). Hap1 cells were cultured in IMDM with 10% FBS (Gibco). Cell lines were not
authenticated.
Antibodies and reagents
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Drugs were purchased from Selleckchem or Sigma Aldrich. Compounds were resuspended
in DMSO and stored at room temperature (O6BG) or −20˚C (all others). Please see
supplemental methods for a table of antibodies used in the study.
Growth Delay and Drug Synergy Assays
High-throughput growth delay assays and synergy assays were performed and analyzed as
described previously (10). Drug treatment was conducted for six days continuously with at
least two replicates per treatment condition.
Comet Assay
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Comet assays were performed and analyzed as described previously using neutral conditions
(10).
Flow Cytometry
Cells were fixed in 3.7% paraformaldehyde (PFA) at room temperature for 20 minutes,
washed with PBS with 1% BSA, and permeabilized in 90% methanol overnight at −20˚C.
After permeabilization, cells were incubated in primary and secondary antibody solutions
for 1 hour and 30 minutes, respectively, at room temperature. Cells were then stained in
RNase/PI buffer (BD Biosciences), and data was acquired on a Cytek flow cytometer in
accordance with the manufacturer’s instructions. FlowJo software was used for analysis. The
Dead Cell Apoptosis Kit with Annexin V Alexa Fluor 488 & Propidium Iodide (Thermo
Fisher Scientific) was used for apoptosis experiments.
Clonogenic Survival Assay
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Cells were pre-treated in culture for 48–72 hours. Cells were then transferred in media
without drug to six-well plates in triplicate at 3-fold dilutions ranging from 9000 to 37 cells
per well. After 12–14 days, plates were washed with PBS and stained with crystal violet.
Colonies were counted by hand. Counts were normalized to plating efficiency of
corresponding treatment condition, unless otherwise noted.
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Immunofluorescence analysis
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Immunofluorescence analysis was carried out as described previously (11).
In vivo TMZ and VX-970 efficacy studies
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Female athymic nu/nu mice (Hsd:Athymic Nude-Foxn1nu, Envigo) were used for in vivo
xenograft studies. LN229 MGMT- or GBM22 cells were injected subcutaneously into the
flank at a concentration of 500,000 cells per 100 μL of PBS. Prior to treatment, mice were
sorted into groups of 7–10 animals such that average starting tumor volume of each group
was approximately equal. Mice were treated for 3 weeks on a 4-day-on, 3-day-off regimen.
TMZ was administered on days 1 and 3 of each cycle, and VX-970 was administered on
days 2 and 4. TMZ was delivered via oral gavage at 3 or 5 mg/kg in 50% PEG-400/50%
sterile PBS, while VX-970 was delivered at 60 mg/kg via oral gavage in the same vehicle.
Tumors were measured using digital calipers. IACUC at Yale School of Medicine approved
the studies.
Statistical analysis
Data are presented as mean ± SD or SEM. Comparisons were made using Student’s t test
(comet, immunofluorescence) or Mann-Whitney test (xenograft study). All tests were twosided. Statistical analyses were carried out using GraphPad Prism. A p-value of less than
0.05 was considered statistically significant.

Results
TMZ selectively induces enhanced tumor cell growth delay, DNA damage, and cell cycle
arrest in MGMT-deficient cells
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First, we sought to characterize the effects of several structurally unique and functionally
dissimilar alkylators (TMZ, lomustine (LMS), bendamustine (BDS), and VAL-083) on cells
proficient and deficient in MGMT. Unlike TMZ, LMS, BDS, and VAL-083 create DNA
interstrand crosslinks (12). Specifically, we tested the MGMT promoter-methylated
glioblastoma cell line LN229 and a clone stably complemented with an MGMT open
reading frame (ORF; referred to as MGMT- and MGMT+). Short-term viability assays
revealed that MGMT status was important for the activity of TMZ but not crosslinking
alkylators (compare TMZ versus LMS, BDS, and VAL-083 in Fig. 1A).
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We hypothesized that the MGMT-dependent alkylator sensitivity observed with TMZ but not
with crosslinking alkylators would correlate with differences in the type of DNA damage
induced by these agents. Neutral comet assays revealed that TMZ induces a dramatic
increase in DSBs, specifically in LN229 MGMT- cells, but not in the complemented line
(LN229 MGMT+). This was evidenced by 4-fold higher mean comet tail moment levels (p <
0.0001) levels in LN229 MGMT- cells compared to MGMT+ cells (Figs. 1B, 1C, S1A).
We also hypothesized that TMZ-mediated growth delay could result from cell cycle arrest.
We found that MGMT- cells treated with TMZ accumulated in the G2/M phase of the cell
cycle, whereas MGMT+ cells were not affected (Fig. 1D). This MGMT-specific effect was
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not observed upon treatment with the crosslinking alkylating agents, which induced similar
cell cycle effects on LN229 cells regardless of MGMT status.
TMZ specifically activates the ATR-Chk1 axis in MGMT-deficient cells
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As discussed previously, ATR regulates the intersection between DNA damage and cell
cycle arrest. Given the MGMT-dependent DNA damage and cell cycle arrest that we
observed upon TMZ treatment, we hypothesized that TMZ activates the ATR axis
specifically in MGMT-deficient cells. To this end, we examined the levels of phosphorylated
Chk1 as a readout of ATR activity. We found that treatment with TMZ in LN229 cells
activated the ATR-Chk1 axis in an MGMT-dependent manner, with higher levels of Chk1
(S345) phosphorylation in LN229 MGMT- cells (Fig. 2A). TMZ treatment resulted in
MGMT-dependent phosphorylation of RPA32 (Fig. S1B), another downstream target of
ATR (8). Treatment with LMS, BDS, and VAL-083 induced no MGMT-dependent
differential in pChk1 levels (Fig. 2A). As described above, the TMZ-mediated activation of
ATR is dependent on a functional MMR system, and we have corroborated this in our work:
knockdown of MLH1 with siRNA prevents phosphorylation of Chk1 after TMZ treatment
(Fig. S1C).
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We next hypothesized that TMZ-mediated activation of the ATR-Chk1 axis would apply to
other MGMT-deficient tumor models. O6-benzylguanine (O6BG) is a competitive inhibitor
of MGMT that mimics the structure of O6MeG and thereby depletes MGMT levels (1).
Upon pre-treatment of LN229 MGMT+ cells with O6BG, we created a state of MGMT
deficiency that potentiated the induction of pChk1 after TMZ treatment to similar levels
found in LN229 MGMT- cells (Fig. 2B). We repeated this result in HeLa and U2OS cell
lines, which express MGMT endogenously (Fig. 2B). Using isogenic Hap1 (chronic
myelogenous leukemia) cell lines differing only on expression of MGMT, we determined
that TMZ activates ATR in an MGMT-dependent manner (Fig. 2C). TMZ also induced ATR
activation in MGMT-deficient cell lines SW620 (colon cancer) and GBM22 (glioblastoma
PDX) (Fig. S1D).
As TMZ specifically activates the ATR-Chk1 axis in MGMT-deficient tumor cells, we
hypothesized that ATR inhibitors would abrogate the normal response to TMZ. We observed
a dose-dependent attenuation of pChk1 signal in LN229 MGMT- cells after co-treatment
with the ATR inhibitor VX-970 and TMZ (Fig. 2D). Similar results were obtained using the
ATR inhibitor ATRIN-119 in LN229 MGMT- cells (Fig. 2D). In combination with TMZ,
ATR inhibitors decrease pChk1 levels and increase γH2AX levels in a dose-dependent
manner in PDX cell line GBM22 (Fig. S1D).
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TMZ sensitizes MGMT-deficient tumors to ATR inhibitors
Next, we tested the cytotoxicity of ATR inhibitors and TMZ. First, we observed that
combinations of TMZ with ATR inhibitors ATRIN-119, AZ20, or BAY-1895344
demonstrated strong synergy in LN229 MGMT- cells, but only mild synergy in LN229
MGMT+ cells (Fig. S2A). Unlike with ATR inhibitors, Wee1 inhibitor AZD1775 and Chk1/
Chk2 inhibitor AZD7762 did not display marked specificity for synergy in MGMT-deficient
cells with TMZ (Fig. S2B, S2C). TMZ and ATR inhibitors also demonstrated marked
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MGMT-dependent synergy in other cell lines, including GBM22, NCI-H446 (small cell lung
cancer), SW620, and Hap1 MGMT- cells (Fig. S3A, S3B, S3C). This synergy also
recapitulated in cell lines that express endogenous levels of MGMT such as SW480 (colon
cancer), Hap1, and U2OS, albeit under conditions that deplete the levels of MGMT such as
O6BG pre-treatment or with very high concentrations of TMZ (Fig. S3B, S3C, S3D).
TMZ synergized with ATR inhibitors in clonogenic survival assays, where we observed
100–1000 fold increased sensitivity in LN229 MGMT- cells treated with TMZ plus ATR
inhibitors relative to TMZ treatment alone (Fig. 3A). As expected, no such sensitization was
observed in LN229 MGMT+ cells. In other tumor types, the addition of ATR inhibitor
decreased the surviving fraction of MGMT-deficient Hap1, SW620, and NCI-H446 cells 10–
1000 fold relative to TMZ alone (Fig. 3B-D).
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Because ATR inhibitors are known radiosensitizing agents (13), we tested the efficacy of
ionizing radiation (IR), TMZ, and ATR inhibitor in combination in LN229 MGMT- cells.
The addition of all three agents profoundly decreased the surviving fraction of MGMT- cells
(Fig. S4), suggesting that this combination could be efficacious in tumor types amenable to
IR such as glioblastoma.
Mechanistically, the inhibition of ATR in MGMT- cells decreased the G2/M arrest induced
by TMZ and increased the level of γH2AX relative to cells treated with TMZ alone (Fig. S5,
S6). The degrees of reduction in percentage of G2/M cells and induction in percentage of
γH2AX-positive cells were dependent on the dose of ATR inhibitor and specific for MGMTcells (Fig. S7). Combination treatment with TMZ and ATR inhibitor also increased the
percentage of apoptotic cells compared to treatment with TMZ or ATR inhibitor alone (Fig.
S8).
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We next tested the combination of TMZ and VX-970 in 2 flank tumor models using LN229
MGMT- cells and GBM22 cells in vivo. We empirically derived a dose and treatment course
of VX-970 (Fig. S9), which suggested that alternating VX-970 and TMZ treatments, every
24 hours for 4 days, would be the most optimal regimen. This combination treatment
induced a significant tumor growth delay relative to TMZ alone or VX-970 alone in LN229
MGMT- flank tumors but did not cause a significant drop in body weight (Fig. 4A, 4B). In
mice bearing PDX model GBM22 tumors, the combination treatment also significantly
delayed tumor growth relative to TMZ or ATR inhibitor alone but did not result in
significant drops in body weight (Fig. 4C, 4D).

Discussion
Author Manuscript

Here, we report a clinically actionable approach to maximally exploit the DNA repair defect
induced by loss of MGMT expression. We found that TMZ activates the ATR-Chk1 axis in a
manner that is highly dependent on MGMT status. Combined treatment with TMZ and ATR
inhibitors was associated with exquisite synergistic tumor cell killing in both in vitro and in
vivo models. Importantly, we demonstrated this synergy with multiple structurally unique
ATR inhibitors, which suggests a class-effect related to the direct inhibition of ATR.
Furthermore, this synergy recapitulated in multiple cell lines from a wide range of tumor
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types, suggesting that this interaction is applicable to the treatment of various cancers. In
vivo, the combination treatment resulted in minimal drops in body weight, arguing that this
treatment will be tolerable.
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Recent work has elucidated that ATR plays a critical role in the induction of senescence after
treatment of tumor cells with TMZ (14). This senescent phenotype is characterized by
reduced MMR capacity and reduced DNA replication, 2 cellular processes necessary for the
mechanism of cytotoxicity of TMZ (14). We have demonstrated that concomitant treatment
of MGMT-deficient tumor cells with TMZ and ATR inhibitors reduces the percentage of
cells arrested in G2/M and increases both DNA damage and the percentage of apoptotic cells
relative to either drug alone. Taken together, these data and this recent work (14) suggest that
abrogation of the ATR-mediated checkpoint allows TMZ-treated cells to continue DNA
replication, amplifying DNA damage and eventually resulting in apoptosis. Experiments are
ongoing in our laboratory to further characterize this fascinating interaction between a DNA
damaging agent and a DNA repair inhibitor.
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Emerging data suggests that a diverse range of both solid and liquid tumors harbor low
levels of MGMT expression (4). In parallel, recent clinical studies have demonstrated the
activity of TMZ in chemotherapy-refractory tumors such as metastatic small cell lung and
colorectal cancers, which appears to correlate with MGMT status (15–17). These and other
studies have supported the combination of TMZ with other DNA repair inhibitors, such as
PARP inhibitors, with enrichment for patients with MGMT-deficient tumors (18,19). To our
knowledge, this study represents the first report of the potential for combining ATR
inhibitors with TMZ specifically in MGMT-deficient tumors. As there are now a number of
ATR inhibitors being developed and tested in clinical trials (13), our work forms the basis of
clinical trials testing their combination with TMZ, using MGMT as a key molecular
biomarker for patient selection.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Statement of significance:
Monofunctional alkylating agents sensitize MGMT-deficient tumor cells to ATR
inhibitors.
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Figure 1.

TMZ selectively induces enhanced tumor cell growth delay, DNA damage, and cell cycle
arrest in MGMT-deficient cells. A, Six-day growth delay curves of alkylators TMZ, LMS,
BDS, and VAL-083 on LN229 cells. Log-log plot displays relative IC50 values for the
different drugs in MGMT- and MGMT+ cells. B, LN229 cells were treated for 24h hours
with TMZ [20 μM], LMS [20 μM], BDS [50 μM], or VAL-083 [5 μM] and released for 48h
before neutral comet assay. Representative images for TMZ are shown. C, Comet tail
moment fold change normalized to the DMSO treatment condition for the corresponding
cell line. D, LN229 cells were treated with TMZ [20 μM], LMS [20 μM], BDS [50 μM], or
VAL-083 [10 μM] for 48h. DNA content histograms are shown.
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Figure 2.
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TMZ specifically activates the ATR-Chk1 axis in MGMT-deficient cells. A, LN229 cells
were treated for various times with TMZ [12.5 μM], LMS [12.5 μM], BDS [25 μM], or
VAL-083 [1 μM] before western blotting analysis. B, (Left) LN229 MGMT+ cells were
treated with O6BG [500 nM] for 24h prior to treatment with TMZ [20 or 100 μM] for 6h.
(Middle) HeLa cells were treated with DMSO or O6BG [500 nM] for 24h prior to treatment
with TMZ [20 or 100 μM] for 6h. (Right) U2OS cells were treated with O6BG [20 μM] for
24h prior to treatment with TMZ [5 or 20 μM] for 5h then allowed to recover in medium
containing 20 μM O6BG for 48h prior to pelleting. C, Hap1 cells were treated with TMZ [3
μM] for the time shown prior to immunoblotting analysis. D, (Left) LN229 cells were cotreated with VX-970 at various concentrations and TMZ [100 μM] for 24h. (Right) LN229
MGMT- cells were co-treated with TMZ and varying concentrations of ATR inhibitor
ATRIN-119 for 24h.
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Figure 3.

TMZ sensitizes MGMT-deficient tumors to ATR inhibitors in vitro. A, LN229 cells were
treated with TMZ with or without ATR inhibitors ATRIN-119 [15 nM] or VX-970 [50 nM]
and allowed to form colonies for 14 days. B, Hap1 cells were treated with TMZ with or
without VX-970 [50 nM] for 72h and allowed to form colonies for 12 days. C, SW480 and
SW620 cells were treated with TMZ with or without VX-970 [50 nM] for 72h and allowed
to form colonies for 12 days. D, NCI-H446 cells were treated with TMZ with or without
VX-970 [50 nM] for 72h and allowed to form colonies for 16 days.
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Figure 4.
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TMZ sensitizes MGMT-deficient tumors to ATR inhibitors in vivo. A, Mean tumor volume
with SEM of LN229 MGMT- flank tumors treated with no treatment (n=8), TMZ alone (3
mg/kg) (n=7), VX-970 (60 mg/kg) (n = 7), or TMZ (3mg/kg) and VX-970 (60mg/kg) offset
by 24h (n = 8). Mice were treated for 3 1-week cycles. Statistical significance between
combination and TMZ alone is marked with an astrix. B, Mean body weight with SEM of
mice during LN229 flank tumor experiment. C, Mean tumor volume with SEM of GBM22
flank tumors treated with no treatment (n=10), TMZ alone (5 mg/kg) (n=10), VX-970 (60
mg/kg) (n = 9), or TMZ (5mg/kg) and VX-970 (60mg/kg) offset by 24h (n = 10). Statistical
significance between combination and TMZ alone is marked with an astrix. D, Mean body
weight with SEM of mice during GBM22 flank tumor experiment.
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