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Abstract
CpG methylation within the O6-methylguanine-DNA-methyltransferase (MGMT) promoter is
associated with enhanced survival of glioblastoma multiforme (GBM) patients treated with
temozolomide (TMZ). Although MGMT promoter is methylated in ~50% of GBM, several studies
have reported a lack of correlation between MGMT methylation and protein expression levels and
consequently inaccurate discrimination of TMZ sensitive and resistant patients. To understand the
limitations of currently used assays, TMZ responsiveness of 13 GBM xenograft lines was correlated
with MGMT protein expression and MGMT promoter methylation determined by 1) standard
methylation-specific polymerase chain reaction (MS-PCR), 2) quantitative MS-PCR (qMS-PCR)
and 3) bisulfite sequencing. For each xenograft line, mice with established intracranial xenografts
were treated with vehicle control or TMZ (66 mg/kg × 5 days), and TMZ response was defined as
relative prolongation in median survival for TMZ-treated vs. control-treated mice. The relative
survival benefit with TMZ was inversely related to MGMT protein expression (r= −0.75; p=0.003)
and directly correlated with qMS-PCR (r=0.72; p=0.006). There was a direct correlation between
MGMT methylation signal by qMS-PCR and the number of methylated CpG sites within the region
amplified by MS-PCR (r =0.78, p=0.002). However, bisulfite sequencing revealed heterogeneity in
the extent of CpG methylation in those tumors with a robust qMS-PCR signal. Three of the 4 GBM
lines with a qMS-PCR signal greater than 10% had at least 1 unmethylated CpG site, while only one
line was fully methylated at all 12 CpG sites. These data highlight one potential limitation of the
evaluation of MGMT methylation by MS-PCR assay and suggest that more detailed evaluation of
methylation at individual CpG sites relative to TMZ response may be worth pursuing.
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Introduction
Temozolomide (TMZ) chemotherapy combined with high-dose radiation therapy improves
survival for a subset of patients with glioblastoma multiforme (GBM). Cytotoxic TMZ-induced
O6-methylguanine lesions are repaired by the O6-methylguanine-DNA-methyltransferase
(MGMT) protein, and cells lacking MGMT repair activity are significantly more sensitive to
the cytotoxic effects of TMZ than cells with normal levels [1]. MGMT expression is suppressed
at the level of transcription by CpG methylation within the MGMT promoter, and almost half
of primary GBM tumor samples have evidence of promoter hypermethylation, as determined
by methylation-specific PCR (MS-PCR) [2,3]. In a recent study, tumor MGMT promoter
hypermethylation was associated with prolonged survival (46% 2-year survival) in GBM
patients treated with TMZ and radiation as compared to those patients without evidence of
tumor hypermethylation (14% 2-year survival) [4]. These data suggest that suppression of
MGMT expression mediated by promoter hypermethylation may be an important factor
influencing TMZ sensitivity.

The predictive accuracy of the MGMT promoter methylation is limited, since approximately
30% of patients experience tumor progression during TMZ therapy regardless of methylation
status, and conversely, approximately 15% of patients with an unfavorable unmethylated status
have prolonged survival [4]. These apparent inconsistencies may reflect inherent technical
limitations of the assay or the role of pathways other than MGMT in mediating TMZ resistance.
To better understand the limitations of the standard MS-PCR assay, the influence of TMZ
treatment on survival was evaluated in a panel of 13 GBM xenografts using an intracranial
therapy evaluation model. TMZ responsiveness was compared with the MGMT protein
expression and MGMT promoter methylation status (determined both by 1) standard MS-PCR,
2) quantitative MS-PCR and 3) bisulfite sequencing).

Methods
Xenograft information

The 13 serially passaged xenografts used in this study were derived from individual patients.
Molecular alterations and histopathology for 11 xenografts have been previously described
[5,6]: two additional xenografts, GS 22 and GBM 26, diagnosed as gliosarcoma and
glioblastoma, respectively, are also included. Prior Institution Review Board approval was
obtained for the use of human tissue to establish the xenograft lines.

Orthotopic model
Therapy evaluations were conducted using an orthotopic tumor model as previously described
[6,7]. Athymic nude mice (NCI, Frederick, MD) with established intracranial tumors were
randomized into groups of 8 to 10 mice each and treatment was initiated 2 weeks before mice
were expected to become moribund. TMZ was purchased from the Mayo Clinic Pharmacy,
suspended in Ora-plus (Paddock Laboratories, Minneapolis), and administered by oral gavage
at 66 mg/kg for 5 days. This dosing regimen results in a drug exposure in mice that is equivalent
to that obtained in humans with the routinely used adjuvant dosing regimen of 200 mg/m2 × 5
days. Mice were observed daily and euthanized when they reached a moribund state. All animal
studies were performed with the prior approval of the Mayo Institutional Animal Care and Use
Committee.

Western blotting
Flank tumor specimens were processed for western blotting as described previously [5].
Primary antibodies used in this study were MGMT (R&D Biosystems, Minneapolis, MN), β-
actin (Sigma, St. Louis, MO) and secondary antibodies were horseradish peroxidase-
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conjugated rabbit anti-goat and goat anti-mouse (Pierce, Rockford, IL). Blots were developed
with Super Signal Chemiluminescence reagent (Pierce).

MGMT Promoter Methylation Assay
DNA was extracted from flank xenograft samples using the Gentra DNA extraction kit
(Puregene, Minneapolis, MN). Isolated tumor DNA was bisulfite-treated using the EZ DNA
methylation kit (Zymo Research, Orange, CA). The modified DNA was amplified using
primers specific for either methylated or unmethylated MGMT promoter sequences as
described previously, with the exception that a nested PCR reaction was not used [3,8]. Thus,
the primers used for our standard MS-PCR are identical to those used for a final nested PCR
described by Hegi, et. al. PCR products were visualized on ethidium bromide-stained, 3%
agarose gels. In this assay, the tumor is methylated when the gel shows a single methylated
band or both unmethylated and methylated bands. In contrast, the tumor is unmethylated only
when a single unmethylated band is amplified. For quantitative MS-PCR, the custom MGMT
assay was synthesized by the Applied Biosystems Inc. (ABI, Foster City, CA). The primers
and the probe for this assay were designed to assay the same region of MGMT promoter
evaluated by the standard MS-PCR. The sequences were TTCGCGGTGCGTATCGT (forward
primer), CACTCTTCCGAAAACGAAACGA (reverse primer), and
ACACTCACCAAATCGC (TAqMan® MGB/FAM probe). Similar assay was developed for
β-actin as internal control. The primers and probe for β-actin quantitative MS-PCR (qMS-PCR)
assay were designed using regions of the DNA devoid of CpG dinucleotides. The sequences
for β-actin assay were TTTTATTTAGAGTGTAGGTGTGTGGAGATTTT (forward primer),
CAAAAACAAAAACCTAACCCCTAAACCT (reverse primer), and
CCCACCCTCTAAAACT (TAqMan® MGB/FAM probe). The reagents for real-time PCR
were purchased from ABI. Amplifications were performed in a 50 μl reaction volume in 96-
well plates on a 7900 Sequence Detection System (ABI.), at 95°C for 2 min followed by 40
cycles of 95°C for 15 s, and 60°C for 1 min. The universal methylated DNA (Chemicon,
Temecula, CA) was used as a positive control and normal human brain DNA was used for
negative control. Relative quantification of MGMT promoter methylation status (qMS-PCR
signal) was performed using 7000 SDS 1.1 RQ software (ABI).

MGMT bisulfite sequencing
The MGMT CpG island was amplified by nested PCR as described previously using bisulfite-
treated template DNA [9]. The resulting PCR amplicon was purified using a PCR purification
kit (Qiagen, Valencia, CA) followed by ligation into a pGEM-T Easy cloning vector (Promega,
Madison, WI). The ligated PCR product was then transformed into Escherichia coli
(Invitrogen, Carlsbad, CA) and plated on agar embedded with ampicillin (50 μg/ml), IPTG
(0.5mM) and X-gal (80 μg/ml) (Invitrogen). For each xenograft, direct colony PCR was
performed on a minimum of 10 clones using vector based primers (sequences available on
request). The final PCR product was incubated with shrimp-alkaline exonuclease (New
England Biolab, Ipswich, MA) and submitted for DNA sequencing. In this method, if the
cytosine within the CpG site is methylated it will not be deaminated by bisulfite treatment.
Therefore, sequencing a methylated CpG will detect a “C”; whereas in unmethylated reaction
the cytosine will be deaminated to uracil and eventually replaced by a thymine in the PCR
reaction. Consequently, sequencing an unmethylated CpG will detect a “T” instead of “C”.
The MGMT promoter region consists of 97 CpG dinucleotides, which we serially numbered
as CpG1-97 (Fig. 1). However, in this report bisulfite sequencing is focused on 12 CpG
dinucleotides (CpG 78–89), which are located within a region evaluated by the standard MS-
PCR assay.
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Statistical analysis
Survival distributions were estimated using the Kaplan-Meier method. The log rank test was
used to compare survival across treatment groups. The two-sample rank sum test was used to
compare relative differences in survival relative to MGMT MS-PCR status. Spearman’s
correlation coefficient was used to assess the association of relative prolongation in median
survival and either MGMT protein expression levels or MGMT qMS-PCR signal relative to
β-actin.

Results
Establishment of glioblastoma xenografts

Tumors within the GBM xenograft panel were established by implanting patient tumor samples
subcutaneously in the flank of nude mice and then maintained through serial subcutaneous
propagation. To evaluate relationships between MGMT and TMZ responsiveness, flank tumors
from 13 xenograft lines were used to establish intracranial tumors for TMZ therapy evaluations.
Corresponding portions of each flank tumor were examined for MGMT promoter methylation
and MGMT protein expression. For 7 xenograft lines, the primary patient tumor sample from
which the xenografts were derived also was evaluated for MGMT promoter methylation.

MGMT promoter methylation status in glioblastoma xenografts
MGMT promoter methylation was evaluated by standard MS-PCR for both the xenograft lines
and selected primary patient tissues (Fig. 2A). Similar to the observed incidence of methylation
in clinical samples, MGMT methylation was detected in 5 of 13 (38%) xenograft lines (GBM8,
12, 16, 36, GS22). No promoter methylation was found in the remaining 8 lines (GBM6, 10,
14, 26, 34, 43, 44, GS28). To investigate the potential for preservation of methylation during
the xenografting process, MGMT promoter methylation by standard MS-PCR was analyzed
in clinical samples from which the xenografts were derived. In all cases the methylation status
was identical between the patient and xenograft samples. There was a good correlation between
the gel-based standard MS-PCR and quantitative MS-PCR results (Fig. 2B), although qMS-
PCR detected low-levels of MGMT promoter methylation in GBM14 (1.35% relative to
positive control) and 34 (0.48% relative to control) that was not seen by the gel-based standard
MS-PCR method. Of those tumors defined as MGMT methylated by standard MS-PCR, the
extent of MGMT methylation by qMS-PCR in GBM36 (4.16% relative to control) was
relatively low compared to other tumor lines (GBM8 – 35.06%, GBM12 – 52.23%, GBM16
– 38.54%, and GS22 – 53.53%). Given the distinct separation in PCR methylation signal
between the GBM36 (4.16%) and then next closest methylation signal (GBM8 - 35.06%),
GBM36 was classified as being unmethylated on the basis of the qMS-PCR results, while
tumors with a PCR signal greater than 10% were classified as being methylated. Consistent
with gene silencing via promoter methylation, high-level MGMT methylation signal (>10%)
was associated with low to undetectable levels of MGMT protein (Fig. 2C–D) (r=−0.75;
p=0.003). Significant variation in MGMT protein expression was evident in tumors with
minimal MGMT methylation, with expression ranging from robust (GBM10 and 43) to
undetectable (GBM14 and 34). Of importance, the MGMT antibody and PCR primers for these
assays were all specific for human MGMT and did not detect murine MGMT in control assays
(data not shown).

MGMT promoter methylation in relation to TMZ response
TMZ sensitivity was evaluated using an orthotopic model. Mice with established intracranial
tumors were randomized to placebo or TMZ treatment for 5 days, and then mice were followed
for survival (Table 1 and Supplemental Fig. 1). There was a broad range of TMZ
responsiveness, with treatment extending the median survival of mice from 21% (GBM26) to
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585% (GBM16) relative to placebo (Fig. 3A–B). Consistent with previously published clinical
results, there was a good correlation between MGMT promoter methylation and survival
prolongation with TMZ therapy (Fig. 3C; r = 0.72, p =0.006). However, 2 tumors lacking robust
MGMT methylation signal were highly sensitive to TMZ (GBM14 – survival prolongation of
464%; GBM34 – survival prolongation of 331%) and a single MGMT methylated tumor,
GBM8 was relatively resistant to TMZ (111% prolongation in survival with TMZ therapy). In
a similar analysis, MGMT protein expression levels from Figure 2C were measured by
densitometry, and normalized values were plotted relative to survival benefit (Fig. 3D). This
demonstrated an inverse relationship between MGMT protein levels and TMZ sensitivity (r=
−0.75; p=0.003), with high level MGMT expression invariably associated with TMZ
resistance. For tumors with a low but detectable MGMT expression (GBM8, 12, 16, 36, GS28)
there was considerable variability in survival benefit ranging from 68% to 585% prolongation
in median survival. Thus, while there was good correlations between TMZ sensitivity and the
MGMT assays, neither low MGMT expression nor MGMT promoter methylation status were
entirely reliable in predicting TMZ responsiveness in this orthotopic model.

Determination of MGMT methylation status by standard MS-PCR relies on annealing of
primers across 9 CpG sites (CpG78-82 and CpG86-89, Fig. 1). To address possible
heterogeneity of methylation across these sites, bisulfite sequencing was performed and the
results for CpG sites 78 to 89 are reported here. For this assay, PCR products amplifying the
MGMT promoter were cloned and at least 10 clones were individually sequenced. The
sequencing results were tabulated and compared with the standard MS-PCR results (Fig. 4A–
B). There was a direct correlation between MGMT methylation signal by qMS-PCR and the
number of methylated CpG sites (r =0.78, p=0.002), although there was significant
heterogeneity in the extent of CpG methylation in those tumors with a robust qMS-PCR signal.
Three of the 4 GBM lines with a qMS-PCR signal greater than 10% had at least 1 unmethylated
CpG site, while only GBM16 was fully methylated at all 12 CpG sites. Thus, there was a
heterogenous methylation of CpGs within this region relative to the MGMT methylation status
measured by qMS-PCR.

Discussion
TMZ is an important component of therapy for GBM, and developing robust predictive models
for TMZ responsiveness is an important step towards customizing therapies for this highly
malignant disease. In this study, we used a panel of GBM xenograft lines to correlate TMZ
response with MGMT protein expression and MGMT promoter methylation status. In contrast
to previous studies using flank xenografts to address this question [10–12], the efficacy of TMZ
therapy was assessed using an intracranial tumor model with prolongation in survival as the
primary endpoint. TMZ therapy was initiated in mice with established intracranial tumors, and
to maximize clinical relevance, TMZ was delivered using a dosing regimen (66 mg/kg daily
× 5 days) that provides a similar drug exposure in mice as a routinely used clinical dosing
regimen for GBM patients (200 mg/mg2 daily × 5 days). In contrast to previous studies using
established glioma cell lines [10,12,13], we have previously described that our method of serial
transplantation in mice stably maintains genetic features commonly associated with
gliomagenesis and represents a more clinically relevant model system than traditional tumor
lines [5,7,14]. The current analysis in 13 GBM xenograft lines represents the most extensive
analysis of TMZ therapy response in an animal model of GBM.

Evaluation of MGMT methylation by standard MS-PCR has been suggested as a predictive
assay that could be used to select those patients who would benefit from TMZ therapy. In the
current study, promoter hypermethylation was significantly associated with greater TMZ
responsiveness, although methylation status was not an absolute predictor for TMZ
responsiveness. Similar to clinical observations [2,4,15], one of the xenografts with robust
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MGMT promoter hypermethylation was relatively resistant to TMZ therapy (GBM8), and
conversely, 2 xenografts lacking MGMT hypermethylation were highly sensitive to TMZ
therapy (GBM14 and 34). These data would support the idea that early clinical progression
during TMZ therapy in some patients with ‘favorable’ tumor MGMT promoter
hypermethylation may be due to unspecified, intrinsic TMZ resistance. Conversely, the
sensitivity observed in the MGMT non-methylated GBM14 and 34 tumors is reminiscent of
patients with an ‘unfavorable’ tumor methylation status but a prolonged survival. Thus, the
range of TMZ responses in the current study closely parallels clinical observations and suggests
that this panel may be a clinically relevant platform for testing TMZ-based therapeutics.

MGMT promoter methylation suppresses gene transcription and should significantly reduce
MGMT protein expression. Consistent with this model, MGMT methylated tumors expressed
low levels of MGMT protein (Fig. 2). However, a subset of tumors lacking MGMT methylation
also had low MGMT protein levels (GBM14, GS28 and GBM34) similar to those seen in some
MGMT methylated tumors (GBM12, GBM16 and GBM36). In this subset of low MGMT-
expressing tumors, there was a broad range in TMZ responsiveness with prolongation in
survival ranging from 68% to 464%. Similarly, clinical studies have demonstrated a range in
TMZ responsiveness in tumors with low MGMT expression levels as assessed by
immunohistochemistry [16], and our group has observed similar discrepancies between
MGMT promoter methylation status and MGMT protein expression levels in patient samples
[17]. Collectively, these results suggest that the predictive accuracy of MGMT methylation by
standard MS-PCR or MGMT protein expression is insufficient to confidently predict tumor
TMZ responsiveness in individual patients.

Standard MS-PCR assay for MGMT relies on annealing of PCR primers across 9 CpG sites
and does not delineate the methylation status of individual CpG sites. To address whether this
inherent limitation affects the predictive accuracy, the standard MS-PCR results were
compared to methylation-specific sequence analysis of 12 CpG sites across this region.
Although there was general agreement between the assays, the methylation status of one or
more CpG sites was discordant with the qMS-PCR results in 6 of 13 xenograft lines. Consistent
with these results, others have demonstrated heterogeneity in the methylation status of discrete
CpG sites in tumor cell lines and human tumor tissues [18–20]. In the relatively resistant
GBM36 tumor, bisulfite-sequencing revealed lack of methylation at all CpG sites, while
standard MS-PCR demonstrated amplification of both unmethylated and methylated products.
These discordant results likely reflect heterogeneous methylation of the MGMT promoter and
highlight the inherent limitation of non-quantitative MS-PCR, which may detect a small
fraction of cells with MGMT promoter methylation [21–23].

CpG methylation within promoter regions provides docking sites for a family of methyl-CpG
binding proteins, which in turn recruit chromatin modifying complexes that ultimately regulate
gene expression [24]. Most of these methyl-CpG binding proteins recognize and bind to a single
methylated CpG site (reviewed in [25]), within a particular sequence context [26,27]. Several
studies have demonstrated discrete methylation of individual CpG sites in association with
silencing of the BRCA1 gene in breast cancer and TCEAL7 in ovarian cancer [28,29]. The
MGMT promoter contains multiple putative Sp1 transcription factor binding sites (Fig. 1), and
DNA binding and transcriptional activity of Sp1 and some related family members can be
modulated by discrete methylation within DNA promoter elements [30]. From these data, we
hypothesize that methylation of individual CpG sites within the MGMT promoter may be key
elements that modulate MGMT expression and that evaluation of methylation at these discrete
CpG sites may provide a more robust predictor of TMZ responsiveness than the conventionally
used MGMT standard MS-PCR assay. While the labor intensive nature of bisulfite sequencing
precludes routine use in patient samples, other methylation detection platforms could be
adapted to evaluate discrete CpG methylation sites. Towards this end, we are expanding our
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analysis to involve all CpG sites within the MGMT promoter region (Fig. 1) and including
additional xenograft lines as well as patient tumor samples to fully delineate the most important
CpG sites within the promoter region for regulation of MGMT-dependent TMZ resistance.

In conclusion, the data presented suggest that MGMT promoter methylation (determined by
standard MS-PCR and/or qMS-PCR) is an important but not absolute predictor of TMZ
response in an orthotopic GBM xenograft model. The heterogeneity in CpG methylation within
the region of MGMT promoter evaluated by the standard MS-PCR assay highlight one potential
limitation of this assay.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Map of MGMT promoter region. Vertical lines depict the CpG dinucleotides. Also shown are
annealing locations for primers used for MS-PCR assay, the 12 CpG dinucleotide analyzed by
bisulfite sequencing for this study, and the location of putative transcription factor Sp1 binding
sites. TS; transcription start site.
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Figure 2.
MGMT methylation status and protein expression determination. Flank tumor specimens used
to establish the orthotopic tumors for TMZ therapy evaluations were analyzed for MGMT
promoter methylation status and protein levels. A) Gel-based standard MS-PCR - the lanes
corresponding to PCR reactions specific for unmethylated (U) and methylated (M) templates
are labeled. For each line, the capitalized letter denotes our interpretation of the methylation
status (“U m” depicts unmethylated and “u M” depicts methylated). B) qMS-PCR - the % qMS-
PCR signal is the ratio of MGMT methylation qMS-PCR signal in a tumor sample relative to
the positive control. C) MGMT protein expression by western blotting. Membrane was stripped
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and re-probed for β-actin. D) MGMT protein levels were quantitated by film densitometry and
plotted relative to the qMS-PCR results.
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Figure 3.
TMZ survival evaluation relative to MGMT methylation and protein expression. Mice with
established orthotopic xenografts were randomized and then treated with placebo or 66 mg/kg
TMZ orally for 5 days. Survival curves for the A) least and B) most responsive tumors are
shown. For each tumor line, the ratio of median survival for TMZ-treated vs. placebo-treated
mice (relative survival) is plotted relative to C) the qMS-PCR signal and D) MGMT protein
levels.
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Figure 4.
Correlation between methylation of individual CpG sites and MGMT promoter methylation
A) The methylation status of 12 CpG sites (78–89) determined by bisulfite sequencing is shown
relative to the corresponding qMS-PCR results for each xenograft line. The percent of PCR
clones that were methylated at each site is indicated. Also, shown is the relative MGMT protein
level and the survival benefit from TMZ therapy for each xenograft line B) The extent of CpG
methylation is plotted relative to MGMT methylation signal by qMS-PCR.
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