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Abstract
Pyrosequencing (PSQ) represents the golden standard for MGMT promoter status 
determination. Binary interpretation of results based on the threshold from the aver-
age of several CpGs tested would neglect the existence of the “gray zone”. How to 
define the gray zone and reclassify patients in this subgroup remains to be elucidated. 
A consecutive cohort of 312 primary glioblastoma patients were enrolled. CpGs 74-
81 in the promoter region of MGMT were tested by PSQ and the protein expres-
sion was assessed by immunohistochemistry (IHC). Receiver operating characteristic 
curves were constructed to calculate the area under the curves (AUC). Kaplan-Meier 
plots were used to estimate the survival rate of patients compared by the log-rank 
test. The optimal threshold of each individual CpG differed from 5% to 11%. Patients 
could be separated into the hypomethylated subgroup (all CpGs tested below the 
corresponding optimal thresholds, n = 126, 40.4%), hypermethylated subgroup (all 
CpGs tested above the corresponding optimal thresholds, n = 108, 34.6%), and the 
gray zone subgroup (remaining patients, n = 78, 25.0%). Patients in the gray zone har-
bored an intermediate prognosis. The IHC score instead of the average methylation 
levels could successfully predict the prognosis for the gray zone (AUC for overall sur-
vival, 0.653 and 0.519, respectively). Combining PSQ and IHC significantly improved 
the efficiency of survival prediction (AUC: 0.662, 0.648, and 0.720 for PSQ, IHC, and 
combined, respectively). Immunohistochemistry is a robust method to predict prog-
nosis for patients in the gray zone defined by PSQ. Combining PSQ and IHC could 
significantly improve the predictive ability for clinical outcomes.
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1  | INTRODUC TION

Glioblastoma is the most common and lethal primary malignant brain 
tumor.1-3 The Stupp protocol, including radiation therapy with a con-
current guideline-recommended daily dose of TMZ and maintenance 
TMZ adjuvant chemotherapy, was highly recommended to eligible 
patients after the maximal safe removal of the tumor.4,5 This proto-
col profoundly improved quality of life and significantly prolonged 
survival in a certain cohort of patients, whereas chemoresistance to 
TMZ in others could lead to failure in yielding therapeutic benefit. 
Thus, identifying the potentially beneficial subgroup from TMZ is of 
paramount importance for subsequent clinical decision-making, ac-
curate survival prediction, and suitable clinical trial enrollment.

Temozolomide could add methyl groups to O6 positions of gua-
nine (O6-G to O6-MeG) and result in mispairing of methylated gua-
nine with thymine during replication.6 This change ultimately results 
in DNA double-strand breaks and cell death. The MGMT gene en-
codes for a DNA repair enzyme that could obviate this procedure 
and consequently confer resistance to TMZ.7 Conversely, methyl-
ation of MGMT promoter could silence the gene expression and 
enhance the chemotherapeutic effect.8,9 Physicians have reached 
a consensus that the MGMT promoter status determination should 
be implemented routinely to predict alkylating agent response. 
Nevertheless, the best methods and optimal cut-off definitions for 
MGMT status determination remain controversial.10

Currently, MSP, including qMSP, and PSQ have been widely 
used to determine the status of MGMT promoter. Pyrosequencing 
could provide unparalleled quantitative methylation results of each 
individual CpG site sequenced, which is highly recommended and 
further considered as the “gold standard” for MGMT promoter meth-
ylation testing.11-14 However, the status of MGMT promoter should 
not be arbitrarily dichotomized into methylated or unmethylated by 
the optimal threshold obtained from average methylation levels of 
CpGs tested. The intermediate methylation status, termed the gray 
zone, does exist due to the profound heterogeneity of methylation 
levels among CpG sites. Reclassifying patients in the gray zone might 
determine the true beneficial subgroup from TMZ treatment and im-
prove the survival prediction efficiency.

Immunohistochemistry could assess MGMT status at the pro-
tein level and directly evaluate gene function.15 Posttranscriptional 
modifications of MGMT mRNA, impaired MMR system function, and 
methylation in the gene body could result in discordance between 
methylation status and protein expression.16 Although interobserver 
variability and inferior survival prediction efficiency render IHC less 
reliable for MGMT status determination in some research, results 
from well-designed detection strategies were still illuminating.17-20 
In this study, we tried to explore whether IHC could provide useful 
information to classify patients in the gray zone, and further assist to 
improve clinical predictive performance for PSQ results.

2  | MATERIAL S AND METHODS

2.1 | Patients

From 1 March 2013 to 15 August 2018, a consecutive cohort of adult 
newly diagnosed GBM patients were included in this retrospective 
study. All tissue sections were meticulously reviewed by three senior 
neuropathologists for a consensus diagnosis based on 2016 WHO 
classification of brain tumors.21 The IDH1/2 mutant GBMs were 
excluded to eliminate their influence on the outcome.22 The Stupp 
protocol was prescribed after surgery with a waiting period of ap-
proximately 3-5 weeks. Patients with multifocal lesions, inadequate 
follow-up, insufficient clinical or radiological data, and rejection of 
Stupp protocol, were excluded (Fig. S1). This study was approved by 
the institutional review board of Capital Medical University, accord-
ing to the principles of the Declaration of Helsinki.

2.2 | DNA isolation and PSQ testing for MGMT 
promoter methylation

Pyrosequencing was carried out according to the manufacturer’s 
instructions. Briefly, genomic DNA was isolated from 10 FFPE 
sections (5-8 μm) of tumor tissue with QIAamp DNA FFPE Tissue 
Kits (Qiagen) and further cleaned and purified. DNA concentra-
tions were ≥30  ng/μl as assessed on a Nanodrop2000 and ≥2  μg 
of sample was used for bisulfite conversion and PCR. Bisulfite-
treated DNA was amplified and eight CpG sites containing CpG 
sites 74-81 in exon 1 of the MGMT promoter region (genomic se-
quence on chromosome 10 from 131  265  507 to 131  265  544, 
CGctttgCGtccCGaCGccCGcaggtcctCGCGgtgCG) were tested using 
MGMT Methylation Detection Kits (Gene Tech). Analyzed sequences 
were YGTTTTGYGTTTYGAYGTTYGTAGGTTTTYGYGGTGYGTA. 
Pyrosequencing was undertaken using a PyroMarker Q96 instru-
ment and data were analyzed using PyroMarker Q96 software 
(Qiagen).

2.3 | Molecular information

Molecular status was determined as previously described.23,24 
Briefly, IDH1 R132, IDH2 R172, and TERT C228T/C250T muta-
tion was tested by Sanger sequencing. BRAF V600E, FGFR1, and 
H3K27M mutation were evaluated by Sanger sequencing for exclu-
sion when required. The 1p/19q status was identified by FISH. The 
Ki-67 index, expression of epidermal growth factor receptor, MMP-
9, TP53, vascular endothelial growth factor, and PTEN were de-
tected by IHC. Patients were divided into high (≥30%) or low (<30%) 
expression groups for further analysis based on IHC results.25
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2.4 | Immunohistochemical staining for 
MGMT expression

Formalin-fixed paraffin-embedded tissues were sec-
tioned and stained with H&E using the standard protocol. 
Immunohistochemistry was carried out according to the manufac-
turer’s instructions and previous reports.14,17,19,20,26,27 Five famous 
neuropathologists (Dehong Lu, Xuanwu Hospital, 45 years of expe-
rience in neuropathology; Yueshan Piao, Xuanwu Hospital, 25 years 
of experience in neuropathology; Xueling Qi, Sanbo Brain Hospital, 
26 years of experience in neuropathology; Luo Lin, Beijing Tiantan 
Hospital, 50 years of experience in neuropathology; and Zifen Gao, 
Peking University Cancer Hospital, 45 years of experience in can-
cer pathology) provided valuable guidance and approved our pro-
tocol. Briefly, IHC staining was carried out on 4-μm sections heated 
for 30  minutes at 60°C using a Leica Bond-MAX fully automated 
staining system with the Bond Polymer Refine detection system. 
Antigen retrieval and dilution were carried out as follows: MGMT 
clone UMAB56 (OriGene) 1:100 with Epitope Retrieval Solution 2 
(pH 9) at 100°C for 15 minutes. The MGMT Ab was optimized using 
breast tissue as a positive control. The whole images of slices were 
screened and stored by Leica Biosystem Imaging, and the images 
were reviewed from Aperio ImageScope (version 12.4.3). Fields with 
more than 80% tumor cells were selected to calculate IHC scores. 
Two trained neuropathologists (GHD, 15 years of experience in neu-
ropathology; and WWZ, 5 years of experience in neuropathology) 
independently evaluated the staining results. An individual patient 
was screened for at least three isolated fields, and each field must 
be evaluated with more than 100 qualified tumor cells. Necrotic 
areas and perivascular zones were excluded. The IHC score was 
calculated as the mean value of the percentage of MGMT positive 
cells in all assessed tumor cells from all fields. If the IHC scores were 
ambiguous (ranging between 20% and 60%, or decided by the two 
neuropathologists), CD31 clone EP78 (OriGene) 1:200 to exclude 
endothelial cells, LCA clone 2B11 and PD7/26 (OriGene) 1:200 
to exclude lymphoma cells, and CD68 clone KP1 (OriGene) 1:100 
staining to excluded microglia and macrophages, were used to gen-
erate the final IHC scores (Fig. S2).

2.5 | Radiological assessment and follow-up

Contrast-enhanced MRI was undertaken on a 3.0 T clinical scan-
ner (Siemens Trio Tim or GE) as previously described. The resec-
tion degree was defined according to the following equation: 
(preoperative tumor volume − postoperative tumor volume) / pre-
operative tumor volume, as GTR (>98% resection), STR (90%-
98%), and PR (50%-90%) based on 48-72  h postoperative MRI. 
Contrast-enhanced MRI was meticulously followed with an inter-
val of 8-12 weeks or if necessary. The definition of tumor progres-
sion was based on the RANO and modified RANO criteria.28,29 
Progression-free survival was defined as the duration from initial 
surgery to the time of tumor progression, and OS was termed as 

the duration between the initial surgery and the death, or date of 
the last follow-up.

2.6 | Statistical analysis

All statistical analyses were carried out with GraphPad Prism 
8.0.1 (GraphPad Software, R (version 4.0.3), and R studio (version 
1.3.1093). For continuous variables, Student’s t test or one-way 
ANOVA was applied and the Mann-Whitney U test or Kruskal-Wallis 
tests for nonparametric data. Receiver operating characteristic 
curves were constructed to calculate the AUC and the optimal cut-
off value by the Youden index (sensitivity +  specificity − 1) (pack-
age pROC for R). The patients were stratified based on the median 
OS (20.0  months). Kaplan-Meier plots were used to estimate the 
survival rate of patients, and the differences between curves were 
compared by the log-rank test. A Cox proportional hazard regres-
sion model was constructed to estimate the hazard ratio for each 
potential prognostic factor. All tests were two-sided. P  <  .05 was 
considered statistically significant.

3  | RESULTS

3.1 | Descriptive characteristics

In this retrospective study, a total of 345 de novo adult supraten-
torial IDH WT GBMs were assessed, of which 33 cases were ex-
cluded due to preoperative leptomeningeal dissemination, comorbid 
visceral carcinoma, differential postoperative management pro-
tocols, and a loss to follow-up (Fig. S1). The mean age at diagnosis 
was 50.0 years (range, 18-75 years). Two hundred and six patients 
(66.0%) had a relatively good status (Karnofsky Performance Status 
score  >  70). All patients accepted open surgery, and the number 
of patients who achieved GTR, STR, and PR was 165 (52.9%), 127 
(40.7%), and 20 (6.4%), respectively. In 167 cases with assessable 
TERT promoter status, more than half of them (93/167, 55.7%) were 
mutant (Table 1). The median follow-up time was 28.0 months, and 
the median PFS and OS were 9.5 months and 20.0 months, respec-
tively. The number of patients who developed tumor recurrence was 
267 (85.6%), and 221 patients (70.8%) have died.

3.2 | Heterogeneity of methylation levels among 
CpGs and different cut-off values for predicting OS

Two genomic regions, DMR1 (CpG sites 25-50) and DMR2 (CpG sites 
73-90), are strongly concordant with MGMT expression and patient 
outcome (Figure 1A), and the latter is the critical region for methyla-
tion testing.30 Thus, the CpG sites 74-81 in DMR2 were tested in our 
study to determine MGMT promoter status. The heterogeneity of 
methylation levels among CpGs implied their different ability in pre-
dicting the outcome (example in Figure 1B). Although all the CpGs 
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could predict survival, each individual CpG site harbored its specific 
AUC value (range, 0.677-0.722; Figure 1C and Table 2). Based on the 
maximal of Youden’s index, the optimal cut-off values for each indi-
vidual CpG site varied pronouncedly (range, 5%-11%; Figure 1D and 
Table 2). This phenomenon informed us that using a single cut-off 
value from averaged results to dichotomize patients into methylated 

and unmethylated subgroups might be technically insufficient and 
neglect some crucial information.

3.3 | Gray zone defined by PSQ and its 
intermediate prognosis

Based on the distinct optimal cut-off values amongst CpGs 74-81, 
we further separated patients into three subgroups: the hypometh-
ylated subgroup (methylation levels of all CpGs were below the 
corresponding optimal cut-off values, n = 126, 40.4%), hypermethyl-
ated subgroup (methylation levels of all CpGs were above the corre-
sponding optimal cut-off values, n = 108, 34.6%), and the gray zone 
subgroup (remaining patients, n = 78, 25.0%) (Figures 1E and 2A).

Although the optimal threshold of mean methylation levels 
from CpGs 74-81 (12%) could effectively predict clinical outcomes 
(median PFS for ≤12% and >12%: 7.0 vs 14.5  months, P  <  .001, 
Figure 2B; median OS: 16.0 vs 35.0 months, P <  .001, Figure 2B), 
refinement of the classification strategy could help us better un-
derstand survival significance of MGMT. An intermediate prognosis 
for gray zone patients was observed in this cohort (median PFS: 7.5, 
9.0, and 15.0 months in hypomethylated, gray zone, and hypermeth-
ylated groups, respectively; P <  .001, Figure 2D; median OS: 16.0, 
19.0, and 35.0 months, respectively; P < .001, Figure 2E). This result 
confirmed that the gray zone was not merely a mathematical prod-
uct due to heterogeneity amongst CpGs but endowed specific prog-
nostic significance. Determining whether gray zone patients could 
benefit from TMZ was essential for prognosis assessment and sub-
sequent clinical decision-making. Other methods for MGMT status 
evaluation might be beneficial.

3.4 | MGMT protein expression identified by 
IHC and its utility in GBM prognosis stratification

The protein expression of MGMT is the most immediate evidence 
reflecting gene function. Thus, we further used IHC to evaluate 
MGMT protein expression levels. The results indicated that the IHC 
score of MGMT could be a reliable tool to predict OS (AUC 0.656; 
95% CI, 0.527-0.768, P <  .001; Figure 3A, brown line), but the ef-
ficiency was lower than mean methylation levels obtained from PSQ 
(AUC 0.709; 95% CI, 0.652-0.768, P  <  .001; Figure  3A, red line). 
Using the median percentage of cells staining for MGMT from IHC 
as the optimal threshold, patients could be separated into low IHC 
score (<30%; 147/312, 47.1%) and high IHC score groups (≥30%; 

TA B L E  1   Clinical, radiological, and pathological information of 
312 glioblastoma patients in this study

Study cohort n = 312 n %

Gender

Female 118 37.8

Male 194 62.2

Age at diagnosis (y)

Mean 50.0 –

Median 51.5 –

Range 18-75 –

Preoperative KPS score

>70 206 66.0

≤70 106 34.0

Extent of resection

GTR 165 52.9

STR 127 40.7

PR 20 6.4

TERT promoter (n = 167)

Mutant 93 55.7

WT 74 44.3

MGMTp

Methylated (mean ≥ 12%) 130 41.7

Unmethylated (mean < 12%) 182 58.3

MGMT protein

<30% 147 47.1

≥30% 165 52.9

PFS (mo)

Median 9.5

Range 1.0-75.0

OS (mo)

Median 20.0

Range 1.0-80.0

Abbreviations: GTR, gross total removal; KPS, Karnofsky Performance 
Status; OS, overall survival; PFS, progression-free survival; PR, partial 
removal; STR, subtotal removal.

F I G U R E  1   (A) MGMT locates at 10q26.3 and includes 97 CpG sites. Differentially methylated region 1 (DMR1, CpG 25-50) and DMR2 
dominate the gene expression. DMR1 is always methylated when DMR2 is methylated, thus CpGs 74-81 were tested in our study. (B) 
A typical example with heterogeneous CpGs (5%-43%). Although the average methylation level was high (23.5%), the heterogeneity 
of CpGs was quite prominent. (C) Each individual CpG could predict survival and harbored a specific value of area under the receiver 
operating characteristic curve. (D) Optimal threshold for each CpG was quite different (5%-11%). (E) Patients could be separated into the 
hypomethylated subgroup (methylation levels of all CpGs below the corresponding optimal thresholds, violet), hypermethylated subgroup 
(methylation levels of all CpG sites above the corresponding optimal thresholds, pink), and the gray zone subgroup (remaining patients, 
yellow)
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165/312, 52.9%). Patients with low IHC scores showed a median 
PFS of 13.0 months, whereas patients with high IHC scores showed 
a median PFS of 7.0 months (log-rank, P < .001; Figure 3C). Overall 
survival in patients with low IHC score was also more favorable than 
the high IHC score group (27.0 vs 15.0 months; log-rank, P < .001). 
This result reconfirmed the superiority of PSQ for prognosis strati-
fication and pointed out that IHC also could be applied to assess the 
status of MGMT as well.

The mean IHC scores for the methylated group (mean meth-
ylation level  >12%) and unmethylated group (mean methyla-
tion level  ≤12%) were 17.7% and 44.2%, respectively (P  <  .001). 
Furthermore, 70.0% of patients in the methylated group (91/130) 
had low MGMT expression (<30%, IHC-defined methylated); in 
the unmethylated group, 65.3% (119/182) of patients showed high 
MGMT expression (≥30%, IHC-defined unmethylated). The differ-
ence of mean IHC score among hypermethylated, gray zone, hy-
pomethylated groups was also significant (mean: 18.0%, 27.5%, and 
49.7%, respectively; P <  .001, one-way ANOVA; Figure 3B). In the 
hypermethylated group, 76.4% of patients (81/106) had a low IHC 
score (<30%), and 70.2% (87/124) patients in the hypomethylated 
group had a higher IHC score (≥30%). In gray zone patients, only 22 
patients (mean methylation level >12%, 22/78, 28.2%) were methyl-
ated by PSQ, but 56.4% (44/78) had low MGMT expression (<30%). 
This prominent distinction implied that IHC might play a role in prog-
nosis stratification for patients in the gray zone (Figure 4A).

3.5 | Immunohistochemistry score of MGMT 
instead of mean methylation level could predict 
outcomes of gray zone patients

Patients in the gray zone showed intermediate PFS and OS, thus, 
separating them into different subgroups based on survival was im-
portant for prognosis assessment. The mean methylation levels of 
CpGs 74-81 failed to predict survival for patients in the gray zone 
(AUC 0.519; 95% CI, 0.404-0.642, P >  .05; Figure 4B, brown line). 
Based on the optimal cut-off established in the whole cohort (12%), 

methylation status ascertained by PSQ still could not predict survival 
(AUC 0.544; 95% CI, 0.430-0.659, P >  .05; Figure 4E, brown line). 
Neither PFS nor OS was significantly different between methylated 
and unmethylated patients from the gray zone (median PFS: 14.0 vs 
7.0  months, P  =  .12, Figure  4C; median OS: 20.3 vs 15.0  months, 
P = .08, Figure 4D).

We also attempted to explore whether IHC score could differ-
entiate outcomes for patients in the gray zone. The result showed 
that the IHC score was effective (AUC 0.653; 95% CI, 0.528-0.766, 
P <  .001; Figure 4B, pink line), and using the cut-off value of 30%, 
the result of IHC could still be a robust tool to predict OS (AUC 
0.644; 95% CI, 0.529-0.760, P  <  .001; Figure  4E, pink line). The 
Kaplan-Meier analysis showed that the median PFS of low MGMT 
expression patients from the gray zone was 14.0 months, while the 
median PFS of high MGMT expression patients was only 6.0 months 
(P = .0018; Figure 4F). A similar result was observed in terms of OS 
(median OS: 27.0 vs 12.5 months, P < .001; Figure 4G).

3.6 | Combining MGMT promoter PSQ and protein 
expression to optimize prognosis evaluation

Although the predictive ability of IHC for survival was marginally 
inferior to PSQ, its specific value in assessing survival for patients 
in the gray zone enlightened us that IHC might be a perfect supple-
ment to PSQ. Thus, we introduced a new classification strategy to 
dichotomize gray zone patients into methylated (IHC score <30%) 
and unmethylated (IHC score ≥30%) groups. In the whole cohort, 
patients could be divided into refined methylated (hypermethylated 
+ IHC score <30% from gray zone; Figure 5A) and refined unmethyl-
ated (hypomethylated + IHC score ≥30% from gray zone; Figure 5A) 
groups. Comparing mean methylation levels by PSQ (cut-off value, 
12%; AUC 0.662; 95% CI, 0.611-0.0712, P <  .001; Figure 5B, blue 
line) and protein expression (cut-off value, 30%; AUC 0.648; 95% 
CI, 0.591-0.705, P  <  .001; Figure  5B, orange line), this novel cat-
egory strategy substantially improved survival predictive ability 
(AUC 0.720; 95% CI, 0.667-0.774, P  <  .001; Figure  5B, red line). 

Site AUC (95% CI)
Cut-off value 
(%)

Sensitivity 
(%)

Specificity 
(%)

Average 0.709 (0.652-0.768) 12 60.1 72.2

CpG 74 0.722 (0.655-0.776) 6 70.3 66.1

CpG 78 0.705 (0.644-0.763) 5 67.7 64.4

CpG 75 0.700 (0.642-0.759) 10 65.2 67.2

CpG 80 0.700 (0.643-0.760) 5 76.0 60.0

CpG 77 0.695 (0.634-0.757) 11 57.6 76.7

CpG 76 0.687 (0.626-0.750) 5 73.4 58.9

CpG 81 0.681 (0.624-0.742) 11 60.1 71.7

CpG 79 0.677 (0.623-0.744) 9 65.2 67.2

IHC 0.653 (0.527-0.768) 30% 73.4 58.9

Abbreviations: AUC, area under the receiver operating characteristic curve; CI, confidence interval.

TA B L E  2   Pyrosequencing 
results of individual CpGs and 
immunohistochemistry (IHC) results for 
determining MGMT status in glioblastoma
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F I G U R E  2   (A) Heatmap for methylation levels amongst CpGs 74-81 in hypomethylated, gray zone, and hypermethylated groups of 
glioblastoma patients. (B, C) The optimal threshold (12%) for average methylation levels could effectively predict survival, in terms of (B) 
progression-free survival (PFS) and (C) overall survival (OS). (D, E) An intermediate prognosis was observed for patients in the gray zone (PFS 
in (D) and OS in (E))
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A more favorable prognosis was observed in the refined methyl-
ated compared to refined unmethylated group, both PFS (median, 
16.0 vs 7.0 months; log-rank, P <  .001; Figure 5C) and OS (35.0 vs 
14.0 months; log-rank, P < .001; Figure 5D). These results, including 
remarkably improved AUC value and much pronounced prognosis 
difference in novel category strategy, inspired us to use a combined 
strategy for survival prediction.

4  | DISCUSSION

In this retrospective study, we defined the gray zone subgroup with 
PSQ, the gold standard for MGMT promoter status determination. 
Patients in the gray zone harbored an intermediate prognosis and 
could be further divided into different subgroups by IHC staining. 
Combining PSQ and IHC significantly improved outcome predictive 

efficiency compared with the single threshold from average meth-
ylation levels (AUC 0.662-0.720). Our results indicated IHC could 
be a reliable supplement to PSQ to predict clinical outcomes in the 
TMZ era.

Until now, chemotherapy regimens based on TMZ formed the 
backbone of malignant glioma treatment.31 However, not all patients 
could derive a survival benefit from this alkylating agent. MGMT 
could reverse the TMZ-induced DNA damage and attenuate chemo-
therapeutic effects. Epigenetic modification of specific CpG islands 
within the MGMT promoter region could silence the gene transcrip-
tion and enhance the cytotoxic effect of TMZ. Thus, identifying 
the status of the MGMT promoter is of paramount importance for 
predicting therapeutic response and evaluating individual survival. 
As the most effective biomarker for predicting TMZ response, the 
status of MGMT determination has reached a consensus amongst 
neuro-oncologists and neuropathologists. Although this detection 

F I G U R E  3   (A) Immunohistochemistry (IHC) score could be used for MGMT status determination to predict overall survival (OS) in 
glioblastoma patients (area under the receiver operating characteristic curve [AUC] 0.656, brown line), but the efficiency was inferior 
to pyrosequencing (PSQ) (AUC: 0.709, red line). (B) Differences in IHC scores among PSQ-defined hypermethylated, gray zone, and 
hypomethylated groups were significant (mean: 18.0%, 27.5%, and 49.7%, respectively; P < .001). (C, D) Patients with high MGMT 
expression (IHC score > 30%) showed inferior (C) progression-free survival (PFS) and (D) overall survival (OS)
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should be implemented into routine clinical practice, the optimal 
method for this purpose remains controversial.10 Simple MSP, qMSP, 
PSQ, high-resolution melt, Infinium Methylation EPIC Bead Chip 
Array, MS-MLPA, IHC, quantitative real-time PCR, and enzymatic 
assays have been attempted for MGMT status determination, but 
none is perfect enough for clinical practice.

Methylation-specific PCR is a PCR-dependent protocol that tests 
the conversion of unmethylated cytosines to uracils to generate 
positive and negative results. This method is insufficient in terms of 
stability and inconsistent results were observed among replicates.32 
Quantitative MSP normalizes the copy number of methylated MGMT 
to an unmethylated reference gene by standard curves. However, 
MSP and qMSP could only detect fully methylated or unmethylated 
sequences through designed primers.33 Other shortcomings of MSP 

and qMSP include poor reliability in FFPE tissues, only limited tested 
CpGs (typically a series of three to five CpGs), and failure in reflect-
ing heterogeneous methylation levels among CpGs.34

Pyrosequencing could quantify methylation levels within each 
CpG site tested and present as a pyrogram PyroMark Q96 (QIAGEN, 
Hilden, Germany).16 Thus, PSQ could reflect methylation hetero-
geneity more effectively than MSP-based protocols, which means 
PSQ is superior to MSP in precisely assessing epigenetic modifica-
tion status.35 Nevertheless, the optimal cut-off value for determin-
ing methylated or unmethylated subgroups remains controversial. 
Each individual CpG site harbors a specific cut-off value and typi-
cally the optimal threshold is obtained from mean methylation levels 
among CpGs tested.36-38 Small sample size, the mixture of molecu-
lar and histologically distinct tumors, and different commercial kits 

F I G U R E  4   (A) Average methylation levels (first row) and immunohistochemistry (IHC) scores (second row) heatmap for glioblastoma 
patients in the pyrosequencing (PSQ)-defined gray zone subgroup. The MGMT status could be divided into methylated or unmethylated 
based on the thresholds from PSQ (threshold: 12%, third row) and IHC (threshold: 30%, fourth row). (B) IHC scores (pink line) instead of 
mean methylation levels (brown line) could predict overall survival (OS). (C, D) The threshold of 12% for the average methylation levels failed 
to assess the prognosis for gray zone, regardless of progression-free survival (PFS) or OS. (E) The threshold for IHC score (30%) rather than 
the threshold for average methylation results from PSQ (12%) could effectively evaluate OS for gray zone patients. (F, G) The prognosis 
difference between high and low IHC scores subgroups for patients in the gray zone was significant (F, PFS; G, OS)
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contribute to the lack of universal criteria for clinical practice. In 
our study, we confirmed the optimal cut-off values for CpGs 74-81 
with a large cohort of de novo GBM patients. We further defined a 
subgroup of patients with intermediate survival as the gray zone by 
interrogating the heterogeneity of CpGs tested. A careful eye should 
be cast on the interpretation of results from the gray zone for their 
potential benefit from TMZ.

How to stratify gray zone patients into distinct subgroups re-
mains an intractable issue to be elucidated. Chai et al developed a 
novel analytical model to dichotomize patients into methylated or 
unmethylated groups based on the number of CpGs methylated. The 
results indicated that the strategy could accurately predict the prog-
nosis for patients in the gray zone and improve clinical predictive 
performance. However, this study incorporated a substantial num-
ber of IDH1/2 mutant and WHO grade III patients, and the positive 
outcome in this subgroup could lead to analytic bias to some ex-
tent.35 Radke et al simply divided IDH WT patients into highly meth-
ylated (>20%), unmethylated (<10%), and low methylated (10%-20% 

mean methylation) groups, and found an intermediate prognosis for 
low methylated patients. Significantly improved test precision for 
survival was observed when MSP results were supplemented to 
PSQ. Although the definition of highly methylated, unmethylated, 
and low methylated groups needed some refinement, the combi-
nation of MSP and PSQ for MGMT status identification was quite 
thoughtful and illuminating.39

Immunohistochemistry is the direct assay to assess MGMT sta-
tus at the protein level focusing on regions of high tumor purity. 
However, high interobserver variability and non-neoplastic cell con-
tamination decrease the accuracy and reliability of IHC for MGMT 
status confirmation.40,41 Our protocol used an evaluation strategy 
by interrogating a large number of tumor cells from isolated fields, 
and the result confirmed that IHC was a reliable detection method, 
despite the inferior predictive ability compared with PSQ. Notably, 
IHC could reclassify patients from the gray zone into distinct sub-
groups based on survival, and further combining PSQ and IHC sig-
nificantly improved the efficiency and accuracy for TMZ response 

F I G U R E  5   (A) Combining pyrosequencing (PSQ) and immunohistochemistry (IHC) to determine MGMT status in glioblastoma. The 
refined methylated group included patients from hypermethylated and gray zone groups with low IHC scores, whereas the refined 
unmethylated group was comprised of patients from unmethylated and gray zone groups with high IHC scores. (B) Compared with PSQ 
alone (threshold: 12%, blue line) and IHC alone (threshold: 30%, orange line), the combined strategy (red line) significantly improved survival 
prediction efficiency. (C, D) Prognosis difference for refined methylated and unmethylated patients was more prominent (C, PFS; D, OS). 
AUC, area under the receiver operating characteristic curve
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evaluation and prognosis prediction. Lalezari et al reported patients 
with tandem promoter methylation and low expression had a much 
more favorable prognosis than a single method or other combina-
tions.17 Although the IHC results for MGMT status evaluation were 
not perfect, our research informed us that it could be an ideal com-
plementary test to the current gold standard PSQ.

The status of MGMT promoter is the most important biomarker 
for predicting TMZ response, but other mechanisms could also play 
a role in impacting the alkylating agent effect. Posttranscriptional 
modulation, IDH1/2 mutation, and the CpG island methylator phe-
notype are well-elaborated factors correlated with the association 
between MGMT methylation and patient outcome.42-44 In addition, 
TMZ could upregulate MGMT expression activity during GBM re-
currence regardless of changes in promoter methylation status, 
which might link to genomic rearrangements.45 Cytotoxicity of 
TMZ depends on the robust MMR system. Deficiency in the MMR 
system was often observed in recurrent tumors and led to TMZ re-
sistance.46,47 Therefore, predicting TMZ response exclusively depen-
dent on MGMT promoter determination strategies, such as current 
gold standard PSQ and MSP, is not sufficient. Immunohistochemistry 
provides alternative insight into MGMT assessment at the protein 
level in an economical, accessible, and time-saving manner, which 
makes it a perfect complement to PSQ.

Limitations in this study do exist. It is retrospective research 
within a single institution, thus inevitable selective and analytical 
bias might have some influence on the final results. Other commer-
cial PSQ testing kits for different CpG sites and detection assays in-
cluding MSP, MS-MLPA, and Infinium Methylation EPIC BeadChip 
Array were not applied in this cohort.

In conclusion, IHC is a robust method to predict clinical outcomes 
for GBM patients in the PSQ defined gray zone. A combination of 
PSQ and IHC could profoundly improve predictive performance for 
clinical outcomes.
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