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Abstract
This study investigated the role of O6-methylguanine-DNA methyltransferase pro-
moter (MGMTp) methylation hierarchy and heterogeneity in grade 2–3 gliomas, fo-
cusing on variations in chemotherapy benefits and resection dependency. A cohort 
of 668 newly diagnosed grade 2–3 gliomas, with comprehensive clinical, radiological, 
and molecular data, formed the basis of this analysis. The extent of resection was 
categorized into gross total resection (GTR ≥100%), subtotal resection (STR >90%), 
and partial resection (PR ≤90%). MGMTp methylation levels were examined using 
quantitative pyrosequencing. Our findings highlighted the critical role of GTR in im-
proving the prognosis for astrocytomas (IDH1/2-mutant and 1p/19q non-codeleted), 
contrasting with its lesser significance for oligodendrogliomas (IDH1/2 mutation and 
1p/19q codeletion). Oligodendrogliomas demonstrated the highest average MGMTp 
methylation levels (median: 28%), with a predominant percentage of methylated 
cases (average methylation levels >20%). Astrocytomas were more common in the 
low-methylated group (10%–20%), while IDH wild-type gliomas were mostly un-
methylated (<10%). Spatial distribution analysis revealed a decrement in frontal lobe 
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1  |  INTRODUC TION

Grade 2–3 gliomas significantly affect the quality and life ex-
pectancy of young and middle-aged individuals.1,2 Traditionally, 
histological and molecular analyses served as the gold standard 
for pathological assessment. Nowadays, advanced imaging tech-
niques, encompassing calcific, diffuse, perfused, and metabolic 
information, have emerged as valuable tools for precise preoper-
ative diagnosis. These imaging modalities contribute to the for-
mulation of individualized surgical plans and accurate prognosis 
predictions.3–5

While surgical resection remains a cornerstone in the primary 
treatment of gliomas, the extent of resection (EOR) exhibits a nu-
anced relationship with progression-free survival (PFS) and overall 
survival (OS) in subtypes of lower-grade glioma (LGGs). Notably, 
gross-total resection (GTR) confers substantial prognostic benefits 
for IDH mutant 1p/19q non-codeleted (IDHmut-Noncodel) astrocy-
tomas. Even minimal residual tumors significantly affect prognosis 
in this subtype, unlike the less prominent effect observed in IDH 
mutant 1p/19q codeleted (IDHmut-Codel) oligodendrogliomas.6–8 
Prior explanations have attributed this phenomenon to inherent 
tumor behavior, but our study aims to delve deeper into the mo-
lecular alterations underpinning these observations, seeking more 
robust evidence.

O6-methylguanine-DNA methyltransferase promoter (MGMTp) 
is as a pivotal molecular parameter in predicting chemotherapy ef-
fectiveness, particularly with temozolomide. Using pyrosequencing 
(PSQ), known for its accuracy and quantitative assessment across 
various CpG sites, we aim to surpass the binary classification (meth-
ylated or unmethylated) used in previous studies. Building on recent 
findings in glioblastoma (GBM), where the intermediate methylation 
status of MGMTp demonstrated a moderate prognosis,9–11 our study 
endeavors to unravel the heterogeneity and hierarchy of MGMTp in 
grade 2–3 gliomas. We seek to elucidate these distinctions to pro-
vide insights into why astrocytomas and IDH wild-type LGGs might 
derive less benefit from chemotherapy.

2  |  METHODS AND MATERIAL S

2.1  |  Patients and inclusion criteria

From 2013 to 2021, we included consecutive adult patients with 
diffuse grade 2–3 gliomas treated at our institute. Comprehensive 
molecular data, including IDH 1/2 (via next-generation sequencing), 
1p/19q (via fluorescence in situ hybridization), and TERT promoter 
(via next-generation sequencing), were collected for integrated di-
agnosis. For IDH 1/2 wild-type gliomas (IDHwts), we additionally 
tested for BRAF V600E mutation, epidermal growth factor recep-
tor (EGFR) amplification, +7/10−, and H3.3/3.1 K27M mutation, fol-
lowing the 2021 World Health Organization (WHO) guidelines for 
brain tumor classification.12 Only radiologically highly suspected 
diffuse LGG in adults were enrolled in this study (tumors with evi-
dent enhancement (punctiform [<1 mm in diameter] or poorly de-
fined faint enhancement were tolerated), necrosis, or hemorrhage 
were excluded).13 To differentiate from de novo glioblastoma, we 
retained the term “IDHwts with GBM features” for this radiologi-
cally comparable subgroup. The study received approval from the 
Institutional Review Board of Capital Medical University, adhering 
to the principles of the Declaration of Helsinki, and all patients pro-
vided informed consent.

2.2  |  Pyrosequencing of O6-methylguanine-DNA 
methyltransferase promoter and hierarchy 
classification

Pyrosequencing (PSQ) was used to determine the methylation levels 
of CpGs 74–81 following manufacturer instructions. Genomic DNA 
was extracted from formalin-fixed paraffin-embedded (FFPE) tumor 
sections using QIAamp DNA FFPE Tissue Kits (Qiagen), yielding ≥2 μg 
of qualified DNA for bisulfite conversion and PCR. Amplification 
of bisulfite-treated DNA targeted CpG sites 74–81 in MGMT pro-
moter exon 1 (chromosome 10, 131,265,507–131,265,544). MGMT 

involvement from methylated, low-methylated to unmethylated cases (72.8%, 59.3%, 
and 47.8%, respectively). In contrast, low-methylated and unmethylated cases were 
more likely to invade the temporal-insular region (19.7%, 34.3%, and 40.4%, respec-
tively). Astrocytomas with intermediate MGMTp methylation were notably associ-
ated with temporal-insular involvement, potentially indicating a moderate response 
to temozolomide and underscoring the importance of aggressive resection strate-
gies. In conclusion, our study elucidates the complex interplay of MGMTp methyla-
tion hierarchy and heterogeneity among grade 2–3 gliomas, providing insights into 
why astrocytomas and IDH wild-type lower-grade glioma might derive less benefit 
from chemotherapy.
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Methylation Detection Kits (Gene Tech, Shanghai, China) were 
used, and methylation data were analyzed using a PyroMarker Q96 
instrument and software (Qiagen). The analyzed sequences were 
YGTTTTGYGTTTYGAYGTTYGTAGGTTTTYGYGGTGYGTA. Cases 
were classified into methylated (>20%), low methylation (10%–20%), 
and unmethylated (<10%) subgroups.9,10 In this study, DNA methyla-
tion sequencing data for LGG and accompanying clinicopathological 
parameters were downloaded from The Cancer Genome Atlas (TCGA) 
database (https://​portal.​gdc.​cancer.​gov/​). Samples with incomplete 
data were removed, resulting in a final cohort of 502 primary LGG pa-
tients. The average methylation level of the MGMT promoter was cal-
culated by averaging the beta values of the identified CpG sites, while 
the average genome-wide methylation level was computed by averag-
ing the eta values across all CpG sites. Pearson correlation coefficients 
were calculated to assess the relationship between MGMT promoter 
methylation levels and genome-wide methylation levels.

2.3  |  Radiological data collection

Preoperative CT (GE Discovery CT750HD, USA) and MRI scans 
(Siemens Trio Tim or GE Discovery MR750, USA) were collected, in-
cluding axial T1-weighted, T2-weighted fast spin echo, T2 FLAIR, and 
axial contrast-enhanced T1-weighted images. ITK-SNAP software 
(version 3.8.0) facilitated tumor region extraction in FLAIR space, co-
registered with T1WI, T2WI, and ADC series.13 A semi-automatically 
segmented region of interest (ROI) was manually corrected by an expe-
rienced radiologist (J.C.W, 6 years of radiology experience). All normal-
ized ROI masks were aligned with the Montreal Neurological Institute 
standard space using Statistical Parametric Mapping (SPM12, www.​fil.​
ion.​ucl.​ac.​uk/​spm/​softw​are/​spm12​). A tumor overlapping image was 
generated with all normalized tumor masks using MRIcroGL software 
(www.​nitrc.​org/​plugi​ns/​mwiki/​​index.​php/​mricr​ogl:​MainPage).

2.4  |  Adjuvant treatment, extent of resection 
assessment, and follow-up

Adjuvant therapeutic strategies varied based on factors such as the 
extent of tumor removal, age, pathology, and patient compliance. 
Before January 1, 2016, ACNU-based protocols (ACNU 90 mg/m2, 
day 1, and VM 60 mg/m2, days 1–3) were predominantly employed 
due to medical insurance limitations. For WHO grade 3 gliomas and 
all IDHwts, chemotherapy and radiation therapy (RT) treatment 
commenced 3–6 weeks post-surgery. Observation was recom-
mended for low-risk grade 2 patients, while chemotherapy alone 
was implemented for oligodendrogliomas.14

Postoperative MRI at 48–72 h assessed the extent of resection 
(EOR) based on residual high-intensity regions on T2/FLAIR images. 
The degree of removal was calculated as (preoperative tumor vol-
ume − postoperative tumor volume)/preoperative tumor volume, 
categorized as gross total resection (GTR, ≥100%), subtotal resec-
tion (STR, >90%), and partial resection (PR, ≤90%).

Standard follow-up included brain MRI scans (T2WI, FLAIR, 
and pre-and post-contrast T1W sequence) every 6–12 months for 
at least 5 years, followed by annual or clinically indicated scans.15,16 
PFS was defined as the duration from initial surgery to tumor pro-
gression, and OS was the duration between initial surgery and death 
or last follow-up.

2.5  |  Statistical analysis

Student's t-test or the Mann–Whitney U-test was used for continu-
ous normal distribution or nonparametric data. The χ2 test or Fisher's 
exact test was used to compare categorical variables. Survival com-
parison was performed using Kaplan–Meier plots with log-rank 
analysis. GraphPad Prism 9.0.1 (GraphPad Software, USA) and SPSS 
version 25.0 (IBM Corporation, Armonk, NY, USA) were used for sta-
tistical analysis. Probability values were obtained using two-sided 
tests with statistical significance defined as p < 0.05.

3  |  RESULTS

3.1  |  Demographic description

A total of 668 cases were enrolled in this study, including 320 
IDHmut-Codel oligodendrogliomas, 293 IDHmut-Noncodel as-
trocytomas, and 55 IDHwts (Table  1). There were no significant 
differences in gender distribution or tumor volume among the 
groups. IDHmut-Noncodel astrocytomas presented in younger pa-
tients (mean ages: IDHmut-Codel 42.6 years, IDHmut-Noncodel 
39.3 years, IDHwts 42.5 years, p < 0.001) and had a higher propor-
tion of grade 2 tumors (66.6%, 80.5%, and 54.5% for oligodendro-
gliomas, astrocytomas, and IDHwts, respectively, p < 0.001). Most 
IDHwts (51/55, 92.7%) harbored TERT promoter mutations, EGFR 
amplification, and/or +7/10− chromosome alterations, aligning with 
molecular features characteristic of glioblastoma. A subset of cases 
(4/55) presented challenges in definitive classification based on our 
current testing strategy.

Spatial involvement varied significantly, with oligodendrogliomas 
showing a predilection for frontal lobe involvement (78.1%, 51.9%, 
and 49.1% for oligodendrogliomas, astrocytomas, and IDHwts, re-
spectively). Astrocytomas were more commonly located in the 
temporal-insular area (15.9%, 39.9%, and 30.9% for oligodendrogli-
omas, astrocytomas, and IDHwts, respectively, p < 0.001, Tables 1 
and 2). Treatment protocols are detailed in Table 1.

3.2  |  Prognostic effect of gross total resection in 
astrocytomas and oligodendrogliomas

With a median follow-up of 52.0 months (range: 12–110 months), 
22.5% of patients experienced tumor progression, and 13.0% died. 
After adjusting for age, adjuvant treatment, and MGMT promoter 
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status, oligodendroglioma patients receiving subtotal resection 
(STR) showed clinical outcomes comparable to those with GTR, both 
superior to partial resection (PR) patients (median PFS and OS not 
reached, GTR vs. STR, p > 0.05 for PFS and OS; GTR and STR vs. 

PR, p < 0.05 for PFS and OS, Figure 1B-a for PFS and Figure 1C-a 
for OS). In contrast, astrocytoma patients benefited significantly 
from GTR (median PFS for GTR, STR, and PR: unreached, 52.0, and 
46.0 months, p < 0.001, Figure 1B-b; median OS for GTR, STR, and 

Characteristics IDHmut-Codel
IDHmut-
Noncodel IDHwt p

Number of cases 320 293 55

Gender (n, %)

Female 146 (45.6) 135 (46.1) 29 (52.7) 0.614

Male 174 (54.4) 158 (53.9) 26 (47.3)

Age (mean, yrs) 42.6 ± 9.4 39.3 ± 9.5 42.5 ± 10.1 <0.001

Grade (n, %)

2 213 (66.6) 236 (80.5) 30 (54.5)

3 107 (33.4) 57 (19.5) 25 (45.5) <0.001

Volume (median, mL) 35.3 41.6 29.4 0.414

Tumor location

Frontal 250 (78.1) 152 (51.9) 27 (49.1)

Temporal-insular 51 (15.9) 117 (39.9) 17 (30.9) <0.001

Parieto-occipital 19 (5.9) 24 (8.2) 11 (20.0)

CpG sites (median, %)

74 30.5 16 3

75 34 24 5

76 21.5 14 5

77 23 13 3

78 12 9 3

79 29 16 5

80 31 19 3

81 31 16 3

Average 28 18 4

Methylated 
(average > 12%)

286 (89.4) 207 (70.6) 13 (23.6) <0.001

MGMTp hierarchy (%)

>20% 234 (73.1) 116 (39.6) 10 (18.2)

11%–20% 59 (18.4) 108 (36.9) 5 (9.1) <0.001

0%–10% 27 (8.4) 69 (23.5) 40 (72.7)

EOR (%)

GTR 139 (43.4) 113 (38.6) 19 (34.5)

STR 135 (42.2) 122 (41.6) 19 (34.5) <0.001

PR 46 (14.4) 58 (19.8) 17 (30.9)

Adjuvant treatment (%)

Observation 24 (7.5) 55 (18.8) 6 (10.9)

RT 19 (5.9) 39 (13.3) 6 (10.9)

AVM 23 (7.2) 15 (5.1) 1 (1.8)

Temozolomide 126 (39.4) 55 (18.8) 3 (5.5)

RT + AVM 22 (6.9) 10 (3.4) 2 (3.6)

RT + Temozolomide 106 (33.1) 119 (40.6) 37 (67.3)

Abbreviations: AVM, ACNU-based protocols (ACNU 90 mg/m2, day 1, and VM 60 mg/m2, days 1–3); 
IDHmut-Codel, IDH mutant and 1p/19q codeleted oligodendrogliomas; IDHmut-Noncodel, IDH 
mutant 1p/19q non-codeleted astrocytomas; IDHwt, IDH wild-type gliomas; RT, radiation therapy.

TA B L E  1  Clinical and radiological 
characteristics for grade 2–3 gliomas.
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PR: unreached, unreached, and 80.0 months, p < 0.001, Figure 1C-b). 
Although limited by sample size, IDHwts also showed a trend to-
ward benefiting from GTR, although this was not statistically signifi-
cant for PFS and OS (median PFS for GTR, STR, and PR: 38.0, 12.0, 
and 11.0 months, p = 0.107, Figure 1B-c; median OS for GTR, STR, 
and PR: unreached, 28.0, and 21.0 months, p = 0.092, Figure 1C-c). 
During the follow-up period of post-adjuvant therapy, we observed 
that oligodendrogliomas might derive substantial benefit from adju-
vant chemoradiotherapy and showed tumor regression, whereas as-
trocytomas, along with IDH wild-type LGGs, exhibited rapid tumor 
regrowth and treatment failure (Figure 2). This phenomenon under-
scored the necessity for further investigation into the underlying 
mechanisms that drove the distinct residual tumor control effects.

3.3  |  Relatively lower O6-methylguanine-DNA 
methyltransferase promoter methylation levels and 
more low-methylated cases were observed in 
astrocytomas

The status of the MGMT promoter is the most critical gene for as-
sessing the effectiveness of chemotherapy. Astrocytomas exhibited 
relatively lower MGMTp methylation levels, with intermediate levels 
for each tested CpG site (median for CpGs 74–81: oligodendroglio-
mas 12%–34%, astrocytomas 9%–18%, IDHwts 3%–5%, all p-values 
<0.001, Figure 3A–C). The average CpG results revealed a hierar-
chical pattern of methylation (median 28%, 18%, and 4% for oligo-
dendrogliomas, astrocytomas, and IDHwts, respectively, p < 0.001, 
Figure 3C,D).

Further analysis classified cases into methylated (>20%), low-
methylated (10%–20%), and unmethylated (<10%) subgroups. 
Oligodendrogliomas had the highest percentage of methylated 
cases (73.1%), while astrocytomas predominantly fell into the low-
methylated subgroup (36.9%), and unmethylated cases were more 
common in IDHwts (72.7%, p < 0.001, Table  1 and Figure  3E). A 
potentially intermediate tumor-control effect might be observed 
in astrocytomas due to moderate MGMTp methylation levels. 

Furthermore, our analysis of DNA methylation sequencing data from 
TCGA database, comprising 502 primary LGG patients, revealed a 
moderate correlation between MGMT promoter methylation lev-
els and overall genome-wide methylation levels (Pearson's r = 0.57, 
p < 0.001). This finding suggests that MGMT promoter methylation 
might partially serve as a surrogate marker for whole-genome epi-
genetic modification assessment.

3.4  |  Histological analysis revealed a grade 2 
predilection for intermediate methylation cases

Additionally, we observed significant differences in median methyla-
tion levels between WHO grade 2 and grade 3 tumors (oligodendro-
gliomas: 27.0% vs. 36.0%, p < 0.001; astrocytomas: 16.0% vs. 21.0%, 
p = 0.039; all LGGs: 21.0% vs. 27.0%, p < 0.001, Mann–Whitney U-
test). In the low-methylation subgroup, 79.7% (137/172) of cases ex-
hibited a lower histological grade (WHO grade 2), significantly higher 
than in methylated (66.9%, 241/360) and unmethylated tumors 
(74.3%, 101/136, p = 0.007). Among grade 2 low-methylated tumors, 
67.2% (92/137) were IDHmut-Noncodel astrocytomas, while oligo-
dendrogliomas (30.7%, 42/137) and IDHwts (2.2%, 3/137) were 
less prevalent. These findings suggest that low-methylated tumors 
might exhibit relatively less aggressive behavior and a predilection 
for astrocytomas.

3.5  |  Spatial analysis revealed a close 
association between low-methylation cases and 
temporal-insular area involvement

We observed that a significant proportion of low-methylated cases 
exhibited a preference for temporal-insular invasion as well. LGGs 
commonly affected the frontal lobe (64.2%, 429/668, Figure 4A), par-
ticularly in oligodendrogliomas (78.1%, 250/320, Figure 4B-a; astrocy-
tomas, 51.9%, 152/293, Figure 4B-b; IDHwt, 49.1%, 27/55, Figure 4B-c). 
From methylated, low-methylated to unmethylated cases, there was a 

Subgroups (n, %)

Tumor location

Frontal
Temporal-
insular

Parieto-
occipital Total p

All 429 (64.2) 185 (27.7) 54 (8.1) 668

IDHmut-Codel 250 (78.1) 51 (15.9) 19 (5.9) 320

IDHmut-Noncodel 152 (51.9) 117 (39.9) 24 (8.2) 293 <0.001

IDHwt 27 (49.1) 17 (30.9) 11 (20.0) 55

Methylation classification

Methylated 262 (72.8) 71 (19.7) 27 (7.5) 360

Low-methylated 102 (59.3) 59 (34.3) 11 (6.4) 172 <0.001

Unmethylated 65 (47.8) 55 (40.4) 16 (11.8) 136

Abbreviations: IDHmut-Codel, IDH mutant and 1p/19q codeleted oligodendrogliomas; IDHmut-
Noncodel, IDH mutant 1p/19q non-codeleted astrocytomas; IDHwt, IDH wild-type gliomas.

TA B L E  2  Association between spatial 
distribution and grade 2–3 gliomas’ 
molecular status.
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decrement in frontal lobe invasion (72.8%, 59.3%, and 47.8%, respec-
tively, Figure 4C) and an increase in temporal-insular invasion (19.7%, 
34.3%, and 40.4%, respectively, Figure 4C). Our results also revealed 

significant differences in median MGMT promoter methylation levels 
between tumors located in the frontal and temporal-insular areas (oli-
godendrogliomas: 30.0% vs. 23.0%, p = 0.047; astrocytomas: 19.0% vs. 

F I G U R E  1  The relationship between extent of resection (EOR) and prognosis of grade 2–3 gliomas. (A) Typically illustrative examples of 
patients who received gross total resection (a, gross total resection [GTR]; b, subtotal resection [STR]; and c, partial resection [PR] (c). Pre 
and post, preoperative and postoperative T2WI, FLAIR, and T1CE images. Orange arrows represent tumor residuals. (B) Progression-free 
survival (PFS) comparison among gliomas: (a) oligodendroglioma patients who received STR were not inferior to those who underwent GTR, 
but both superior to PR patients; (b) astrocytoma patients might achieve significant tumor control benefits from undergoing GTR (median 
PFS for GTR, STR, and PR: unreached, 52.0 months and 46.0 months, respectively); and (c) limited by the sample size, we observed a clear 
trend toward IDH wild-type gliomas (IDHwts) also benefiting from GTR, although this difference was not statistically significant for PFS 
(median PFS for GTR, STR, and PR: 38.0, 12.0, and 11.0 months, p = 0.107). (C) Overall survival (OS) comparison among grade 2–3 gliomas: 
(a) the OS between GTR and STR patients was comparable but both were superior to STR patients in oligodendrogliomas; (b) an evident OS 
hierarchy was observed for GTR, STR, and PR astrocytoma cases; and (c) GTR might improve the survival of IDHwts (median OS for GTR, 
STR, and PR: unreached, 28.0 months, and 21.0 months, respectively, p = 0.092).
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16.0%, p = 0.014; all LGGs: 24.0% vs. 16.0%, p < 0.001). Tumor involve-
ment in the parieto-occipital lobes was comparable across methylation 
statuses (methylated, low-methylated, and unmethylated, 7.5%, 6.4%, 
and 11.8%, respectively, Figure 4C and Table 2).

Among low-methylated cases, 34.3% (59/172, Figure  4C-b) 
were located in the temporal-insular area, higher than methyl-
ated cases (19.7%, 71/360, Figure  4C-a) but slightly lower than 
unmethylated cases (40.4%, 55/136, Figure  4C-c). Most of the 

low-methylated temporal-insular cases were IDHmut-Noncodel 
astrocytomas (76.3%, 45/59), with oligodendrogliomas (22.0%, 
13/59) and IDHwts (1.7%, 1/59) being less common. We per-
formed a multivariable logistic regression analysis to identify fac-
tors associated with temporal-insular involvement in gliomas. The 
variables included in the analysis were molecular diagnosis (cate-
gorized as oligodendrogliomas, astrocytomas, and IDH wild-type 
LGGs), tumor grade (WHO grade 2 or 3), and quantitative MGMT 

F I G U R E  2  Some representative outcomes of grade 2–3 gliomas treated with different tumor removal strategies are shown (A, gross 
total resection [GTR]; B, subtotal resection [STR]; C, partial resection [PR]). (A) GTR can provide significant benefits for gliomas. (B) 
Oligodendrogliomas with STR exhibit a better response to chemoradiotherapy, and the residual tumor often regresses following adjuvant 
treatment. However, the small residuals remaining from astrocytomas and IDH wild-type gliomas (IDHwts) can be a direct source of tumor 
progression. (C) Patients who undergo PR experience tumor recurrence within a relatively short follow-up period. Orange arrows represent 
tumor residuals and red arrows are radiological outcomes. Pre, preoperative; post, postoperative; mon; months after operation.
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promoter methylation levels (treated as a continuous variable). 
The results demonstrated that only quantitative methylation lev-
els were significantly associated with temporal-insular involvement 
(β = 0.985, 95% CI: 0.973–0.997, p = 0.015). In contrast, molecular 
diagnosis (astrocytoma vs. oligodendroglioma: β = 0.549, 95% CI: 
0.274–1.098, p = 0.090; IDH wild-type LGGs vs. oligodendroglioma: 
β = 1.635, 95% CI: 0.857–3.123, p = 0.136) and tumor grade (WHO 
grade 3 vs. grade 2: β = 1.279, 95% CI: 0.836–1.956, p = 0.256) were 
not significantly associated with temporal-insular location.

4  |  DISCUSSION

Studies have established that gross total resection (GTR) sig-
nificantly improves survival for IDHmut-Noncodel astrocytomas, 

whereas even small residual tumors can markedly shorten PFS 
and OS.6,7,17–20 Consequently, an aggressive resection strategy is 
recommended for eligible IDHmut-Noncodel cases to maximize 
prognosis. Notably, the critical prognostic effect of GTR is notably 
attenuated in IDHmut-Codel oligodendrogliomas, where subtotal 
resection (STR) can achieve comparable outcomes following adju-
vant chemoradiotherapy. Although the indolent growth pattern of 
oligodendrogliomas might partly explain this discrepancy, our study 
systematically explored the key molecular marker, MGMT promoter 
methylation, across a large cohort of grade 2–3 gliomas, revealing 
significant differences that influence treatment responses and un-
equal importance of surgical removal among gliomas in turn.

Previous studies have shown that IDH mutation is strongly asso-
ciated with methylated MGMTp due to significantly increased overall 
genomic CpG methylation.21 IDH 1/2 mutations bring out extensive 

F I G U R E  3  The difference in O6-methylguanine-DNA methyltransferase promoter (MGMTp) methylation status among grade 2–3 
gliomas. (A) The heatmap of quantitative MGMTp methylation levels for gliomas. The results showed substantial heterogeneity among CpG 
sites and hierarchy in gliomas. (B) Representative examples for methylated oligodendrogliomas (a), low-methylated astrocytomas (b), and 
unmethylated IDHwts (c). (C) The median methylation results of gliomas. Oligodendrogliomas harbored the highest methylation levels for 
each CpGs tested, followed by astrocytomas and IDH wild-type gliomas (IDHwts). (D) The distribution of average results of CpGs 74–81 
showed hierarchy among gliomas. (E) Tiered average methylation levels revealed that most oligodendrogliomas were methylated (>20%), 
while low-methylated (10%–20%) cases increased in astrocytomas and unmethylated (<10%) cases were common in IDHwt subgroups. (F) 
Correlation between MGMT promoter methylation levels and genome-wide methylation levels. DNA methylation data were obtained from 
TCGA database, and Pearson correlation coefficients were calculated to determine the relationship. The analysis included 502 primary LGG 
patients, and both the MGMT promoter and genome-wide methylation levels were computed as average beta values of the respective CpG 
sites. The MGMT promoter methylation levels had a moderate relationship with overall methylation levels in TCGA-LGGs (r = 0.57, p < 0.001), 
which implied that MGMTp methylation might only partially serve as a surrogate for G-CIMP.

F I G U R E  4  Spatial distribution of grade 2–3 gliomas. (A) Gliomas frequently invaded the frontal lobe and then the temporal-insular and 
parieto-occipital lobes. (B) Oligodendrogliomas (a), astrocytomas (b), and IDH wild-type gliomas (IDHwts) (c) displayed different spatial 
preferences. Most of the oligodendrogliomas located in the frontal lobe, and more astrocytomas, showed temporal-insular involvement. 
(C) Based on the average results of all CpG sites tested, we simply classified gliomas as (a) methylated (>20%), (b) low methylation 
(10%–20%), and (c) unmethylated (<10%), and we noticed a decrement of frontal invasion while an inverse trend of temporal-insular 
infringement (frontal lobe involvement: 72.8% (262/360) of methylated, 59.3% (102/172) of low-methylated, and 47.8% (65/136) of 
unmethylated LGGs, temporal-insular invasion: 19.7% (71/360) of methylated, 34.3% (59/172) of low-methylated, and 40.4% (55/136) of 
unmethylated LGGs, Table 2).
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epigenomic alterations, resulting in the glioma-CpG island methyl-
ator phenotype (G-CIMP) by remodeling the methylome and tran-
scriptome.22,23 The abnormal accumulation of 2-hydroxyglutarate 
(2-HG) from mutant IDH 1/2 impairs dioxygenases, including histone 
and DNA demethylases, leading to global hypermethylation status, 
including the MGMT gene.22,24–27

Recent studies indicate that MGMTp methylation status varies 
among IDH mutant gliomas, contrary to traditional stereotypes. 
MGMTp unmethylation is more common in IDHmut-Noncodel as-
trocytomas compared to IDHmut-Codel oligodendrogliomas.28 
Results from Northwestern Memorial Hospital (NMH) by PSQ 
assay showed that nearly 20% of IDHmut-Noncodel astrocytomas 
(17/97, 17.5%) lacked methylated MGMTp, significantly higher than 
oligodendrogliomas (3.8%, 2/53). In a large cohort of TCGA cases, 
11.7% of IDHmut-Noncodel astrocytomas (30/257) were MGMTp 
unmethylated, while only 1/169 (0.6%) of unmethylated cases were 
observed in IDHmut-Codel oligodendrogliomas. Kinslow et  al.29 
reported that 22.2% (288/1297) of 1p/19q codeleted gliomas 
showed unmethylated MGMT promoter status, and 52% (370/712) 
of IDH1/2 mutant astrocytomas were unmethylated.30 Our study 
corroborates these findings, demonstrating that oligodendrogliomas 
are more likely to exhibit hypermethylated MGMT promoter status 
compared to astrocytomas. Specifically, we observed a moderate 
and comparable proportion of unmethylated cases (methylation 
levels <10%) in lower-grade gliomas: 8.4% (27/320) in oligodendro-
gliomas and 23.5% (69/293) in astrocytomas. One possible expla-
nation for this hypermethylation in oligodendrogliomas is the gene 
dosage effect caused by the 1p/19q codeletion in IDH mutant glio-
mas. Additionally, variations in sample purity, such as the presence 
of non-tumor cells, can significantly affect molecular analyses. In 
the TCGA-LGG dataset, IDHmut-Noncodel astrocytomas generally 
exhibit lower sample purity compared to IDHmut-Codel oligoden-
drogliomas, highlighting the complexity of interpreting genomic data 
within the tumor microenvironment. The moderate correlation be-
tween MGMT promoter methylation and overall methylation levels 
further suggests that these factors play independent roles in deter-
mining clinical outcomes.

Various techniques, including methylation-specific PCR (MSP), 
quantitative MSP (qMSP), pyrosequencing (PSQ), and immunohisto-
chemistry (IHC), are used to assess MGMTp status. PSQ provides un-
paralleled quantitative methylation results for individual CpG sites. 
Recent findings in glioblastomas have shown a hierarchical and het-
erogeneous pattern of MGMTp methylation levels. Josefine et al.9 
categorized MGMTp status into unmethylated (<10% mean meth-
ylation), low-methylated (10%–20% mean methylation), and highly 
methylated (>20% mean methylation), with the low-methylated 
group demonstrating intermediate prognosis. Chai et al.11 identified 
distinct prognostic hierarchies among methylated, unmethylated, 
and gray-zone subgroups in malignant gliomas. Our study elaborates 
on the hierarchy and heterogeneity of MGMTp in grade 2–3 gliomas 
using a quantitative protocol, suggesting that IDHmut-Noncodel as-
trocytomas might have a moderate temozolomide response due to 
more low-methylated and unmethylated cases.

Our study also initially revealed the heterogeneous and hierar-
chical spatial distribution of MGMTp in grade 2–3 gliomas, showing 
a close relationship between non-frontal involvement and relatively 
lower MGMTp methylation levels. Compared to IDHmut-Codel oli-
godendrogliomas, more astrocytomas displayed temporal-insular in-
volvement and intermediate MGMTp status. These findings suggest 
that different cerebral regions might exhibit distinct mechanisms of 
tumorigenicity and methylation patterns. More low-methylated cases 
in the temporal-insular zone indicated a relatively compromised te-
mozolomide effect, warranting an aggressive resection strategy.

Controversies persist regarding the prognostic role of MGMTp in 
WHO grade 2–3 gliomas. We acknowledge the absence of an ideal 
cutoff value for MGMTp in IDH mutant gliomas and recognize that 
this parameter might differ within oligodendrogliomas or astrocy-
tomas. Cutoff values from glioblastomas might be unreliable due to 
distinct molecular backgrounds (e.g. loss copy of chromosome 10). 
Deriving a reliable cutoff value for prognosis stratification is chal-
lenging, as our dataset does not provide a clear threshold for me-
dian PFS or OS (22.5% of patients encountered tumor progression, 
while 13.0% succumbed to the disease, Figure S1). We summarized 
studies on the prognostic role of MGMTp in grade 2–3 gliomas 
(Table  S1). Although the classification strategy from glioblasto-
mas was used, some results were illuminating. The EORTC study 
26,053–22,054 confirmed the survival benefit of temozolomide 
for IDHmut-Noncodel astrocytomas, with binary MGMTp classifi-
cation remaining a prognostic biomarker.31 Another study (EORTC 
22,033–26,033) revealed comparable disease control effects of te-
mozolomide and radiotherapy in oligodendrogliomas but not in as-
trocytomas,32 and the RTOG 0424 study confirmed the prognostic 
significance of MGMTp for LGGs.33 Notably, the nationwide study 
by Kinslow et al. suggests survival benefits from chemotherapy in 
methylated 1p/19q codeleted gliomas,29 while the research by Kim 
et al. did not observe prognostic differences in both oligodendrogli-
omas and astrocytomas.34 Thus, the prognostic role of MGMTp in 
grade 2–3 gliomas warrants further validation.35

Despite limitations such as relatively short follow-up periods, in-
sufficient molecular testing, the retrospective nature of the study, 
and its single-institution focus, our study first revealed the hetero-
geneity and hierarchy of MGMTp status among grade 2–3 gliomas 
and pinpointed the spatial distribution of tiered cases based on this 
gene. These findings are significant for improving our understanding 
of grade 2–3 gliomas.

In conclusion, our findings reveal a significant hierarchy and 
distinct spatial distribution of MGMT promoter methylation lev-
els among WHO grade 2–3 gliomas. More astrocytomas displayed 
an intimate association between intermediate MGMTp status and 
temporal-insular involvement, which might indicate a moderate ef-
fect of temozolomide and warrant an aggressive resection strategy.
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