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Abstract. O6-methylguanine-DNA methyltransferase
(MGMT) serves a crucial role in DNA repair by removing
alkyl lesions from the O6 position of guanine, maintaining
genomic stability. Loss of MGMT expression, often due
to promoter methylation, is linked to enhanced sensitivity
to chemotherapy. While MGMT methylation has been
observed in various cancers, its impact on overall survival
(OS) in solid tumors remains uncertain. According to the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses guidelines, studies were selected from
PubMed that examined the impact of MGMT methylation on
OS in adult patients with solid tumors. Data were extracted
where methylation status was defined, and OS was reported
through hazard ratios (HRs) and confidence intervals
(CIs) from either univariate or multivariable analyses. R
version 4.4.2 and the ‘meta’ package were employed for the
meta-analysis, using both fixed-effects (Mantel-Haenszel
method) and random-effects (DerSimonian-Laird method
with Hartung-Knapp adjustment) models based on the I*
statistic for heterogeneity. Subgroup analyses were performed
by cancer type, and publication bias was assessed through
funnel plot inspection and Egger's regression. A total of 21
studies involving 2,946 patients met the inclusion criteria.
The fixed-effects model showed a significant association
between MGMT promoter methylation and poorer OS
(HR=1.27; 95% CI, 1.13-1.42; P<0.0001); however, notable
heterogeneity (I?=64.7%) led to a non-significant result under
the random-effects model (HR=1.26; 95% CI, 0.97-1.65;
P=0.084). Subgroup analyses revealed that MGMT meth-
ylation was strongly associated with decreased survival in
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biliary tract (HR=2.31), cervical (HR=2.50) and duodenal
cancers (HR=4.25), whereas melanoma exhibited improved
survival (HR=0.32). Other cancer types, including colorectal,
esophageal, head and neck, leiomyosarcoma, non-small cell
lung cancer and pancreatic neuroendocrine tumors, demon-
strated no notable relationship between MGMT methylation
and OS. Sensitivity analyses confirmed the stability of these
findings despite the inherent heterogeneity. In conclusion,
MGMT promoter methylation may be a prognostic biomarker
in select solid tumors; however, its impact on OS varies by
cancer type. Further studies with standardized methylation
assessment methods are warranted to clarify its prognostic
and predictive utility, especially on OS.

Introduction

0O6-methylguanine-DNA methyltransferase (MGMT) is a
DNA repair protein responsible for combating adducts from
O6-guanine (1,2). Alkylation at the O6 position of guanine
renders the DNA vulnerable to point mutation and the formation
of DNA crosslinks; all of which can predispose an individual
to cancer (3). MGMT protein is expressed in lower amounts
in some cancers, predominantly due to the hypermethylation
of the MGMT promoter CpG (4,5). Abnormal methylation of
gene promoters leads to a loss of gene function, which can
confer a selective advantage to neoplastic cells, similar to
the effects seen with genetic mutations (6). MGMT serves
a pivotal role in repairing DNA damage caused by environ-
mental carcinogens and alkylating chemotherapy drugs such
as temozolomide (3); therefore, loss of MGMT function due to
promoter methylation compromises DNA repair mechanisms,
rendering tumor cells more vulnerable to alkylating agents
and increasing DNA damage and apoptosis (7-9).

MGMT methylation has been extensively studied in glio-
blastoma, where numerous clinical studies have demonstrated
that methylation of the MGMT promoter is an independent
predictor of improved survival. For instance, a meta-analysis
of 11 studies exclusively involving patients with glioblastoma
revealed that patients with a methylated MGMT promoter
experienced improved outcomes, with improvements in overall
survival (OS) (10). MGMT promoter methylation also serves
as a predictive marker for chemotherapy response in patients
with glioblastoma (11,12).
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Similar to high-grade gliomas (13), emerging data suggests
MGMT methylation is also a prognostic factor for response
to treatment in advanced neuroendocrine tumors (NETS).
Studies have documented an association between MGMT
status and clinical outcomes with alkylating agents (temo-
zolomide, dacarbazine and streptozotocin-based therapies) in
NET (14-16). A hypermethylated MGMT phenotype has been
identified in multiple premalignant and malignant solid tumors,
including colorectal (17), urothelial (18), pheochromocytomas
and paragangliomas (19) and oral (20) tumors. However, the
prognostic role of MGMT methylation on OS in solid tumors
remains to be determined.

In the present systematic review and meta-analysis, the
prognostic importance of MGMT methylation on OS in solid
tumors was investigated. By pooling data from diverse studies,
the analysis sought to evaluate the prognostic significance of
MGMT methylation across different tumor types and identify
cancers where MGMT methylation may serve as a predictive
biomarker.

Materials and methods

The present meta-analysis and systematic review were
performed in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (21).

Eligibility criteria. Studies were included in the meta-analysis
if they met the following inclusion criteria: i) Population: Only
studies involving human subjects were included, with research
based solely on cell lines without accompanying clinical
data, as well as studies focused on pediatric populations,
being excluded. Additionally, studies concerning gliomas,
lymphomas, leukemias or benign/premalignant conditions were
not considered. However, investigations of brain metastases
originating from solid tumors were included; ii) Methodology:
MGMT methylation status had to be assessed using a method
that was stated in detail, and the research needed to focus on
malignant solid tumors; iii) Outcome: OS had to be reported
as a study outcome and presented numerically, through hazard
ratios (HRs) and 95% confidence intervals (95% Cls). HR esti-
mates derived from either univariate or multivariate analyses
comparing MGMT-methylated vs. non-methylated patients
were accepted. When HR or 95% CI values were not provided
in a paper, the paper was excluded; and iv) Language: Finally,
only English-language articles published in peer-reviewed
international journals were included, whereas review papers,
meta-analyses and conference abstracts were excluded.

Search strategy. A systematic search of the literature was
conducted in the PubMed database (https://pubmed.ncbi.
nlm.nih.gov/) up to October 26, 2024. The search strategy in
PubMed was structured as follows: ['MGMT" (title/abstract) OR
‘O6-methylguanine-DNA methyltransferase’ (title/abstract)]
AND [‘methylation’ (title/abstract) OR ‘promoter methylation’
(title/abstract) OR ‘epigenetic’ (title/abstract)] AND [‘prog-
nosis’ (title/abstract) OR ‘survival’ (title/abstract) OR ‘outcome’
(title/abstract)] OR ‘mortality’ (title/abstract) OR ‘prognostic’
(title/abstract) OR ‘predictive’ (title/abstract)] AND [‘solid
tumor’ (title/abstract) OR ‘solid cancer’ (title/abstract) OR

‘carcinoma’ (title/abstract) OR ‘sarcoma’ (title/abstract)
OR ‘neoplasms’ (Medical Subject Headings terms) NOT
[‘review’ (publication type) OR ‘meta-analysis’ (publica-
tion type) OR ‘systematic review’ (publication type)] NOT
[‘glioma’ (title/abstract) OR ‘glioblastoma’ (title/abstract) OR
‘astrocytoma’ (title/abstract) OR ‘brain tumor’ (title/abstract)
OR ‘brain cancer’ (title/abstract)].

Study selection and data extraction. The titles and abstracts
were independently screened two by reviewers, followed
by a full-text assessment of studies that potentially satisfied
the eligibility criteria. Any disagreements were resolved by
consulting a third reviewer. Data extraction was performed
using a standard form, capturing the title, first author, publica-
tion year, country, study design, cancer type, total sample size,
number of cases with MGMT methylation, age, metastatic
status, follow-up period, sample type, detection method,
analysis type [multivariate (M'V); yes or no], OS HR and upper
and lower ClIs.

Meta-analysis. Statistical analyses were performed in R
(version 4.4.2; RStudio, Inc.), using the ‘meta’ (22) and
‘metafor’ packages (23). HR and corresponding 95% CI
were utilized to assess the association between MGMT
methylation status and OS. The overall effect estimate was
derived using a fixed-effects model (Mantel-Haenszel method)
and a random-effects model (DerSimonian-Laird method).
Heterogeneity was assessed via Cochran's Q test and the I?
statistic. Heterogeneity was considered significant when the
¥* test P<0.05 and the I? statistic >50% (24); in the presence of
significant heterogeneity, a random-effects model was adopted.
Subgroup analyses stratified by cancer type were performed to
explore heterogeneity sources. Publication bias was evaluated
through funnel plot inspection and Egger's linear regression
test. A sensitivity analysis, excluding individual studies itera-
tively, was conducted to assess the robustness of the results.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Included studies. A total of 21 studies met the inclusion criteria,
comprising 2,946 patients (Fig. 1; Table I). The most frequently
represented cancer types were colorectal cancer (n=6) and
head and neck cancer (n=6), followed by non-small cell lung
cancer (NSCLC) (n=2). The remaining cancer types were each
represented by a single study: Pancreatic NET, biliary tract
cancer, cervical cancer, duodenal cancer, esophageal cancer,
leiomyosarcoma and melanoma.

In the included studies, a range of methylation detection
techniques were used, including methylation-specific poly-
merase chain reaction (MSP), real-time quantitative MSP and
pyrosequencing. A summary of the study characteristics is
provided in Table I (25-45).

Pooled analysis. A total of two meta-analytic models were
computed, fixed-effects and random-effects. Using the
fixed-effects model (Mantel-Haenszel method), MGMT
promoter methylation was significantly associated with worse
OS, with a pooled HR of 1.27 (95% CI, 1.13-1.42; P<0.0001).
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Figure 1. Study selection flow diagram. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram illustrates the study selection

process.

However, due to significant heterogeneity across studies
[Q=56.68; degrees of freedom (df)=20; P<0.0001; I’=64.7%],
a random-effects model using the DerSimonian-Laird esti-
mator with Hartung-Knapp adjustment was employed. Under
this model, the association between MGMT methylation and
OS was not statistically significant, with a pooled HR of 1.26
(95% CI, 0.97-1.65; P=0.084).

Subgroup analysis. Subgroup analyses stratified by cancer
type demonstrated a significant difference in the effect of
MGMT methylation on OS across tumor types (Q=28.60;
df=9; P=0.0008). The corresponding pooled subgroup HRs
and ClIs are shown in Figs. 2 and 3. In biliary tract cancer,
MGMT methylation was associated with a significantly worse
OS (HR=2.31; 95% CI, 1.44-3.71). A similar detrimental effect
was observed in cervical cancer (HR=2.50; 95% CI, 1.20-5.20)
and duodenal cancer, which showed the highest HR among all
subgroups (HR=4.25; 95% CI, 2.00-9.04). By contrast, mela-
noma demonstrated a significant association with improved
survival (HR=0.32; 95% CI, 0.12-0.87). For colorectal cancer,
the pooled estimate was HR=1.08 (95% CI, 0.77-1.51), indi-
cating a non-significant relationship; similarly, head and neck

cancer showed a non-significant association (HR=1.15; 95%
CI, 0.82-1.61). Other cancer types, including esophageal cancer
(HR=1.00; 95% ClI, 0.55-1.80), leiomyosarcoma (HR=1.70;
95% (I, 0.67-4.29), NSCLC (HR=1.14,95% CI, 0.37-3.55) and
pancreatic NET (HR=2.06; 95% CI, 0.44-9.61), were also not
significantly associated with OS.

Publication bias. The Egger's regression test was not signifi-
cant (t=-0.13; P=0.895), suggesting no substantial evidence of
publication bias among the included studies (Fig. 4).

Sensitivity analysis. A leave-one-out sensitivity analysis
was performed for the overall pooled meta-analysis using a
random-effects model with Hartung-Knapp adjustment. The
analysis demonstrated that no single study exerted a dispro-
portionate influence on the overall pooled estimate. Across all
iterations, the HR remained relatively stable (ranging from 1.20
to 1.33), and heterogeneity (I?) was within a moderate range
(59-67%). Notably, the removal of certain studies [such as that
by Guadagni et al, 2017 (41) or that by Nilsson et al, 2013 (28)]
led to a significant association (P<0.05), but the overall findings
remained generally consistent (Fig. 5).


https://www.spandidos-publications.com/10.3892/etm.2025.13048

ALZIBDEH et al: MGMT METHYLATION IN SOLID TUMORS

uone[Ayow

payodar  (£8'0-S1°0) Toj Suto (9¢) €10

(82) JON 9¢€°0 SOX. -uonbesorg  onssiy, 0 ON 1T 111 VN [810210[00) oATdadsoney uopams§ ‘ID 12 UOSS[IN

pauodar (€9 1-12°0) §00T

Lo 10N 650 S9K dSIN  onssiL C S9A SOl S0l L9 DTOSN  2anoadsoney vsn ‘Ip 32 TeJRS

(c60-cro) (I1'TvC0o) 810¢

(S9) 90 SLO ON dSIN  enssi] 00T LN ST ST a9 [€39310[0D) aAndadsolg Aren ‘Ip 32 OUBIOIN

payodar  (z6'2-19°0) (z¥) 600C

(23] 10N el SO dSIN  onssiL or'Ic S9A LTI L1 §'<9 [£30010[00)  2ANOAdSONAY  UBMIE], ‘Ip 32 WY
Surouonbas

@TSLTon (€I -014d Suisn Yoou 600C

(rv) 67’ ¢ LT'C S9K SIN-O {dSIN  onssi], 08°6¢ S9A 88 88 (e pue peoy  oAndadsonay vsn ‘Ip 32 101R],

pauodar  (L8'¢-110) osu 110¢

(€v) JON €C’l ON dSIN  onssi] 0 ON LY Ly 86 pue peoH  oAnodddsonay  eiqrog ‘v 32 ordng

IQOUED QUIID

(6TTTs0)  (LS67110) -OpusoInsu (1€) 9102

(Tv) 601 90°C SO dSIN  enssi] 0 ON 6 6 LS opeaued  9AnoadsonaY vsn ‘1D 12 ZOpIA

pauiodar  (68°0-C1°0) L10T

Iy JON 43 BN VdTIN-SIN  9nssiL 0 ON LT LC I'v9 BWOUR[OJy  2Andadsonoy Aty “qv 42 wSepenn
uone[Ayjowt

(86'1-8L°0) (1L €1 1) 1oy Surouanb Is0ued (62) TT0T

(ov) YTl |54 SO -0s01Kg  onssIL, VN LN 91 91 99 en Areipig  eandadsonoy A ‘v 12 IBIN
8rs-¢v'1)  (S06-007) (dSW)

(€9 08'C YA 4 BN WSIIAMON NS, 0 ON 9 9 Y9 [euspon(  danoadsonay BUIYD 910T ‘1Y 12 nq

pauodar  (z¢'1-88°0) (dSN-O) 110¢

(6€) JON 80°I SO WSIIAMON  onssI, VN LN 668 Ge8 99 [e30010[0)  2AnadsONY vsn ‘Ip 32 pUIYS

pauodor  (S€'Z-0¢'T) €20C

(Lo 10N SL'T BN dSIN  onssiL 0s SI9A IT1 ITI €9 [e30210[00)  2Andadsonay  EIsIUN], ‘Ip 32 Tewref

Q1) (0T'¥-99'0) BUIOOTES £€¢0T

(90 (4 0L'1 ON dSIN  enssi] 001 LN [43 (43 86 -oAwore]  aAndadsonay N L) Y T Bl 0]

payodar  (61°6-0T'1) dSIN €20T

(%0) 0N 0S¢ SA PRIsON  wWnIag 0L SR 8y 0cc 12414 [BO1AI0D)  2Andadsonoy BIpU] ‘v 32 vydnn

Cspd) (D %S6) (ID %S6)  SisA[eue poylowt poyow g ‘syjuaned  papnjout snjels u (ueow 10  2dAy 190URD ugIsop Anuno) IB3A 10Ny

MH ‘Sdd MH ‘SO JqeLeA uorn0ddp Suiidweg  oneisedN sjuanyed uoneAyIow  ‘sjuoned  UBIpIW) Apmis
NI uone Ao oneIseloN  LINDIN WM o3y

sjuoned

“SOIPNJS PIPN[OUL JO SONSLIAORIRY)) ‘T A[qRL



‘uoneoyrdwe aqoid Juspuadap-uonesi| xopdnnuw oyroads-uone[Ayiow ‘Y TIN-SIN “MDd dyroads-uone[Ayow pajsau xo[dnnuw “yYDHd-SIA ‘Sunjow uonnosai-ysiy 9AnIsuds-uone[Ayjow
‘INIH-SIN {dSIN 2anemuenb ‘qSIN-O 4Dd dyroads uoneAylow gSA (1ooued Suny [[99 [[ews-uou ‘) TDOSN [BAIAINS 931J-U0IssaI301d ‘S d {[BAIOIUI QOUIPYUOD ‘D) ‘Onel pIezey ‘YH {[BAIAINS [[BIDAO ‘SO

O
[\
m, (€L1-€50) (SL'TI-L¥0) Aou
o (9¢) 96'0 160 BN dSIN-O BAI[ES 99 SOX G8l1 L61 8¢ pue pesH CINSRENEIVI VSN  TI0T ‘v 12 ung
- OTLHID  QUSTID) oou
m (T9) 8¢'C 99'1 ON INIH-SIN onssiy, 8¢ SOX ¥6 76 ¢e9 pue ped  eAanoadsonsy VSN  ¥00¢ ‘Iv 42 onz
m pauodar  (19'1-69'0) (sv)
b= (8¢) JION SOl SOA WIH-SIN onssiy, VN SOX 8¢ 8¢ 8'8¢ [e30010[0D)  2ATIdAdsOnAY [ute] Y10T ‘P12 1]
m paytodar (€€ T1-v€0) oau 600¢
M (1) JON L9°0 SOA dSIN onssLy, 0 ON LL LL 8¢ pue peo  eAndadsonay BIQISS ‘w12 w_msm
M pauodar (85 1-99°0) ou [euoneu L00T
M (0¢) JON [N} SOX dSIN onssL], 0 ON [4y4 €T 09 pue pedy  eAndadsonsy -DInA ‘v 32 MysIQ
M (09€-091) (LEE90T) (uepybel) [euonjeu (L£) €00T
ANn (62) 09'C 681 SOA dSIN-O onssiy, 0 ON 06 06 €¢€9 DTOSN  eanoadsonay - ‘jp 42 Iopuaqelg
m pavodar  (6L1-650)
m (se) JION 001 ON dSIN onssi], 1 SOA 0cl SCl 819 [eoSeydosy  danoadsonoy [uie] 110T ‘v 12 ]
b
M (s 1D %56) (ID %S6)  sisA[eue poyowt poylow 9, ‘sjuoned  popnpour smels u (ueowr 10  odA) 100URD ug1sop Anuno) Ieak 10Ny
5 MH ‘Sdd MH ‘SO J[qeLreA uor399)3p Suridweg  oneIseIdN sjuoned uone[Aylow  ‘sjuoned  UBIPIW) Apms
= DA uone[AYeN oneIseIdIN  LINDIN Wm a8y

sjuaned

"panunuo) ‘1 9[qeL

W
Q5
o
25
A
a ¥

T



https://www.spandidos-publications.com/10.3892/etm.2025.13048

Study Cancer

Cancer = biliary tract cancer

Niger M et al biliary tract cancer
Cancer = cervical

Gupta MK et al cervical
Cancer = colorectal

Jamai D et al colorectal
Shima K et al colorectal
Chen SP et al colorectal
Morano F et al colorectal
Nilsson TK et al colorectal

Li X etal colorectal

Fixed-effects model
Random-effects model (HK)
Heterogeneity: /> = 68%, t° = 0.0976, x2 = 15.6 (p = 0.0081)

Cancer = duodenal

FuTetal duodenal
Cancer = esophageal
LuC etal esophageal

Cancer = head and neck

Supic G et al head and neck
Taioli E etal head and neck
Dikshit RP et al head and neck
Supi¢ G et al head and neck
Zuo C etal head and neck
SunW et al head and neck

Fixed-effects model
Random-effects model (HK)
Heterogeneity: 1> = 33.2%, ° = 0.0577, 3% = 7.48 (p = 0.1870)

Cancer = leiomyosarcoma

Cannella L et al leiomyosarcoma

Cancer = melanoma

Guadagni S et al melanoma
Cancer = nsclc

Safar AM et al nsclc
Brabender J et al nsclc

Fixed-effects model
Random-effects model (HK)
Heterogeneity: 1> = 73.5%, t° = 0.4994, x> = 3.77 (p = 0.0521)

Cancer = pancreatic neuroendocrine cancer
Viudez A et al

Fixed-effects model
Randome-effects model (HK)
Heterogeneity: 1 = 64.7%, 1% = 0.1449, y2 = 56.68 (p < 0.0001)

pancreatic neuroendocrine cancer 2.06

ALZIBDEH et al: MGMT METHYLATION IN SOLID TUMORS

HR 95% CI Hazard Ratio Weight

i
231 (144- 371) - 6.4%

1

|
250 (1.20- 5.20) - 45%

I

|
175 (130- 235) ; 7.7%
108 (088- 132) . 8.3%
133 (061- 2.92) -+ 42%
075 (025- 222) —i 29%
036 (0.15- 0.87) ——i 3.7%
105 (069- 160) # 6.7%
118 (1.02- 1.37) .
1.08 (0.66- 1.78) . 33.6%
425 (200- 9.04) - 44%
100 (055- 1.80) - 5.5%
123 (040- 375) —— 28%
217 (111- 424) e 49%
102 (066- 158) + 6.6%
067 (0.34- 1.33) —f 48%
166 (0.77- 359) = 43%
091 (0.47- 176) -+ 5.0%
113 (0.87- 1.47) i}} .
115 (0.74- 1.80) 28.5%
170 (067- 4.29) e 3.5%
032 (012~ 087) —— 3.2%
059 (021- 164) St 3.1%
189 (106- 3.38) e 5.6%
143 (0.86- 2.36) P .
1.14 (0.00 - 1757.58) 8.7%
(0.44- 961) 17%
127 (113- 1.42) :
126 (097- 165) | | 100.0%

0001 01 1 10 1000

Figure 2. Forest plot of MGMT promoter methylation and OS. The forest plot displays individual HRs with corresponding 95% CIs for the association between
MGMT promoter methylation and OS across the included studies. Both fixed-effects and random-effects model estimates are presented, along with heteroge-
neity statistics. OS, overall survival; CI, confidence intervals; HR, hazard ratio, MGMT, O6-methylguanine-DNA methyltransferase.

Discussion

Against the backdrop of the need for prognostic biomarkers
for cancer, to the best of our knowledge, the present
meta-analysis investigated for the first time the prognostic
relevance of MGMT promoter methylation on OS across a
mix of non-glioma solid cancers in adult patients. A total of 21
studies involving 2,946 patients were included, encompassing
diverse solid cancer types. The findings provide a nuanced

understanding of the potential role of MGMT methylation as a
prognostic biomarker.

MGMT promoter methylation is a relatively common
epigenetic finding in numerous solid tumors, which are
found in ~33% of colorectal cancers (46), frequently arising
early in the adenoma-carcinoma sequence (47). Similarly, the
frequency of MGMT promoter methylation appears on the
order of 20-30% in patients with duodenal cancer, indepen-
dent of microsatellite instability or KRAS status (33). In head
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Pooled HR by cancer type (MGMT promoter methylation vs. OS)

Duodenal
Cervical

Biliary tract
Pancreatic NET
Leiomyosarcoma
Head and neck
NSCLC
Colorectal
Esophageal

Melanoma

HR (95% Cl)
4.25 (2.00-9.04)

2.50 (1.20-5.20)
2.31 (1.44-3.71)
2.06 (0.44-9.61)
1.70 (0.67—4.29)
1.15 (0.82-1.61)
1.14 (0.37-3.55)
1.08 (0.77-1.51)
1.00 (0.55-1.80)
0.32 (0.12-0.87)

100
HR

B Significant HR>1 (worse OS)

I Significant HR<1 (improved OS)

101

3 Non-significant (95% Cl includes 1)

Figure 3. Histogram-style summary of the pooled HRs for OS associated with MGMT promoter methylation across different solid tumor types. Bars represent
pooled HR for each cancer type with horizontal lines indicating 95% Cls. The vertical dashed line (HR=1) represents the null reference line (no effect). Orange
bars indicate a significant association with worse OS (HR>1), blue bars indicate a significant association with improved OS (HR<I) and gray bars represent
non-significant associations where the 95% CI includes 1. The plot uses a logarithmic x-axis to facilitate comparison across cancer types with differing
effect magnitudes. HR, hazard ratio; CI, confidence interval; OS, overall survival; NSCLC, non-small cell lung cancer; NET, neuroendocrine tumor; MGMT,

0O6-methylguanine-DNA methyltransferase.

Funnel plot of MGMT methylation studies
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Figure 4. Funnel plot assessing publication bias. This funnel plot examines
the potential for publication bias among the included studies. It shows
the distribution of study effect sizes relative to their standard errors. The
symmetrical distribution observed, alongside the non-significant Egger's
test (P=0.895), suggests no substantial publication bias. HR, hazard ratio;
MGMT, O6-methylguanine-DNA methyltransferase.

and neck cancers, MGMT promoter methylation occurs in
~47% of cases (48), and is consistently observed in a notable
portion of oral, pharyngeal and laryngeal tumors. Such altera-
tion often co-occurs with tobacco and alcohol exposure and
human papillomavirus (HPV) infection, suggesting a field
defect in carcinogenesis (48). Similarly, MGMT promoter
methylation is often part of the HPV-driven CpG island
hypermethylation phenotype in cervical carcinogenesis (49).
It occurs in a minority of cervical carcinomas but rises with

Study Hazard ratio HR  95% CI P-value
Omitting Gupta MK et al,, 2023 —T——+— 122 (093-161) 0.1365
Omitting Cannella L et al., 2023 —+—— 125 (0.94-165) 0.1131
Omitting Jamai D et al., 2023 —T— = 123 (092-163) 0.1458

Omitting Shima K et al,, 2011 1.27 (0.95-1.70) 0.0972

Omitting Fu T et al,, 2016

20 (0.94-1.54) 0.1361

1
Omitting Niger M et al., 2022 121 (0.92-160) 0.1527
Omitting Guadagni S et al.,, 2017 ——%—— 1.32 (1.03-1.70) 0.0303
Omitting Viddez A et al., 2016 T 125(095-165) 0.1054
Omitting Supic G et al., 2011 T— = 1.26 (0.95-1.67) 0.0969
Omitting Taioli E et al., 2009 —1—=— 123 (093-162) 0.1354
Omitting Chen SP et al., 2009 ——%——— 126 (095-167) 0.1043
Omitting Morano F et al., 2018 T 128 (0.97-1.69) 00752
Omitting Safar AM et al., 2005 = 1.30 (0.99-1.70) 0.0615
Omitting Nilsson TK et al., 2013 T 1.33 (1.03-1.71) 0.0285
Omitting Lu C et al., 2011 +——=——— 128 (0.96-1.70) 0.0847
Omitting Brabender J et al., 2003 ——— 123 (093-163) 0.1340
Omitting Dikshit RP et al., 2007 T+ 128 (0.96-1.71) 0.0858
Omitting Supic G et al., 2009 ——— 1.31 (0.99-1.72) 0.0554
Omitting Li X et al., 2014 +————— 128 (0.96-1.70) 0.0889
Omitting Zuo C et al., 2004 —=—— 125 (0.94-165) 0.1171
Omitting Sun W et al., 2012 T+ — 1.29 (0.97-1.70) 0.0779
Random effects model (HK) T————=— 1.26 (0.97-1.65) 0.0837
| e—
075 1 15
HR

Figure 5. Sensitivity analysis. The sensitivity analysis was performed using
the leave-one-out approach, and the figure demonstrates the robustness of
the pooled HR by sequentially excluding each study. The analysis confirms
that the overall effect estimate remains stable (HR range: 1.20-1.33) and
that no single study disproportionately influences the results, despite
moderate heterogeneity. The pooled estimate is based on a random-effects
model with HK adjustment. HR, hazard ratio; CI, confidence interval; HK,
Hartung-Knapp.

disease progression, with 20-30% of invasive cervical cancers
harboring MGMT methylation, increasing from <5% in
low-grade lesions to >25% in invasive cancer (49).

In NSCLC, frequency of this alteration ranges between
20-35% of tumors, with MGMT methylation being slightly
more common in advanced-stage NSCLC compared with
early-stage disease (50). Smoking appears to affect MGMT
promoter methylation status in tumors; for example, in patients
with esophageal cancer with a history of heavy tobacco or
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betel use, MGMT promoter methylation has been detected in
up to 70% of cases using serum DNA assays (51). Notably,
tissue-based studies report lower frequencies; MGMT meth-
ylation is noted in 30-40% of esophageal tumors (51,52).

Moreover, one-third of pancreatic neuroendocrine tumors
exhibit MGMT hypermethylation and loss of MGMT expres-
sion (53), with MGMT protein loss occurring more frequently
in higher-grade tumors (54). MGMT promoter methylation is
observed in ~38% of biliary tract cancers, with intrahepatic
cholangiocarcinomas showing 38% methylation, extrahepatic
cholangiocarcinomas showing 26% and gallbladder cancers
showing up to 62% (55). In leiomyosarcoma, MGMT meth-
ylation is less studied, but it was reported in a study that it was
present in 5 of 9 uterine leiomyosarcoma cases (56). By contrast,
among soft-tissue sarcomas overall, MGMT methylation is less
common, occurring in ~13% of cases (57), and in melanoma,
MGMT promoter methylation occurs in 15-30% of cases (58).

In the present study the pooled analysis under the
fixed-effects model revealed a significant association between
MGMT promoter methylation and worse OS. However, the
presence of substantial heterogeneity (I°=64.7%) warranted
the use of a random-effects model with Hartung-Knapp
adjustment, which yielded a non-significant association.

In the subgroup analysis performed in the present study,
MGMT promoter methylation had variable impact on OS across
cancer types, occasionally reaching significance. The divergent
prognostic effects of MGMT methylation noted on subgroup
analysis may be explained by the role of the MGMT gene in
DNA repair. Encoded by the gene, MGMT protein is a key DNA
repair enzyme that counteracts adduct formation at the O6 posi-
tion of guanine (1,2). When alkylated, DNA becomes prone to
point mutations and the formation of crosslinks (3). The resultant
compromise in DNA repair capacity has two major conse-
quences; this includes increased chemo-sensitivity and genomic
instability and progression. Tumor cells lacking MGMT cannot
easily repair the lethal O6 guanine lesions induced by alkylating
chemotherapeutic agents (including temozolomide and dacarba-
zine). As a result, MGMT-methylated cancers are more sensitive
to these drugs, manifesting as improved treatment response and
survival. This mechanism underlies the use of MGMT status to
predict benefit from temozolomide in patients with glioblastoma.
In a prospective study, MGMT-promoter methylation was asso-
ciated with improved progression-free survival and OS (although
95% CI were not mentioned) with temozolomide-based treatment
in patients with advanced NETs (53); this was also reported in
melanomas (58). Notably, in the present analysis, the only cancer
showing a significant increase in OS with MGMT methylation
was melanoma, with a HR of 0.32.

On the other hand, MGMT loss permits accumulation of
06-methylguanine lesions from spontaneous alkylation via
environmental carcinogens or cellular processes (51). These unre-
paired lesions lead to a characteristic G:C to A:T mutation pattern
due to misrepair (51); consequently, MGMT-methylated cells can
acquire additional driver mutations (46), therefore contributing
to cancer development and progression. This may be associated
with the aforementioned relationship between the exposure to
smoking and betel nut and MGMT promoter methylation status.
Moreover, the mutator phenotype from MGMT loss might
produce more aggressive subclones, associating with advanced
stage or recurrence; for example, MGMT-methylated head and

neck squamous cell carcinoma have been associated with more
frequent lymph node metastases and tumor recurrences (48). In
cervical cancer, methylation-induced MGMT downregulation
is associated with poor survival (49), likely as it occurs as part
of a broader CpG island hypermethylation phenotype leading to
concurrent epigenetic inactivation of multiple tumor suppressor
genes (such as CDKN2A, DAPK, RARB and HIC1) (59,60).
Therefore, in the absence of effective alkylator therapy, MGMT
methylation often portends a worse prognosis due to increased
genomic instability and tumor aggressiveness. According to the
present analysis, cancers demonstrating a significant decrease in
survival were duodenal, biliary tract and cervical cancers.

Finally, the remaining cancer types, colorectal, esopha-
geal, head and neck, leiomyosarcoma, NSCLC and pancreatic
NET, demonstrated no significant relationship with OS in the
present analysis. Lack of association in the present results does
not exclude the presence of a clinically relevant relationship, as
a subset of patients may still derive an advantage or disadvan-
tage from harboring MGMT promoter methylation, but further
studies are needed to confirm this.

The present study has several limitations. First, the
evidence is drawn mostly from observational studies, a number
of which studied MGMT promoter methylation status as part
of a larger methylation panel, making results of such studies
prone to bias and confounding. Additionally, such studies are
also predisposed to residual confounding; MGMT promoter
methylation might coincide with other genetic or epigenetic
alterations that drive prognosis, making it challenging to
isolate the effect of MGMT promoter methylation per se.
Second, a number of tumor types were represented by a single
study with modest sample sizes; this limited evidence base
within each subgroup reduces statistical power and confidence
in the subgroup-specific estimates. Also, the inclusion of
different cancer subtypes in a single analysis makes it hard
to draw insights on such a heterogeneous group of patients.
Third, there was considerable heterogeneity in the methodolo-
gies for determining MGMT methylation status; for example,
there was no centralized standard for what threshold defines
the ‘methylated’ status; this can result in misclassification
and variability in results across studies. Fourth, the high
between-study heterogeneity in the pooled analysis limits the
strength of conclusions from the summary estimate; thus, the
lack of a significant overall effect in the random-effects model
may be due to true differences in effect rather than absence of
any biological effect. Publication bias is another concern, as
studies finding a significant prognostic effect of a biomarker
are more likely to be published. While the present study
attempted to assess this (via funnel plot symmetry and Egger's
test), the interpretability was limited by the small number
of studies in numerous subgroups. Overall, these limitations
suggest that the findings should be interpreted with caution.

There is a need for well-designed prospective studies that
uniformly evaluate MGMT promoter methylation and follow
patients for survival outcomes, especially OS, as progres-
sion-free survival or other potentially surrogate survival
outcomes may not be truly significant for the clinical journey
for the patient. Studies should also work on harmonizing the
MGMT promoter methylation evaluation procedures, which
includes agreeing on an optimal laboratory method and
defining clinically relevant cut-off values.
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In summary, MGMT promoter methylation may be associ-
ated with worse OS in select cancer types, but the evidence
remains inconsistent when accounting for heterogeneity. The
findings highlight the importance of tumor-specific context
in biomarker research and reinforce the need for further
high-quality studies to validate the prognostic utility of
MGMT methylation. Moreover, laboratory studies are needed
to understand the mechanisms behind MGMT promoter meth-
ylation impact on tumor behavior, which could inform targeted
therapeutic strategies.
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