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Abstract

Triple-negative breast cancer (TNBC) is typically treated with chemotherapeutic agents,
including carboplatin (Cb), an DNA platinating agent. The O6-methylguanine-DNA-methyl-
transferase gene (MGMT) encodes for the protein O6-alkylguanine-DNA-alkyltransferase
(MGMT protein). MGMT protein is involved in DNA repair mechanisms to remove mutagenic
and cytotoxic adducts from O6-guanine in DNA. In glioblastoma multiforme, MGMT methyl-
ation status is a predictive biomarker for increased response to temozolomide therapy. It
has been suggested, that MGMT protein may have relevance for cellular adaptation and
could have an influence on resistance to carboplatin therapy. We investigated the influence
of MGMT promoter methylation on pathologic complete response and survival of patients
with TNBC treated in the neoadjuvant GeparSixto trial. In 174 of 210 available TNBC tumors
avalid MGMT promoter methylation status was determined by pyrosequencing of 5 CpG
islands. In 21.8%, we detected a mean MGMT promoter methylation >10%. Overall, MGMT
promoter methylation was not significantly associated with pathological complete response
(pCR) rate. After stratification for the two therapy arms with and without Cb no statistically
significant differences in therapy response rates between the two MGMT promoter methyla-
tion groups could be observed. Our results show that different MGMT promoter methylation
status is not related to different chemotherapy response rates in the TNBC setting in
GeparSixto.
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Introduction

Triple-negative breast cancer (TNBC) shows an aggressive clinical behavior, poor clinical out-
come and has limited option for targeted therapies. Due to the absence of targets, like estrogen
receptor (ER), progesterone receptor (PR) and growth factor receptors (HER2), TNBC does
not benefit from hormonal or anti-HER2-based therapies and therapy strategies are focused
on the use of chemotherapeutic agents, for example carboplatin [1].

Alterations in epigenetics, for example methylation status of CpG islands of DNA promoter
regions, were considered as early and common events in cancer and play a major role in
tumor progression [2-5]. Methylation is a special form of alkylation and the most common
alkylating reaction in biology. Most DNA methylations in mammals take place at carbon-5 of
the cytosine residues of cytosine-phosphatidyl-guanosine (CpG) dinucleotides and lead to a
hypermethylation of DNA [5, 6]. Hypermethylation of CpG islands in gene promoter regions
results in loss of the target protein, lack of mRNA expression or reduced enzyme activity [7-
9].

The O6-methylguanine-DNA-methyltransferase gene (MGMT) encodes for the protein
0O6-alkylguanine-DNA-alkyltransferase (MGMT protein) and is located on chromosome
10926. MGMT DNA repair activity of tumor cells is believed to contribute to resistance of
tumor cells from cytotoxic effects of alkylating agents. MGMT protein is involved in DNA
repair mechanisms to remove mutagenic and cytotoxic adducts from O6-guanine in DNA by
transferring the alkyl group from the O6 position of guanine to a cysteine residue of its active
side [10-16] and inactivating itself followed by ubiquitination [17]. Thereby, DNA-lesions
caused by alkylating substances are repaired. Mutagenic adducts are caused by ionizing radia-
tion, UV light, tobacco smoke or alkylating agents for example used in chemotherapy, such as
carboplatin [10, 12]. Altogether, MGMT protein provides protection of normal cells from
exogenous carcinogens and tumor cells from chemotherapeutic agents [18].

For glioblastoma multiforme, it has been shown that tumors with no or low levels of
MGMT activity are more responsive to therapy with the alkylating drug temozolomide [19,
20]. MGMT inactivation by epigenetic silencing through methylation of CpG islands in the
promoter region correlates with the sensitivity of tumor cells to alkylating agents. Therefore, at
least in glioblastoma multiforme, MGMT methylation status is a predictive biomarker for
increased response to temozolomide therapy [19].

In previous studies, Fumagalli et al. showed that different levels of MGMT methylation
were present in TNBC, suggesting a biological function. In a cohort of 84 patients receiving
different types of neoadjuvant chemotherapy no statistical significance regarding MGMT
methylation and pathological complete response (pCR) or any other clinical pathological char-
acteristics were observed [21, 22]. We extended this approach in a clinical trial setting investi-
gating a neoadjuvant clinical trial cohort randomized to receive carboplatin therapy vs no
carboplatin in addition to the anthracycline-taxane combination.

In this project, we investigated the hypothesis that MGMT promoter hypermethylation in
TNBC is associated with an increased chemosensitivity and therefore an increased pCR rate.
Furthermore, we hypothesized that MGMT methylated TNBC should benefit from adding
DNA-damaging chemotherapeutics such as Carboplatin since the ability of DNA-repair is
compromised.

We therefore evaluated the MGMT promoter methylation status by methylation-specific
polymerase-chain reaction (PCR) and subsequent pyrosequencing of 5 CpG islands in TNBC
core biopsies, from patients enrolled in a clinical phase II trial.
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Materials and methods
Study population and histopathological examination

We retrospectively evaluated a cohort of TNBC tumors of patients enrolled in the GeparSixto
(NCT01426880) trial [23] between August 2011 to December 2012. Patients gave written
informed consent for trial participation and use of tissue for translational research. Ethics
committee of Charité University Hospital Berlin approved use of human tissue for transla-
tional research project (EA1/139/05). GeparSixto is a phase II trial for investigation of adding
carboplatin to a neoadjuvant chemotherapy (NACT) for patients with triple negative or
HER2-positive primary breast cancer. Patients with stage IT or III TNBC were randomized to
receive 18 weeks of NACT treatment with paclitaxel (80mg/m?* qlw) and non-pegylated lipo-
somal doxorubicin (Myocet, 20 mg/m2 qlw) + bevacizumab (15 mg/kg, q3w) with or without
addition of carboplatin (AUC 2.0 qlw later reduced to AUC1.5 qlw per amendment after 330
patients). The relevant authorities and ethic committees approved this study including a trans-
lational program for which pretherapeutical formalin-fixed paraffin-embedded (FFPE) core
biopsies were prospectively collected in the German Breast Group (GBG) tumor biobank.
Hormone-receptor (HR) status (positive if >1% of ER/PR stained cells), HER2 status via
immune-histochemically staining (IHC) (positive if IHC 3+ or IHC 2+ and silver in-situ
hybridization [SISH]-positive), and Ki67 expression were centrally assessed prior to
randomization.

DNA preparation

FFPE core biopsy tissue with a tumor content >30% were cut as 3 x 5 um into a reaction tube.
For DNA preparation the slices were processed with QIAamp DNA-Mini-Kit from Qiagen
GmbH (Hilden, Germany) according to manufacturer specifications. Genomic DNA was
eluted in 20 pL PCR-water and concentration was determined using NanoDrop ND-1000
Spectrophotometer from Labtech International Ltd. (Ringmer, UK).

Bilsulfite conversion

500 ng of each isolated genomic DNA (gDNA) were converted by using EZ DNA Methylation
Kit™ from Zymo Research (Irvine, CA, USA). Except for the following step, the manufacturer
instruction was used: 200 pL instead of 100 uL M-Wash Buffer were used before M-
desulphonation.

Pyrosequencing

The converted DNA was then amplified in a MGMT promoter specific PCR using the Pyro-
Mark Q24 System from Qiagen GmbH (Hilden, Germany). By adding 3 uL of converted DNA
we followed the manufacturer instruction, but adapted the PCR cycling protocol (S1 Table).

After amplification, we followed the manufracturer instructions by using the PyroMark
Vacuum Workstation and PyroMark Q24 System from Qiagen GmbH (Hilden, Germany) to
detect methylated CpG islands in MGMT promoter DNA.

Results were determined by PyroMark Q24 software Qiagen GmbH (Hilden, Germany).
Five CpG islands were measured and results reported as percentages. Out of five percent values
we calculated a binary (MGMTbi) and a continuous (MGMTco) variable. For each CpG island
the percentage of methylation was measured. In addition, the mean percentage of methylation
across all CpG islands was calculated for each tumor. MGMT methylation was defined as posi-
tive if this mean value was >10%.
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The continuous variable MGMTco (0-5) considered every single CpG island. The
MGMTeco value describes the number of CpG islands with a methylation of >10%.

Statistical evaluation

For statistical analyses pathohistological data, BRCA mutation status and therapy response
were used.

Pathological complete response (pCR) was defined as ypT0, ypNO. Disease-free survival
(DES) was defined as the time from random assignment until relapse (local, distant, or contra-
lateral invasive breast cancer or secondary malignancies) or death irrespective of cause. Overall
survival (OS) was defined as time from random assignment until death irrespective of the
underlying cause. DFS and OS were analysed by the Kaplan-Meier method and log-rank tests.

Associations between binary variables were investigated with Fisher’s exact and between
other categorical variables y* test.

Results
Tumor and patient characteristics

As shown in Fig 1, 210 pretherapeutic core biopsies, from a total of 315 triple-negative tumors,
had sufficient remaining FFPE material with a tumor content >30% and were available for the
methylation assay. In 174 (82.9%) tumors the MGMT methylation assay was performed
successfully.

A MGMT promoter hypermethylation (MGMTbi) was observed in 38 (21.8%) tumors and
a methylation mean <10% in 136 (78.2%) tumors, which were determined as not methylated
(Table 1). Most BC were invasive-ductal (NST) breast carcinomas.

Baseline characteristics, like Tumor staging, Nodal status, Grading and others factors were
well balanced between the MGMT methylated and unmethylated subsets and shown in
Table 1.

With respect to baseline characteristics, there were no differences between the GeparSixto
trial cohort with and without known MGMT status, except for tumor grading and Ki-67
expression, as shown in S2 Table.

MGMT promoter methylation in study cohort

According to both therapy arms, the MGMT promoter methylation status was distributed
nearly identically. In the carboplatin arm, 24.3% of patients had a hypermethylated MGMT
promoter, while in the arm without carboplatin 19.4% of patients had a hypermethylated
MGMT promoter region.

Regarding the number of methylated CpG islands in the MGMT promoter, we observed
mostly none or two methylated CpG islands. Patients in the non-carboplatin therapy arm had
more often 2 of 5 methylated CpG island compared to the cohort with carboplatin (Fig 2).

Treatment benefit according to MGMT promoter methylation

Overall, MGMT promoter methylation was not significantly associated with pCR rate. The
overall pCR rate was 44.8%, with no significant difference between the unmethylated subgroup
(45.6%) and the methylated group (42.1%, P = 0.717; Fig 3).

Similar results were obtained for the different therapy arms. In the carboplatin arm, pCR
rates were 84.6% for unmethylated MGMT and 80.0% for methylated MGMT for BRCA
mutated tumors (N = 18, P = 1.000), 57.5% for unmethylated MGMT and 50.0% for methyl-
ated MGMT for BRCA wildtype patients (N = 52, P = 0.746).
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588 G6 miTT cohort

273 HERZ2 positive BC

315 TNBC

105 <30% tumor area

210 =230% tumor area

36 no sufficient DNA

174 valid methylation results

Fig 1. CONSORT diagram for MGMT promoter methylation trial in triple-negative (TNBC) GeparSixto (G6) cohort.

https://doi.org/10.1371/journal.pone.0238021.9001

In the non-carbo arm lower pCR rates were observed: pCR rates were 40.0% for unmethy-
lated MGMT and 50.0% for methylated MGMT for BRCA mutated patients (N = 12,
P =1.000), 27.1% for unmethylated MGMT and 25.0% for methylated MGMT for BRCA wild-
type patients (N = 60, P = 1.000).

Survival analysis according to MGMT promoter methylation

In this cohort the median DFS and OS was not reached. We used the three years follow up
(3Y-DEFS, 3Y-0OS) to determine possible differences: The 3Y-DFS in the MGMT promoter
hypermethylated cohort is 81.1% and 3Y-OS = 88.6%, compared to the cohort with MGMT
promoter unmethylated BC: 3Y-DFS = 78.4% and 3Y-OS is 88.6% (Fig 4). In addition, in S1
Fig we show the survival plots according to patients treated with and without the addition of
Carboplatin.

Discussion

We investigated the influence of MGMT promoter methylation on therapy response and sur-
vival of patients with TNBC, treated with chemotherapy with and without adding of
carboplatin.
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Table 1. Baseline characteristics in trial cohort.

Overall N (valid %) | MGMT unmethylated N (valid %) | MGMT methylated N (valid %) p-value
N total 174 (100.0) 136 (78.1) 38 (21.8)

Nodalstatus | o NOL 980563 Ll TBTB L 23(60.5) | 0.852
......................................................................................................................................................................................................................................... 15(95) ..
Tumor grading 10 (26.3) 0.833

LB

Histology subtype

Tumor BRCA status
e ositive | 30(7.2) | 2320 | TR20)
Pathological complete response | NopCR| 960552 | 74044 | 22(579) | 0717
ypTO0, ypNO 78 (44.8) 62 (45.6) 16 (42.1)

MGMT unmethylated: mean MGMT promoter methylation < 10%; MGMT methylated: mean MGMT promoter methylation > 10%. Abbreviations: BRCA. Breast
Cancer 1/2; NST, no special type; Ki-67, proliferation marker Ki-67 antibody; pCR, pathologic complete response; P-values refer to MGMT unmethylated vs. MGMT
methylated. Percent values describes proportion of patients regarding to attributes for each group (overall, MGMT unmethylated, MGMT methylated).

https://doi.org/10.1371/journal.pone.0238021.t001

The role of MGMT promoter methylation for therapy response has been reported previ-
ously, especially for glioblastoma. In glioblastoma, an increased MGMT promoter methylation
has a predictive impact for increased pCR and therapy response to temozolomide [19, 20].

For TNBC, the impact of MGMT promoter methylation status for therapy response has not
been studied to a great extent in standardized clinical trial cohorts. To our knowledge, this is
the first time MGMT promoter methylation was investigated in TNBC including a stratifica-
tion by BRCA status and therapy regime.

We showed that MGMT promoter is hypermethylated in around 22% of TNBC, in this trial
cohort. We did not observe any significant differences in age, tumor staging, nodal status, cell
proliferation, therapy arm or histology type regarding MGMT promoter methylation status.
Our study demonstrates that MGMT promoter methylation status has no predictive impact on
PCR or outcome of patients with TNBC, neither overall nor stratified by carboplatin vs. con-
trol chemotherapy.

Fumagalli et al. have investigated MGMT methylation in an institutional cohort of 84
TNBC patients [22] and its role for response to neoadjuvant chemotherapy in patients treated
with different agents [21]. Fumagalli reported higher MGMT promoter methylation preva-
lence, from 32.5% to 70%, with significant dependence on age. With respect to the age struc-
ture, both cohorts are different which might lead to different MGMT distributions. In both
approaches, no correlation between clinicopathological data with MGMT methylation status
were found. The results from Fumagalli et al. are the same as in our investigation.

Asiaf et al. investigated MGMT methylation and MGMT protein expression in a cohort of
123 invasive ductal BC (NST) and described a MGMT promoter methylation prevalence of
39.8% (51 of 128). Interestingly, they reached significant results for correlations of MGMT pro-
moter methylation with clinicopathological markers such as tumor staging and grading and
estrogen and progesterone receptor expression. Tumors with methylated MGMT promoter
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Fig 2. MGMT promoter methylation according to therapy regime in the GeparSixto trial, neoadjuvant treatment with and without addition of carboplatin. A.
percent of patients with MGMT methylation status as binary variable (MGMTbi) B. percent of patients with MGMT methylation status as continuous variable
(MGMTco).

https://doi.org/10.1371/journal.pone.0238021.9002
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Fig 3. Pathological complete response (pCR) rate according to MGMT promoter methylation status (binary), therapy regime (with or without carboplatin) and
BRCA mutation status. Therapy regime: no Cb = non-Carboplatin arm, Cb = Carboplatin arm. BRCA: wt = BRCA wildtype, mut = BRCA mutated. P values shown are
calculated by Fisher's exact test.

https://doi.org/10.1371/journal.pone.0238021.9003

were more often stage II-IV with higher grading. Regarding hormone receptor expression,
MGMT methylated tumors were more often HR (PgR or ER) negative [24]. Regarding tumor
staging, our results show an opposite trend. Our cohort and the cohort from Asiaf et al. show
differences in baseline parameters, which can explain this different results. In our cohort we
only used TNBC and can not compare HR expression with MGMT methylation.

Isono et al. described a MGMT protein expression profile in different breast cancer sub-
types: In luminal breast cancer 67% were MGMT high expressing (high), 46% in the TNBC
cohort and 30% in the HER?2 positive cohort, with a p-value of < 0.001 [25]. Regarding cell
culture experiments, Bobustuc et al. observed the same: ER positive breast cancer cell lines
expressed higher MGMT on protein level compared to ER negative cell lines [26]. The meta-
analysis from An et al. shows a significant association of MGMT methylation with ER negative
and grade 3 breast tumors [27]. Increased MGMT protein activity is associated with HR-posi-
tive breast cancer subtypes, while lower expression reduces MGMT protein activity. Increased
methylation is associated with higher histological grade in basal-like tumors.

The strength of our investigation is that we used a prospectively collected clinical trial
cohort with standardized treatment and available outcome data. As a limitation, due to the
small size of pretherapeutic neoadjuvant core biopsies, it was not possible to perform a suc-
cessful analysis in all patients that participated in the trial.
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Fig 4. Kaplan-Meier analysis for comparison of prognosis of patients with MGMT promoter un-/methylated TNBC. DFS and OS time in months with binary
MGMT promoter methylation status; p-values: log rank test.

https://doi.org/10.1371/journal.pone.0238021.9004

Results for glioblastoma were determined via MethyQESD method, described by Bettstetter
et al. [28], using MGMT promoter methylation specific quantitative real-time PCR [20]. Bett-
stetter et al. performed a proof-of-principle, using survival data for cutoff-fitting. If more than
11.7% of MGMT gene promoter were methylated, the tumor was determined as MGMT pro-
moter hypermethylated [28]. In our methylation assay, we used the common cutoff of 10 per-
cent, determined via different methylation assays as previously described [20].

There are numerous other studies dealing with MGMT promoter methylation, MGMT
mRNA expression and MGMT protein expression or MGMT protein activity in breast tumors
and other diseases. Preuss et al. described a lack of MGMT protein activity in breast tumors of
5 percent [29]. An et al. described a strong association between MGMT promoter methylation
and lower (or negative) MGMT protein expression (OR = 4.65, p<0.001) in breast cancer
[27]. This association has been shown for other tumor types as well as on mRNA level [30].
Regarding glioblastoma MGMT promoter methylation seems to be the gold standard in clini-
cal routine [31].

It should be noted that for prediction of pCR and outcome analysis other factors in addition
to methylation of MGMT promoter or MGMT protein expression might be relevant. For a
comprehensive analysis, additional relevant genes for DNA repair mechanism should be
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included [32]. Domagala et al. investigated pCR after neoadjuvant cisplatin therapy in a cohort
of 43 tumors and the association with downregulation of DNA repair enzymes, such as
MGMT, in BRCA1-associated TNBC. They showed, that DNA repair enzymes in patients with
residual tumor are downregulated and may profit from PARP inhibitor therapy [32].

Interestingly, there are several studies investigating the use of temozolomide for breast can-
cer patients with brain metastases (NCT00617539, NCT00875355) as well as advanced or met-
astatic breast cancer without a history of brain metastases (NCT00194766, NCT00614978).
Results are awaited soon.

Taken together, our results show that in the GeparSixto clinical trial cohort MGMT pro-
moter methylation has no direct impact on therapy response to NACT with or without the
addition of carboplatin in TNBC.

Supporting information

S1 Table. MGMT specific PCR profile.
(TIF)

S2 Table. Baseline characteristics in MGMT cohort compared to samples without MGMT

status in GeparSixto trial.
(TIF)

S1 Fig. Kaplan-Meier analysis for comparison of prognosis of patients treated with and
without Carboplatin. DFS and OS time in months with binary Carboplatin therapy regime;
p-values: log rank test.

(TIF)

Author Contributions
Conceptualization: Lederer Bianca, Fontanella Caterina, Sibylle Loibl.
Data curation: Claire Gehlhaar, Fontanella Caterina, Frank Heppner.

Formal analysis: Paul Jank, Lederer Bianca, Fontanella Caterina, Barbara Ingold-Heppner,
Valentina Nekljudova.

Funding acquisition: Fontanella Caterina, Eliane Tabea Taube, Sibylle Loibl.

Investigation: Paul Jank, Fontanella Caterina, Barbara Ingold-Heppner.

Methodology: Fontanella Caterina, Barbara Ingold-Heppner, Carsten Denkert, Sibylle Loibl.
Supervision: Carsten Denkert, Sibylle Loibl.

Validation: Paul Jank.

Writing - original draft: Paul Jank, Lederer Bianca, Valentina Nekljudova, Carsten Denkert.

Writing - review & editing: Paul Jank, Claire Gehlhaar, Lederer Bianca, Fontanella Caterina,
Schneeweiss Andreas, Thomas Karn, Frederik Marmé, Hans-Peter Sinn, Marion van Mack-
elenbergh, Bruno Sinn, Dirk-Michael Zahm, Barbara Ingold-Heppner, Christian Schem,
Elmar Stickeler, Peter A. Fasching, Valentina Nekljudova, Eliane Tabea Taube, Frank
Heppner, Volkmar Miiller, Carsten Denkert, Sibylle Loibl.

References
1. Chacon RD, Costanzo MV. Triple-negative breast cancer. Breast Cancer Res. 2010; 12 Suppl 2:S3.

PLOS ONE | https://doi.org/10.1371/journal.pone.0238021  August 25, 2020 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238021.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238021.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0238021.s003
https://doi.org/10.1371/journal.pone.0238021

PLOS ONE

MGMT promoter methylation in the GeparSixto trial

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

GaoY, FengB, Han S, LuL, ChenY, Chu X, et al. MicroRNA-129 in Human Cancers: from Tumorigen-
esis to Clinical Treatment. Cell Physiol Biochem. 2016; 39(6):2186—202. https://doi.org/10.1159/
000447913 PMID: 27802440

Jones PA, Baylin SB. The epigenomics of cancer. Cell. 2007; 128(4):683-92. https://doi.org/10.1016/].
cell.2007.01.029 PMID: 17320506

Simo-Riudalbas L, Esteller M. Cancer genomics identifies disrupted epigenetic genes. Hum Genet.
2014; 133(6):713-25. https://doi.org/10.1007/s00439-013-1373-5 PMID: 24104525

Spitzwieser M, Holzweber E, Pfeiler G, Hacker S, Cichna-Markl M. Applicability of HIN-1, MGMT and
RASSF1A promoter methylation as biomarkers for detecting field cancerization in breast cancer. Breast
Cancer Res. 2015; 17:125. https://doi.org/10.1186/s13058-015-0637-5 PMID: 26370119

Esteller M. Epigenetics in cancer. The New England journal of medicine. 2008; 358(11):1148-59.
https://doi.org/10.1056/NEJMra072067 PMID: 18337604

Jacinto FV, Esteller M. MGMT hypermethylation: a prognostic foe, a predictive friend. DNA Repair
(Amst). 2007; 6(8):1155-60.

Herfarth KK, Brent TP, Danam RP, Remack JS, Kodner IJ, Wells SA Jr., et al. A specific CpG methyla-
tion pattern of the MGMT promoter region associated with reduced MGMT expression in primary colo-
rectal cancers. Mol Carcinog. 1999; 24(2):90-8. https://doi.org/10.1002/(sici)1098-2744(199902)
24:2<90::aid-mc3>3.0.c0;2-b PMID: 10078936

Lee S, Kim WH, Jung HY, Yang MH, Kang GH. Aberrant CpG island methylation of multiple genes in
intrahepatic cholangiocarcinoma. Am J Pathol. 2002; 161(3):1015-22. https://doi.org/10.1016/S0002-
9440(10)64262-9 PMID: 12213730

Brell M, Ibanez J, Tortosa A. O6-Methylguanine-DNA methyltransferase protein expression by immuno-
histochemistry in brain and non-brain systemic tumours: systematic review and meta-analysis of corre-
lation with methylation-specific polymerase chain reaction. BMC cancer. 2011; 11:35. https://doi.org/10.
1186/1471-2407-11-35 PMID: 21269507

Sabharwal A, Middleton MR. Exploiting the role of O6-methylguanine-DNA-methyltransferase (MGMT)
in cancer therapy. Curr Opin Pharmacol. 2006; 6(4):355—-63. https://doi.org/10.1016/j.coph.2006.03.
011 PMID: 16777483

Gerson SL. MGMT: its role in cancer aetiology and cancer therapeutics. Nature reviews Cancer. 2004;
4(4):296-307. https://doi.org/10.1038/nrc1319 PMID: 15057289

Olsson M, Lindahl T. Repair of alkylated DNA in Escherichia coli. Methyl group transfer from O6-methyl-
guanine to a protein cysteine residue. J Biol Chem. 1980; 255(22):10569—71. PMID: 7000780

Tubbs JL, Pegg AE, Tainer JA. DNA binding, nucleotide flipping, and the helix-turn-helix motif in base
repair by O6-alkylguanine-DNA alkyltransferase and its implications for cancer chemotherapy. DNA
Repair (Amst). 2007; 6(8):1100-15.

Ishiguro K, Shyam K, Penketh PG, Sartorelli AC. Development of an O(6)-alkylguanine-DNA alkyltrans-
ferase assay based on covalent transfer of the benzyl moiety from [benzene-3H]O(6)-benzylguanine to
the protein. Analytical biochemistry. 2008; 383(1):44-51. https://doi.org/10.1016/j.ab.2008.08.009
PMID: 18783719

Srivenugopal KS, Yuan XH, Friedman HS, Ali-Osman F. Ubiquitination-dependent proteolysis of O6-
methylguanine-DNA methyltransferase in human and murine tumor cells following inactivation with O6-
benzylguanine or 1,3-bis(2-chloroethyl)-1-nitrosourea. Biochemistry. 1996; 35(4):1328-34. https://doi.
org/10.1021/bi9518205 PMID: 8573590

Tserga A, Michalopoulos NV, Levidou G, Korkolopoulou P, Zografos G, Patsouris E, et al. Association
of aberrant DNA methylation with clinicopathological features in breast cancer. Oncol Rep. 2012; 27
(5):1630-8. https://doi.org/10.3892/0r.2011.1576 PMID: 22159596

Li A, Schuermann D, Gallego F, Kovalchuk |, Tinland B. Repair of damaged DNA by Arabidopsis cell
extract. Plant Cell. 2002; 14(1):263-73. https://doi.org/10.1105/tpc.010258 PMID: 11826311

Weller J, Tzaridis T, Mack F, Steinbach JP, Schlegel U, Hau P, et al. Health-related quality of life and
neurocognitive functioning with lomustine-temozolomide versus temozolomide in patients with newly
diagnosed, MGMT-methylated glioblastoma (CeTeG/NOA-09): a randomised, multicentre, open-label,
phase 3 trial. Lancet Oncol. 2019.

von Rosenstiel C, Wiestler B, Haller B, Schmidt-Graf F, Gempt J, Bettstetter M, et al. Correlation of the
quantitative level of MGMT promoter methylation and overall survival in primary diagnosed glioblasto-
mas using the quantitative MethyQESD method. Journal of clinical pathology. 2019.

Fumagalli C, Della Pasqua S, Bagnardi V, Cardillo A, Sporchia A, Colleoni M, et al. Prevalence and clini-
copathologic correlates of O(6)-methylguanine-DNA methyltransferase methylation status in patients
with triple-negative breast cancer treated preoperatively by alkylating drugs. Clin Breast Cancer. 2014;
14(4):285-90. https://doi.org/10.1016/j.clbc.2014.02.010 PMID: 24709436

PLOS ONE | https://doi.org/10.1371/journal.pone.0238021  August 25, 2020 11/12


https://doi.org/10.1159/000447913
https://doi.org/10.1159/000447913
http://www.ncbi.nlm.nih.gov/pubmed/27802440
https://doi.org/10.1016/j.cell.2007.01.029
https://doi.org/10.1016/j.cell.2007.01.029
http://www.ncbi.nlm.nih.gov/pubmed/17320506
https://doi.org/10.1007/s00439-013-1373-5
http://www.ncbi.nlm.nih.gov/pubmed/24104525
https://doi.org/10.1186/s13058-015-0637-5
http://www.ncbi.nlm.nih.gov/pubmed/26370119
https://doi.org/10.1056/NEJMra072067
http://www.ncbi.nlm.nih.gov/pubmed/18337604
https://doi.org/10.1002/%28sici%291098-2744%28199902%2924%3A2%26lt%3B90%3A%3Aaid-mc3%26gt%3B3.0.co%3B2-b
https://doi.org/10.1002/%28sici%291098-2744%28199902%2924%3A2%26lt%3B90%3A%3Aaid-mc3%26gt%3B3.0.co%3B2-b
http://www.ncbi.nlm.nih.gov/pubmed/10078936
https://doi.org/10.1016/S0002-9440%2810%2964262-9
https://doi.org/10.1016/S0002-9440%2810%2964262-9
http://www.ncbi.nlm.nih.gov/pubmed/12213730
https://doi.org/10.1186/1471-2407-11-35
https://doi.org/10.1186/1471-2407-11-35
http://www.ncbi.nlm.nih.gov/pubmed/21269507
https://doi.org/10.1016/j.coph.2006.03.011
https://doi.org/10.1016/j.coph.2006.03.011
http://www.ncbi.nlm.nih.gov/pubmed/16777483
https://doi.org/10.1038/nrc1319
http://www.ncbi.nlm.nih.gov/pubmed/15057289
http://www.ncbi.nlm.nih.gov/pubmed/7000780
https://doi.org/10.1016/j.ab.2008.08.009
http://www.ncbi.nlm.nih.gov/pubmed/18783719
https://doi.org/10.1021/bi9518205
https://doi.org/10.1021/bi9518205
http://www.ncbi.nlm.nih.gov/pubmed/8573590
https://doi.org/10.3892/or.2011.1576
http://www.ncbi.nlm.nih.gov/pubmed/22159596
https://doi.org/10.1105/tpc.010258
http://www.ncbi.nlm.nih.gov/pubmed/11826311
https://doi.org/10.1016/j.clbc.2014.02.010
http://www.ncbi.nlm.nih.gov/pubmed/24709436
https://doi.org/10.1371/journal.pone.0238021

PLOS ONE

MGMT promoter methylation in the GeparSixto trial

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Fumagalli C, Pruneri G, Possanzini P, Manzotti M, Barile M, Feroce |, et al. Methylation of O6-methyl-
guanine-DNA methyltransferase (MGMT) promoter gene in triple-negative breast cancer patients.
Breast Cancer Res Treat. 2012; 134(1):131-7. https://doi.org/10.1007/s10549-011-1945-9 PMID:
22228432

Castrellon AB, Pidhorecky I, Valero V, Raez LE. The Role of Carboplatin in the Neoadjuvant Chemo-
therapy Treatment of Triple Negative Breast Cancer. Oncol Rev. 2017; 11(1):324. https://doi.org/10.
4081/oncol.2017.324 PMID: 28382189

Asiaf A, Ahmad ST, Malik AA, Aziz SA, Rasool Z, Masood A, et al. Protein expression and methylation
of MGMT, a DNA repair gene and their correlation with clinicopathological parameters in invasive ductal
carcinoma of the breast. Tumour Biol. 2015; 36(8):6485—-96. https://doi.org/10.1007/s13277-015-3339-
9 PMID: 25820821

Isono S, Fujishima M, Azumi T, Hashimoto Y, Komoike Y, Yukawa M, et al. O(6)-methylguanine-DNA
methyltransferase as a prognostic and predictive marker for basal-like breast cancer treated with cyclo-
phosphamide-based chemotherapy. Oncol Lett. 2014; 7(6):1778-84. https://doi.org/10.3892/01.2014.
1985 PMID: 24932232

Bobustuc GC, Kassam AB, Rovin RA, Jeudy S, Smith JS, Isley B, et al. MGMT inhibition in ER positive
breast cancer leads to CDC2, TOP2A, AURKB, CDC20, KIF20A, Cyclin A2, Cyclin B2, Cyclin D1, ERal-
pha and Survivin inhibition and enhances response to temozolomide. Oncotarget. 2018; 9(51):29727—
42. https://doi.org/10.18632/oncotarget.25696 PMID: 30038716

AnN, ShiY, Ye P, Pan Z, Long X. Association Between MGMT Promoter Methylation and Breast Can-
cer: a Meta-Analysis. Cell Physiol Biochem. 2017; 42(6):2430—40. https://doi.org/10.1159/000480196
PMID: 28848211

Bettstetter M, Dechant S, Ruemmele P, Vogel C, Kurz K, Morak M, et al. MethyQESD, a robust and fast
method for quantitative methylation analyses in HNPCC diagnostics using formalin-fixed and paraffin-
embedded tissue samples. Lab Invest. 2008; 88(12):1367-75. https://doi.org/10.1038/labinvest.2008.
100 PMID: 18936738

Preuss |, Eberhagen |, Haas S, Eibl RH, Kaufmann M, von Minckwitz G, et al. O6-methylguanine-DNA
methyltransferase activity in breast and brain tumors. International journal of cancer Journal interna-
tional du cancer. 1995; 61(3):321-6. https://doi.org/10.1002/ijc.2910610308 PMID: 7729942

Shalaby SM, EI-Shal AS, Abdelaziz LA, Abd-Elbary E, Khairy MM. Promoter methylation and expres-
sion of DNA repair genes MGMT and ERCCH1 in tissue and blood of rectal cancer patients. Gene. 2018;
644:66-73. hitps://doi.org/10.1016/j.gene.2017.10.056 PMID: 29080834

Radke J, Koch A, Pritsch F, Schumann E, Misch M, Hempt C, et al. Predictive MGMT status in a homo-
geneous cohort of IDH wildtype glioblastoma patients. Acta Neuropathologica Communications. 2019;
7(1):89. https://doi.org/10.1186/s40478-019-0745-z PMID: 31167648

Domagala P, Hybiak J, Rys J, Byrski T, Cybulski C, Lubinski J. Pathological complete response after
cisplatin neoadjuvant therapy is associated with the downregulation of DNA repair genes in BRCA1-
associated triple-negative breast cancers. Oncotarget. 2016; 7(42):68662—73. https://doi.org/10.18632/
oncotarget.11900 PMID: 27626685

PLOS ONE | https://doi.org/10.1371/journal.pone.0238021  August 25, 2020 12/12


https://doi.org/10.1007/s10549-011-1945-9
http://www.ncbi.nlm.nih.gov/pubmed/22228432
https://doi.org/10.4081/oncol.2017.324
https://doi.org/10.4081/oncol.2017.324
http://www.ncbi.nlm.nih.gov/pubmed/28382189
https://doi.org/10.1007/s13277-015-3339-9
https://doi.org/10.1007/s13277-015-3339-9
http://www.ncbi.nlm.nih.gov/pubmed/25820821
https://doi.org/10.3892/ol.2014.1985
https://doi.org/10.3892/ol.2014.1985
http://www.ncbi.nlm.nih.gov/pubmed/24932232
https://doi.org/10.18632/oncotarget.25696
http://www.ncbi.nlm.nih.gov/pubmed/30038716
https://doi.org/10.1159/000480196
http://www.ncbi.nlm.nih.gov/pubmed/28848211
https://doi.org/10.1038/labinvest.2008.100
https://doi.org/10.1038/labinvest.2008.100
http://www.ncbi.nlm.nih.gov/pubmed/18936738
https://doi.org/10.1002/ijc.2910610308
http://www.ncbi.nlm.nih.gov/pubmed/7729942
https://doi.org/10.1016/j.gene.2017.10.056
http://www.ncbi.nlm.nih.gov/pubmed/29080834
https://doi.org/10.1186/s40478-019-0745-z
http://www.ncbi.nlm.nih.gov/pubmed/31167648
https://doi.org/10.18632/oncotarget.11900
https://doi.org/10.18632/oncotarget.11900
http://www.ncbi.nlm.nih.gov/pubmed/27626685
https://doi.org/10.1371/journal.pone.0238021


Jank et al.

S1 Table. MGMT specific PCR profile.
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Jank et al. S2 Table

S2 Table. Baseline characteristics in MGMT cohort compared to
samples without MGMT status in GeparSixto trial.

Overall non-MIGMT MGMT cohort p-value
N (valid %) cohort N (valid %)
N (valid %)
N total 588 (100.0) 414 (70.4) 174 (29.6)
Age <50 341 (58.0) 100 (57.5) 241 (58.2) 0.927
>50 247 (42.0) 74 (42.5) 173 (41.8)
Tumor cT1 167 (28.5) 53 (30.5) 114 (27.7) 0.548
staging cT2-4d 419 (71.5) 121 (69.5) 298 (72.3)
Nodal cNO 338 (58.7) (58.0) 240 (59.0) 0.853
_Sumtus - N+ (21) ~238(41.3) 1(42.0) 167 (41.0)
Tumor G1-2 207 (35.2) (24.7) 164 (39.6) 0.001
__grading - G3 381 (64.8) 131 (75.3) ~ 250(60.4)
e low (£20%) 126 (21.4) 10 (5.7) 116 (28.0) < 0.001
........... high (>20%)  462(78.6) 164 (94.3)  298(72.0)
iInvasiv ductal
Histology (NST) 554 (94.2) 162 (93.1) 392 (94.7) 0.444
btype invasiv lobular
su _ ypP "and other 34 (5.8) 12 (6.9) 22 (5.3)
Tumor negative 169 (75.8) 112 (78 9) 57 (70.4) 0.193
th:t?Q positive 54 (24.4) 0 (21.1) 24 (29.6)
PalthcﬂoglicI No pCR 351 (59.7) 6 (55.2) 255 (61.6) 0.167
d
complete ypTO, ypNO 237 (40.3) 78 (44.8) 159 (38.4)
response

Percent values describes proportion of patients regarding to attributes for each group (overall, MGMT

unmethylated, MGMT methylated).






Jank et al. S1 Figure
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S1 Fig. Kaplan-Meier analysis for comparison of prognosis of
patients treated with and without Carboplatin. DFS and OS time in
months with binary Carboplatin therapy regime; p-values: log rank test.
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