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Abstract

Objective: To identify novel epigenetic signatures that could provide predictive information that is complementary
to promoter methylation status of the O-6-methylguanine-DNA methyltransferase (MGMT) gene for predicting

temozolomide (TMZ) response, among glioblastomas (GBMs) without glioma-CpGs island methylator phenotype
(G-CIMP)
Methods: Different cohorts of primary non-G-CIMP GBMs with genome-wide DNA methylation microarray data
were included for discovery and validation of a multimarker signature, combined using a RISK score model.
Different statistical analyses and functional experiments were performed for clinical and biological validatiof.

Results:By employing discovery cohorts with radiotherapy (RT) and TMZ versus RT alone and a strict mult|step
selection strategy, we identified seven CpGs, each of which was significantly correlated with overall survival (OS) of
non-G-CIMP GBMs with RT/TMZ, independent of age, MGMT promoter methylation status, and other identified
CpGs. A RISK score signature of the 7 CpGs was developed and validated to distinguish non-G-CIMP GBMs with
differential survival outcomes to RT/TMZ, but not to RT alone. The interaction analyses also showed differgntial
outcomes to RT/TMZ versus RT alone within the RISK score-based subgroups. The signature could also ifprove the
risk classification by age and MGMT promoter methylation status. Functional experiments showed that HSBP2
appeared to be epigenetically regulated by one identified CpG and was associated with TMZ resistance, byt it was
not associated with cell proliferation or apoptosis in GBM cell lines. The predictive value of the single CpG
methylation of HSBP2 by pyrosequencing was observed in a local cohort of isocitrate dehydrogenasé&*£HH1)
wild-type GBMs.

Conclusions:This novel epigenetic signature might be a promising predictive (but not a general prognostic)
biomarker and be helpful for refining the MGMT-based guiding approach to TMZ usage in non-G-CIMP GBMs.

Keywords: Glioma-CpGs island methylator phenotype, Glioblastoma, Temozolomide, Predictive biomarker, [DNA
methylation
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Introduction methylation and gene expression microarrays were per-
Glioblastomas  (GBMs) are a group of clinically refractory formed according to the manufacturés instructions. Spe-
disease with apparent intertunr heterogeneity and a gener- cifically, RAUH-new cohortwas profiled by the Infinium
ally poor prognosis I]. Over the past decade, despite exten-HumanMethylation450k BeadChip for DNA methylation
sive explorations on novel therapeutic strategies such agdeposited in The ArrayExpress dtttp://www.ebi.ac.uk/
anti-angiogenic therapyZ, 3], immunotherapy f], and the arrayexpress/ under the accession number of
use of tumor treating fields (TTFs)q), the combination of E-MTAB-4969). Image processing and intensity data ex-
radiotherapy (RT) and temozolomide (TMZ) had remained traction were performed within Genome Studio (lllumina
the standard adjuvant treatment for newly diagnosed GBMslInc.). The novel BMIQ (Beta Mixture Quantile dilation)
[6]. Unfortunately, these tumors often have variable algorithm was used for intra-array normalizationl].
responses to TMZ, and some do not benefit from the The methylation data of each CpG is summarized as
combined RT/TMZ treatment. The promoter methylation value, ranging from 0 (completely unmethylated) to 1
status of the O-6-methylguanine-DNA methyltransferase (completely methylated). All but two samples were also
(MGMT), encoding a DNA repair enzyme that confers re- profiled by Agilent Whole HumanGenome 8 x 60K
sistance to alkylating drugs, has been by far the most inform-Microarray Kit (Agilent Technologies) for gene expres-
ative predictive biomarker for TMZ outcome in GBMs7].  sion. Expression intensity was log2 transformed and nor-
However this single-gene methylation status has limitationsmalized  (scale  50th  percentile and baseline
for clinical utility, especially for guiding the choice of TMZ transformation) within GeneSpring GX software (Agilent
in unmethylated tumors 8]. Therefore, novel predictive bio- Technologies). DNA methylation and gene expression
markers with a high predictive value that are independent ofprofiling for RAUH-GSE22891were reported previously
MGMT promoter methylation status could be useful. In this (deposited in Gene Expression Omnibus [GEQ] letps://
study, we investigated the ajor subgroup of GBMs that do www.ncbi.nlm.nih.gov/geo/under the accession number
not have the glioma-CpGs island methylator phenotypeof GSE22891) 0. G-CIMP status was determined by
(G-CIMP), which is exclusively featured by the absence ok-means k= 3) clustering on the 1503 featured probes re-
isocitrate  dehydrogenase (IDH) mutations (mostly ported by The Cancer Genome Atlas (TCGAY[. MGMT
IDH1R*32% [9]. We developed a novel 7-CpG signature promoter methylation status was determined using a lo-
using genome-wide DNA methylation data; the signature gistic regression model based on two lllumina array
may confer predictive information for TMZ usage that is probes, i.e., cg12434587 and cg1298111%7.[
complementary to MGMT promder methylation status. In

addition, we selected the HSBP2 gene for further analysisviolecular datasets from public databases

the expression of which might be epigenetically regulated byAdditional DNA methylation or gene expression data of
one of the 7 CpGs. Functional studies on this epigeneticallyprimary non-G-CIMP GBMs were obtained from public
regulated gene (HSBP2) prowddadditional biological and databases, including the clinically annotated cohort from

clinical insights to the nultimarker signature. TCGA (TCGA-Brennan et al-RT/TMZ[n=219] or -RT
[n=73]) [13], and two cohorts from GEO
Methods (GSE50923-RT/TMZ[n=49] [14]; GSE60274-RT/TMZ
Molecular datasets from Rennes and Angers University [n=32] or -RT [n=27] [15]). Moreover, DNA methyla-
Hospitals tion and gene expression data of lower-grade gliomas

A total of 125 primary non-G-CIMP GBMs were col- (LGGs) and nontumor brains from TCGA 16], gliomas
lected between 2004 and 2013 from the Neurosurgeryof all grades from Chinese Glioma Genome Atlas
Departments of Rennes and Angers University Hospitals(CGGA) [17], and nontumor brains from GSE6334 71§
(RAUH), including a new cohort of 77 sampleR@AUH--  were obtained for additional validation.

new cohory and a published cohort of 48 samples Selection and information of all included samples were
(RAUH-GSE22891[10]. Snap-frozen samples were col- summarized in Additional file1: Figure S1 and Add-
lected at the time of surgery, following written informed itional file 2: Table S1.

consent, in accordance with the French regulations and

the Helsinki Declaration. Initial histological diagnoses Probe selection and RISK score modeling

were confirmed by a central review panel including at Prior probe selection was performed by removal of those
least two neuropathologists. Degree of surgical resectiomot interrogated on both the Infinium HumanMethyla-
was defined by MRI 72 h after surgery. All patients weretion27k and 450k platforms, those targeting the sex chro-
treated with RT plus concurrent and adjuvant TMZ. mosomes, and those associated with single-nucleotide
Only samples with >80% tumor cells were selected forpolymorphisms. To make DNA methylation microarray
microarray profiling and molecular detection. DNA and data comparable across each dataset, batch effects be-
RNA were isolated as previously describedl0]. DNA tween each platform and dataset were adjusted by
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M-value transformation and the empirical Bayes approach(Bethesda, MD, USA). For HSBHA vitro overexpression,
(ber R package) 19, 20]. Missing values were imputed lentivirus/GV358-HSBP2 (UbHSBP2-3FLAG-SV40-EGF-
by impute R package. Discovery-validation approach wad-IRES-puromycin) and lentivirus/GV358 (control) were
employed for predictive model construction. Two cohorts obtained from Genechem. Viruses were used to infect
with RT/TMZ (e.g., RAUH-new cohortTCGA-Brennan et GBM cells in the presence of 6g/ml polybrene. At 48 to
al-RT/TMZ) and one cohort with RT alone (e.g., 72hours after virus infection, puromycin selection (b/
GSE60274-RI' were used for discovery phase. Selectednl) was applied and cells without subcloning were used for
CpGs with higher variability in methylation levels (top 20 experiments 21]. CCK-8 kit (Yeasen Inc.) was assayed for
percent of standard deviation of value) across tumors cell viability analysis. For 5-Aza-Zleoxycytidine (5-Aza-
from RAUH-new cohortvere used to correlate with over- dC) demethylation treatment, U251, U87, and U373 cells
all survival (OS) using univariate Cox regression modelwere grown for 4 days in the presence of DMSO control,
and permutation test (Figla). After removing inconsist- 5 M, and 10 M 5-Aza-dC (Sigma-Aldrich). Fresh
ent results, an overlap of 43 candidates (permutatipsc  5-Aza-dC was added every 24 h. For cell apoptosis analysis,
0.2; excluding three MGMT relevant loci) from the dis- TUNEL assay was tested using In Situ Cell Death Detection
covery cohorts was subjected to multivariate Cox regreskit (Roche Diagnostics). Annexin Miluorescein isothio-
sion models adjusted by different agesMGMT cyanate/propidium iodide double staining (Roche Diagnos-
methylation status, and different cohorts and then to tics) was used to sort cells in early or late apoptotic phase.
multivariate models incorporating other significant CpGs

(Fig.1a). Finally, a panel of 7 CpGs was identified for con-Validation cohort of formalin-fixed paraffin-embedded
structing a RISK score model (Tabl#), which is the sum (FFPE) GBM samples

of values of each CpG weighted by their multivariate Surgical samples of 333 primary GBMs (Grade IV,
Cox coefficients, adjusted by age, MGMT methylation sta-WHQO) were totally collected from the Department of
tus, patient cohorts, and other loci. The cutoff for low-risk Neurosurgery, Xijing Hospital, between 2012 and 2016.
and high-risk tumors were predefined as the median riskInclusion criteria included (1) adult patients (> 18-years
score from the combined discovery cohorts with RT/ old), (2) no prior therapy before surgery, (3) IDFf32"

TMZ. wild-type tumors, (4) treatment with standard RT plus
(adjuvant or concurrent) TMZ or standard RT alone, (5)
In vitro functional experiments available OS or progression-free survival (PFS) data, and

The human glioma cell lines T98G, U87, U251, U373, and(6) available FFPE tissue samples. Finally, 54 samples
Hs683 were obtained from American Type Culture Col- were included for validation analysis, including 32 sam-
lection (ATCC) and were cultured in Dulbecce modified ples with RT/TMZ and 22 with RT alone. The treatment
Eaglés medium supplemented with 10% fetal bovine choices between RT/TMZ and RT were made according
serum at 37 °C in 5% C®O TMZ (Sigma-Aldrich) was dis- to physiciaris suggestions and family or patieéstwill. Ex-
solved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) at a tent of resection was defined by post-operative MRI or
stock concentration of 100 mmol/l at 20 °C. Total RNA CT within one week. The presence of IDHE3" mutant
was purified using TRIzol reagents (Shanghai Pufei Bioprotein was assessed by immunohistochemistry (IHC)
technology) and reverse transcribed with M-MLV RT kit (obtained from the Department of Pathology, Xijing
(Promega) 21]. Polymerase chain reaction (PCR) amplifi- Hospital). FFPE tissues were also employed for IHC with
cation was performed with SYBR Master Mixture (Takara) anti-HSPB2 antibody (Proteintech Group, 21755-1-AP).
using LighterCycler 480 Il System (Rcoche). The expresThe intensity and percentage of positive cells were eval-
sion values were normalized to the levels of GAPDH.uated in at least five separate fields at x 400 magnifica-
Total DNA was extracted and bisulfate-modified using EZ tion. The scores were evaluated by two researchers who
DNA Methylation-Gold™ Kit (Beijing Tianmo Biotech- were blinded to clinical data. Immunoreactivity was
nology). Pyrosequencing was performed by Pyromark Q9&cored as follows: 0, no staining; 1, weak staining in <
ID platform and analyzed by PyroMark CpG software 50% cells; 2, weak staining in w 50% cells; 3, strong stain-
(Qiagen). Cell samples were lysed in RIPA buff@l]l ing in <50%, cells; and 4, strong staining in a 50% cells
Equal amounts of proteins were resolved by SDS-PAGH21]. Disputes were resolved through discussion. Seven
gel electrophoresis and transferred to nitrocellulose mem-CpGs (74.81) in the promoter region of MGMT and the
branes. The primary antibodies against HSPB2 (Proteinsingle CpG (cg155227610) at the non-CpGs island (CGl)
tech Group, 21755-1-AP), MGMT (Proteintech Group, region of HSPB2 were detected on the PyroMark Q961D
17195-1-AP), and GAPDH (Santa Cruz Biotechnology,platform (Qiagen). The average percentage of CGI
SC-32233) were used according to the manufactureex- methylation of 10% was defined as the threshold for
ommendations. Each immunoblot was done at least thriceunmethylated and methylated MGMT promoter 42].
and the signals were quantified using ImageJ softwardhe median value of HSPB2 single CpG methylation
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Table 1 Characteristics of the seven-CpG panel

Probe ID Chr. Relevant gene symbol Relation to gene region Relation to Cp@®s islarMultivariate Cox coefficiefits
€g23904249 11 CCDC86 TSS1500 Shore 1.095

cg07490776 8 AP3M2 TSS1500 Island 1.575

€g24035962 10 NCOA4 TSS200 Island 1.365

€g26647453 4 C4orfl7 5UTR Open sea 1574

€g01980222 6 TREM2 1stExon Open sea 1.248

€g15227610 11 HSPB2 TSS1500 Open sea 1.120

cg13784557 6 HCP5 TSS200 Open sea 0.975

Chrchromosome, TSSranscriptional start site

8Cox coefficients were calculated from multivariate analysis incorporating age, different discovery 8&&\MTmethylation status, and the seven CpGs within the
combined RT/TMZ discovery cohorts

POpen sea and shore refers to regions away from relevant CpGs islands more than 4000 bp or less than 2000 bp, respectively

was used as cutoff for hypermethylation and hypomethy-panel showed significant but inconsistent alterations in
lation. The primer sequences for PCR and pyrosequencimethylation levels among tumors of each G-CIMP status
ing were listed in Additional file3: Table S2. All patients and nontumor brains (Additional file4: Figure S2A). In

provided written informed consent and this study was addition, the panel appeared not to be correlated with

approved by the Institutional Review Board. genome hypomethylation, i.e., LINE-1 methylation (Add-
itional file 4: Figure S2A).
Statistical analysis The 7-CpG panel was combined using a RISK score model

Difference in clinical or molecular features within each as follows: risk score=(1.095x value of cg23904249)
risk subgroup was tested by unpairet test, Fishes +(1.575x% value of cg07490776)-6(1.365x% value of
exact, or Chi-square test. Spearman correlation analysisg24035962) +§1.574x  value of ¢g01980222)&(
was performed to correlate DNA methylation and gene 1.248 x  value of ¢g01980222)6(1.120x value of
expression. OS was the time interval from the date ofcg15227610)+§0.975x value of cg13784557). Using a
diagnosis or treatment to the date of death or last predefined cutoff (median risk scoreS1.083), all patients
follow-up. PFS was the time interval from the date of were divided into a low-risk group (with lower risk scores)
diagnosis or treatment to the date of progression definedand a high-risk group (with higher risk scores).

by the Macdonald criteria or Response Assessment in Correlation with known clinical or molecular features
Neuro-Oncology (RANO criteria) 3, 24], or the date of in TCGA samples showed that the risk subgroups ap-
death or last follow-up. Survival data was estimated bypeared to not be correlated with gene expression sub-
the Kaplan-Meier Method and compared by log-rank types PR6], DNA methylation clusters 13, MGMT
test. Univariate and multivariate Cox regression modelspromoter methylation status, gender, or age subgroup
were used to evaluate the correlation and independencéFig. 1b).

of each variable. The discriminating ability for prognosis By applying the RISK score-based classification to the
was also evaluated by time-dependent receiver operatingiscovery cohorts, we found that, iRAUH-new cohort
characteristic (ROC) curvesfirvcompR package) 35. (RT/TMZ), high-risk patients had shorter OS than
All the calculations were done within SPSS statisticslow-risk patients f <0.0001; Figlc). In TCGA-Brennan
(SPSS Software Inc.) and R software, with two-siple et al.-RT/TMZ, high-risk patients also had poorer OS in

values 0.05 for significance. comparison with low-risk patients [§<0.0001; Figlc).
By contrast, inGSE60274-RTOS was not significantly
Results different between the risk subgroupsp& 0.3087; Fig.
Identification of a RISK score signature of seven CpGs 1c). The results together suggested a potential linkage of
with potential linkage to TMZ efficacy the RISK score signature to TMZ efficacy, instead of a

According to a strict selection strategy (Figla), we treatment-independent impact on prognosis.

identified a panel of seven CpGs from the discovery co-

horts (Table 1). Each CpG was significantly associatedThe prognostic performance of the RISK score signature
with OS of non-G-CIMP GBMs treated with RT/TMZ, in validation cohorts

but not RT alone, which was also independent of age,To further investigate the prognostic performance of the
MGMT promoter methylation status, and other CpG RISK score signature, we then applied it to a series of val-
members. These 7 CpGs were not among the reporteddation cohorts with different treatments. The signature
G-CIMP classifiers §] but seemed to be among the gen- accurately predicted OS in the validation cohorts with
omic CpGs affected by this molecular status as the CoGRT/TMZ: RAUH-GSE22891(p = 0.0436), GSE50923-RT/
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TMZ (p=0.0168), andGSE60274-RT/TMZ(p=0.0005; (concurrent or adjuvant) TMZ fromTCGA-Brennan et aland
Fig.2a). The signature also predicted PFS in two available5SE60274No significant difference was observed in baseline
cohorts with RT/TMZ: RAUH-new cohort(p<0.0001) information (e.g., age, pre-adjuvant KPS, gender) between pa-
and TCGA-Brennan et al.-RT/TMZ (p=0.0151; Add- tients with different treatments in each risk subgroup (data not
itional file 5: Figure S3A). However, the signature was un-shown). The interaction analyses showed that standard RT/
able to predict OS in a validation cohort with RT alone, TMZ did confer a clear OS benefit to low-risk patients com-
i.e., TCGA-Brennan et al.-RT(Fig. 2b). Cox regression pared to standard RT, and this treatment was associated with a
analyses ofRAUH-new cohortand TCGA-Brennan et similar OS in high-risk patients (FigB). Similar results were ob-
al.-RT/TMZ confirmed the RISK score signature as a sig-served in terms of PFS (Additional fil8: Figure S4). Cox re-
nificant risk factor that is independent of MGMT methy- gression analyses of CGA-Brennan et al.and GSE60274
lation status, as well as other variables (e.g., age, treatmenbnfirmed standard RT/TMZ as a favorable indicator for OS
schedules, treatment at progression), among non-G-CIMPbenefit, independent of MGMT methylation status and age, in
GBMs with RT/TMZ (Additional file 6: Table S3), instead low-risk patients (Additional file 9: Table S5), but not in
of RT alone (Additional file7: Table S4). Those findings high-risk patients (Additional file1G: Table S6). Together, those
indicate that the RISK score signature might not be a gen-results indicate that the RISK score signature might be a poten-
eral prognostic biomarker that is independent of treat- tial predictive indicator of TMZ outcome and be helpful for
ment, but rather has a specific linkage to TMZ efficacy in identifying subpopulations of patients who are likely to benefit
non-G-CIMP GBMs. from TMZ treatment. These findings should be conservatively
interpreted due to the potential patient bias during treatment
The RISK score signature might be a promising predictive assignment in a retrospective series.
indicator of TMZ response
To investigate whether the RISK score signature has a predictPatient classification in stratified cohorts by MGMT
ive ability for TMZ response, interaction analyses were carriedpromoter methylation status and age
out between the risk subgroups and treatments, incorporatingTo further explore the clinical impact of the epigenetic
only patients with standard RT alone or combined with signature, we also evaluated its performance in cohorts
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Fig. 2 The prognostic performance of the RISK score signature in different validation cohorts of non-G-CldPaB@ilslassification in validation
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without TMZ) and risk subgroups (low-risk versus high-riakl@GA-Brennan et al. and5SE60274. Only patients with standard RT regimen
were included for analysis in order to reduce potential bias by heterogeneous treatment regimen. RT radiotherapy, TMZ temozolomidg

\

stratified by MGMT methylation status and age. We (or IDH mutations), but they were not significantly al-
found that the RISK score signature showed significanttered in GBMs or in IDH mutant gliomas compared to
discriminating value for OS of patients with each nontumor brains (Fig.5a, b). The status of single CpG
MGMT methylation status in the combined RAUH co- methylation and HSPB2 expression did not differ across
horts (RAUH-two cohorty and in TCGA-Brennan et tumors of different grades (Figsb). Notably, the single
al.-RT/TMZ (Fig. 4a). Similarly, the signature robustly CpG methylation was consistently and significantly
predicted OS in each age subgroup (age < v&é0years negatively correlated with HSPB2 expression (F&r).
old; Fig.4b). The results were also observed in two GEOThe negative correlation between methylation and pro-
cohorts (Additional file 11: Figure S5A-B). The combin- tein levels was also observed in a local cohort of FFPE
ation of the RISK score signature with the two conven- samples (Fig. 5d). Demethylation treatment with
tional risk factors could provide optimized risk 5-Aza-dC showed that HSBP2 expression was increased
classification in non-G-CIMP GBMs (Additional filel2: in GBM cells that had the original hypermethylated
Figure S6A-B). Moreover, for those who underwent RT/ CpG, e.g., U373 and U251, but not in cells with hypo-
TMZ, the time-dependent ROC showed that the RISK methylated CpG, e.g., U87 (Fige, g). Considering that
score signature was superior to MGMT methylation sta- HSPB2 expression is relatively low in GBM cell lines
tus in predicting OS among older patients (60years) (data not shown), HSPB2 overexpression by lentivirus
but had less discriminating value among younger pa-infections was conducted and confirmed by western blot

tients (Additional file 12: Figure S6C). (Fig. 6a) and was not associated with significant alter-
ations in proliferation and apoptosis (Figgbh..d). How-

HSPB2 appeared to be epigenetically regulated by non- ever, HSPB2 overexpression did confer resistance to

CGI methylation and was associated with TMZ resistance TMZ treatment in GBM cells regardless of MGMT ex-

in GBM cell lines pression (Fig6e).

To gain biological insight into the multimarker epigen-

etic signature, we selected one of the 7 CpGsClinical performance of the single CpG methylation of
(cg15227610) for further analysis (Tabt®. This single HSPB2 by pyrosequencing in an IDH1**?"wild-type GBM
CpG was located at the non-CGl transcriptional regula- cohort of FFPE samples

tory region of HSPB2. The single CpG methylation and The validation cohort of 54 IDHE**?" wild-type GBMs
HSPB2 expression differed regarding the G-CIMP statuswas associated with similar patient age, gender, and

Fig. 3 The predictive performance of the RISK score signature in different validation cohorts. Interaction analysis between treatments (with versus
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Fig. 4 The patient classification of the RISK score signature in cohorts stratified by conventional iésk éwcirissstratified by MGMT promoter methylatior)
statusb Cohorts stratified by patient age&0 vs. <60 yrs). MGMT O-6-methylguanine-DNA methyltransferase, RT radiotherapy, TMZ temozolomide

pre-adjuvant therapy KPS compared to all collectedTMZ (log-rank p=0.0245) but not in those who re-
IDH1R32% wild-type samples from our center (Add- ceived RT alone (log-rankp=0.7733; Fig.6f). Despite
itional file 1: Figure S1). Similarly, the clinical character- not reaching significance, similar findings were observed
istics appeared to be similar between those patients whdor PFS outcome (Additional file5: Figure S3B). Inter-
received RT/TMZ versus RT alone (Additional fil®: action analyses and Cox analyses both supported an in-
Table S1). The single CpG methylation of HSPB2 by py-dependent predictive potential of the single CpG
rosequencing predicted OS in patients who received RT/methylation of HSPB2 to TMZ efficacy in clinically
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