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Improved risk stratification in younger IDH wild-type
glioblastoma patients by combining a 4-miRNA signature
with MGMT promoter methylation status
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Abstract

Background. The potential benefit of risk stratification using a 4-miRNA signature in combination with MGMT pro-
moter methylation in IDH1/2 wild-type glioblastoma patients was assessed.

Methods. Primary tumors from 102 patients with comparable treatment from the LMU Munich (n = 37), the
University Hospital Disseldorf (n = 33), and The Cancer Genome Atlas (n = 32) were included. Risk groups were
built using expressions of hsa-let-7a-5p, hsa-let-7b-5p, hsa-miR-615-5p, and hsa-miR-125a-5p to assess prog-
nostic performance in overall survival (OS). MGMT promoter methylation and age were considered as cofactors.
Integrated miRNA, DNA methylome, and transcriptome analysis were used to explore the functional impact of
signature miRNAs.

Results. The 4-miRNA signature defined high-risk (n = 46, median OS: 15.8 months) and low-risk patients (n = 56, me-
dian OS: 20.7 months; univariable Cox proportional hazard analysis: hazard ratio [HR]: 1.8, 95% confidence interval
[CI]: 1.14-2.83, P = .01). The multivariable Cox proportional hazard model including the 4-miRNA signature (P =.161),
MGMT promoter methylation (P < .001), and age (P = .034) significantly predicted OS (Log-rank P < .0001). Likewise to
clinical routine, analysis was performed for younger (<60 years, n = 50, median OS: 20.2 months) and older patients
(>60 years, n=52, median OS: 15.8) separately. In younger patients, the 4-miRNA signature had prognostic value (HR:
1.92, 95% CI: 0.93-3.93, P=.076). Particularly, younger, MGMT methylated, 4-miRNA signature low-risk patients (n= 18,
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median OS: 374 months) showed significantly improved survival, compared to other younger patients (n = 32,
OS 18.5 months; HR: 0.33, 95% Cl: 0.15-0.71, P = .003). Integrated data analysis revealed 4-miRNA signature-

associated genes and pathways.

Conclusion. The prognostic 4-miRNA signature in combination with MGMT promoter methylation improved
risk stratification with the potential for therapeutic substratification, especially of younger patients.

Key Points

e A prognostic 4-miRNA signature was validated in a multicenter cohort of IDH

wild-type glioblastoma patients.

e Combination of the 4-miRNA signature with MGMT promoter methylation status
markedly improved prediction of survival, particularly in patients 60 years of age

or younger at diagnosis.

Importance of the Study

We confirm the prognostic significance
of a 4-miRNA signature in /DH wild-type
glioblastoma patients. The combination
of the 4-miRNA signature with MGMT

Glioblastomas lacking hotspot mutations in the isocitrate
dehydrogenase (IDH) genes 1 or 2 (IDH wild-type glioblast-
omas) are the most common and most malignant glial
tumors of the brain."? Standard of care for IDH wild-type gli-
oblastoma patients comprises neurosurgical tumor resec-
tion or stereotactical biopsy followed by chemoradiotherapy
(CRT) with temozolomide (TMZ) and 6 cycles of mainte-
nance TMZ chemotherapy.? Despite this aggressive treat-
ment, prognosis of patients with /DH wild-type glioblastoma
remains poor as indicated by median overall survival (OS)
times of only 15-18 months in contemporary clinical trials.?

Transcriptional silencing of the O°-DNA-methylguanine-
DNA methyltransferase (MGMT) gene by aberrant pro-
moter methylation is linked to better response to TMZ and
longer survival of glioblastoma patients.® However, even
MGMT promoter-methylated glioblastomas invariably
relapse after initial therapy, with recurrent tumors typi-
cally occurring within the high-dose region of initial radi-
otherapy.* Patients with recurrent glioblastoma require
second-line therapy, which is not as well standardized and
may comprise repeated surgery, systemic chemotherapy,
and/or reirradiation.?

Even though the need for glioblastoma treatment inten-
sification is evident, trials on the dose escalation of primary
radiotherapy did not result in a relevant survival benefit®®
but caused significantly increased toxicity.” Unfortunately,
also treatments based on molecularly targeted pharmaco-
logical approaches have generally failed in glioblastoma to
date.® In this respect, a better discrimination of prognos-
tically distinct subgroups of patients based on molecular
biomarkers beyond MGMT promoter methylation might
facilitate the development and clinical validation of novel
personalized therapies. Especially in younger patients, in

promoter methylation status improves strat-
ification of younger glioblastoma patients
and may enable personalized treatment
decisions.

which MGMT promoter methylation is not used for treat-
ment stratification,® further biomarkers are needed.

We have established a 4-miRNA signature with prog-
nostic significance in glioblastoma patients.” Here, we
confirm that IDH wild-type glioblastoma patients can be
stratified into high-risk and low-risk groups with a signifi-
cant difference in OS with the use of a risk score calculation
using expression levels of 4 miRNAs, namely hsa-let-7a-5p,
hsa-let-7b-5p, hsa-miR-125a-5p, and hsa-miR-615-5p, the
Cox coefficients of the prognostic model and a threshold
as defined in the discovery study.’® Moreover, we show
that a combination of the 4-miRNA signature with MGMT
promoter methylation further improves prognostic strat-
ification of glioblastoma patients who were 60 years or
younger at the time of diagnosis. For the purpose of the
biological and mechanistic interpretation of the 4-miRNA
signature, we assessed DNA methylation profiling data
through gene set enrichment analysis (GSEA) in addition
to integrated 4-miRNA signature, DNA methylation, and
transcriptome analysis.

Materials and Methods

Clinical Characteristics of the Glioblastoma
Patient Cohorts

All patients were treated by a standard of care CRT with
concomitant TMZ."2 Data on relevant prognostic fac-
tors including the MGMT promoter methylation status,
age at diagnosis, and the resection status were avail-
able for all patients. Histological tumor classification
was performed at each center according to the revised
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World Health Organization (WHO) classification of cen-
tral nervous system tumors of 2016." Fisher’s exact test
and Kruskal-Wallis test were used to evaluate differ-
ences between the patients of the University Hospital
of the Ludwig Maximilians University Munich (LMU),
the University Hospital Disseldorf (UKD), and The
Cancer Genome Atlas (TCGA) subgroups. OS was cal-
culated from the beginning of CRT until death or last
follow-up. Median follow-up was calculated using the
reverse Kaplan-Meier method."® The ethics committees
approved the project regarding the patients in Munich
(LMU ethics approval number: 239-16) and Dusseldorf
(approval number: 2017074384).

TCGA Validation Set

The institutional cohorts (LMU and UKD) were comple-
mented by clinical and molecular data of 32 patients re-
trieved from the publicly available database of TCGA
project (https:/cancergenome.nih.gov/). The TCGA cohort
included patients with available clinical follow-up data,
MGMT promoter methylation status, postoperative treat-
ment, as well as information on miRNA expression data.
All data on primary tumors were retrieved from the TCGA
legacy archive stored at GDC data portal in February 2018.
The 32 patients are the subset of the TCGA validation set
initially used in the work of Niyazi et al.,’® for which MGMT
promoter methylation status was known and which were
IDH wild-type.

Processing of Tissue Samples and Nucleic Acid
Extraction

Formalin-fixed paraffin-embedded (FFPE) tissue sections
(10-20 micron, 3-5 sections per case) from resected
tissue samples or stereotactic biopsies of primary tu-
mors were subjected to deparaffinization in xylene fol-
lowed by washing with ethanol. Representative tumor
areas marked by a neuropathologist were scraped off the
deparaffinated sections using a scalpel. DNA and total
RNA (including the small RNA fraction) were simulta-
neously extracted from the dissected specimens using
the AllPrep DNA/RNA FFPE Kit (Qiagen) according to the
manufacturer’s protocol.

Determination of MGMT Promoter Methylation
and IDH Mutation

LMU cohort

MGMT promoter methylation in the LMU Munich co-
hort was assessed by methylation-specific PCR (MSP) and
sequencing as reported.' Briefly, after sodium bisulfite
treatment of the DNA, MSP was performed using primers
specific for methylated or unmethylated DNA," and PCR
products were visualized using the FlashGelTM System
(Lonza). For bisulfite sequencing, a 316 bp fragment with
25 CpG sites of the MGMT promoter region was amplified
after bisulfite treatment.’® Sequencing of purified PCR prod-
ucts was subsequently performed on an ABI3130 sequencer
(Applied Biosystems). The MGMT promoter sequence

was considered “methylated” if > 13 of the 25 CpG sites
showed methylation-specific peaks, that is, at least 50%
signal intensity of the corresponding thymine peak. IDH
mutation status was determined as reported.' In brief, the
DNA segments containing the R132 (IDHT) and the R172
(IDH2) coding regions were amplified by PCR. Subsequent
pyrosequencing was performed on a PyroMark System Q24
MDX (Qiagen) with the appropriate reagents according to
the manufacturer’s instructions. Pyrograms were analyzed
by the PyroMark Q24 software (Qiagen).

UKD cohort.

MGMT promoter methylation status was determined
by MSP as reported."”” IDH mutation status was deter-
mined by immunohistochemistry for IDH R132H and DNA
pyrosequencing as reported before."”

TCGA cohort.

The MGMT promoter methylation status was determined
by lllumina Human Methylation 450k Bead Array analysis
according to Bady et al."® The /IDH mutation status was
retrieved from the clinical data annotation provided by
TCGA.

Quantitative Real-Time PCR Analysis of
Signature miRNAs in the LMU and UKD Cohorts

Determination of expression levels of miRNAs hsa-let-7a-5p,
hsa-let-7b-5p, hsa-miR-125a-5p, and hsa-miR-615-5p was
carried out by quantitative real-time PCR (qRT-PCR) using
the miScript Il System (Qiagen) on a ViiA 7 Real-Time PCR
System (Applied Biosystems). The small RNA SNORD68
was used as an endogenous control. For reverse transcrip-
tion, 10 ng total RNA was used in a total reaction volume of
20 pL. For the gRT-PCR 1 pL of the cDNA was added to 9 pL of
master mix and the reaction PCR cycled using the following
program: 95°C for 15 min (initiation and denaturation), 94°C
for 15's, 55°C for 30 s, 66°C for 30 s for 40 cycles.The cycling
conditions and primer concentration were optimized with
regard to reaction efficiency. Reactions were carried out
in duplicates and exponentiated delta Ct values reflecting
miRNA expression relative to the SNORD68 control were
calculated. All primers were part of the proprietary miScript
Primer Assays as provided by Qiagen.

Determination of Signature miRNA Expression
Levels in TCGA miRNA Microarray Data

The log2-transformed expression values for the 4 signa-
ture miRNAs were extracted from quantile normalized
Agilent human miRNA array data as reported before.™

Calculation of Signature Risk Score and
Risk Factor

The expression values (log2) of each subcohort were
z-scaled per miRNA, and risk scores were calculated by
building the scalar product of the z-scaled expression
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values and the Cox proportional hazard coefficients from
the original 4-miRNA signature prognostic model."
Patients were assigned to the high-risk or the low-risk
group, using the cutoff value as described before."

Uni- and Multivariable Survival Analysis

Univariable and multivariable Cox proportional hazard
models were built for testing the prognostic significance
of the 4-miRNA signature, MGMT promoter methylation
status, age, sex, and resection status. According to the
median age of the patients, which was 60 years, the co-
hort was dichotomized in patients older than 60 years
and patients aged 60 years or younger. All independent
variables were tested pairwise for possible associations.
Moreover, possible statistical interactions of age or the
MGMT promoter methylation status with the 4-miRNA
signature were tested. In order to integrate the prognostic
values of the 4-miRNA signature with MGMT promoter
methylation status, 4 subgroups were built and analyzed
by univariable and multivariable testing. Predictor vari-
ables that were significantly associated with OS in the
univariable analysis were included in the multivariable
models. The prognostic performance of multivariable
models to be compared was assessed using C-index over
time."®

Recursive Partitioning Analysis

Recursive partitioning analysis (RPA) was performed using
the R package rpart for the endpoint OS and including the
dichotomous variables 4-miRNA signature, MGMT pro-
moter methylation status, age, and extent of resection
status.?’The terminal nodes (leaves) had to contain at least
5 observations and cross-validation was repeated 1000
times.

DNA Methylome Profiling and GSEA for
Differentially Methylated Genes

For patients included in the TCGA validation subcohort,
the lllumina human methylation 450k DNA methylation
profiles were downloaded from the GDC Data Portal
(legacy archive) using the R package TCGAbiolinks. In
case that 450k data were not available, the 27k profiles
were downloaded. The beta values for probes that were
present in both the 450k and 27k data were combined
into one data set. For differential analysis of CpG sites,
the DMP function of the R package ChAMP was used.
Benjamini-Hochberg false discovery rate (FDR) multiple
testing correction was applied to P values while FDRs
smaller than 0.05 were considered as statistically sig-
nificant.2' The top 10 CpG sites for each of the 4 signa-
ture miRNAs were plotted in heatmaps. For methylation
GSEA, the Empirical Bayes GSEA method implemented
in the R package ChAMP was applied to the methylation
data, while the t-test statistics of signature miRNAs were
used as a ranking parameter. Enrichment was performed
with gene sets from the KEGG and Reactome pathway
databases.??%

Integrated Analysis of the Impact of Signature
miRNAs and DNA Methylation on Gene
Expression

We used a subset of the TCGA data set for which data from
the miRNA, DNA methylation, and transcriptome levels
were available. All data were downloaded from the GDC
data portal using the R package TCGAbiolinks.?* For the
identification of genes that are cooperatively regulated by
the 4-miRNA signature and DNA methylation, we gener-
ated 2 linear regression models for each combination of
miRNA and gene.?® One model only considered the ad-
ditive effects of miRNA expression and DNA methylation
and the second model also contained the interaction term.
Using ANOVA F-test, the fit of the 2 models was compared
and in case of statistical significance of the difference, we
assumed that interaction of the miRNA with DNA meth-
ylation influences the expression of the gene of interest.
With regard to the selection of genes, we followed 2 ap-
proaches. In one approach, we identified the predicted
target genes for each signature miRNA by querying
multiple miRNA-target prediction databases using the
get_multimir function as implemented in the multiMiR
R package.?® The top 60% predicted targets were used
in the analysis. In a second approach, the genes as pro-
vided by the COSMIC Cancer Gene Census (https://cancer.
sanger.ac.uk/census, downloaded on June 27, 2020) were
tested for the cooperative effects of the 4-miRNA signa-
ture and DNA methylation.?’ In order to check significantly
interacting genes if published in the context of glioblas-
toma, a batch PMID query “glioblastomal[Title/Abstract]
AND [candidate gene]” was conducted using the R
package easyPubMed.

R Analysis and Supplementary Data File

The statistical analysis was conducted in R using the
RStudio Server developer environment, which was
run as a virtual machine on a high-performance com-
puting server from a docker image (kristianunger/
rstudio:neurooncologyadvances). All R analyses were
conducted and documented using R Markdown (https:/
rmarkdown.rstudio.com/), which generates an html report
file that accompanies this paper as Supplementary File 1.

Results
Patient Characteristics

Our study includes 102 patients with /IDH wild-type glio-
blastoma. Clinical data and tissue samples of 70 patients
were retrospectively collected at 2 different centers
in Germany, namely the LMU Klinikum, LMU Munich,
Munich (n = 37 patients) and the UKD, Heinrich Heine
University, Diisseldorf (n = 33 patients).

The median age at diagnosis was 61 years (range:
33-78 years). Sixty patients (58.8%) were male and 42 pa-
tients (41.2%) were female. Eighty-four patients (82.4%)
underwent tumor resection (gross total or partial),
while 18 patients (17.6%) underwent biopsy only. The
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median follow-up of the whole cohort was 42.7 months
(interquartile range [IQR]: 29-58.8 months). Median
follow-up times of the LMU cohort were 49.8 months
(IQR: 41.7-58.8 months) and that of the UKD cohort was
42.7 months (IQR: 29-NA months). Median follow-up
could not be estimated by reverse KM due to the small
number of losses in the TCGA subcohort (n = 32) com-
bined with the high number of events after the last loss
in this subcohort. Details on clinical data are summarized
inTable 1 and Supplementary File 1, Sections 4-6).

4-MiRNA Signature and MGMT Promoter
Methylation Status-Defined Patient Groups and
Association With Clinical Parameters

After determining the risk status according to Niyazi
et al.’® 45.1% of patients in the entire cohort of 102 pa-
tients were assigned to the high-risk group and 54.9% of
the patients to the low-risk group (Figure 1A). Possible
associations of the 4-miRNA signature groups with pa-
tient age (older than the cohort median age of 60 years
vs 60 years or younger), MGMT promoter methylation
status, sex, and resection status were tested. The sig-
nature risk groups were significantly associated with
age (P =.031) and borderline significantly associated
with resection status (P = .066). Proportionally, more
patients older than 60 years belonged to the 4-miRNA
signature high-risk group. 4-miRNA signature risk and
MGMT promoter methylation status-defined groups
were not significantly associated (odds ratio 1.85,

Table 1. Patient Characteristics

LMU (N =37)

UKD (N =33)

95% confidence interval [CI]: 0.79-4.43, P = .16) and
did not show interaction in the multivariable Cox pro-
portional hazard analysis (hazard ratio [HR]: 0.80, 95%
Cl: 0.32-2.02, P = .640). MGMT promoter methylation
status showed association with sex (odds ratio 2.77,
95% Cl: 1.14-6.95, P = .016) with proportionally more
male patients in the MGMT promoter-unmethylated
group. Details are presented in Supplementary File 1,
Sections 7-9.

Univariable Analyses and Stratified Subgroups

The 5 risk factors 4-miRNA signature risk group, MGMT
promoter methylation status, sex, resection status, and
age were univariably tested for association with OS. The
4-miRNA signature (P = .01, HR: 1.8, 95% CI: 1.14-2.83,
Figure 1A), MGMT promoter methylation status (P <
.001, HR: 0.42, 95% CI: 0.26-0.69, Figure 1B), and age
(P =.048, HR: 1.568, 95% CI: 1.0-2.49, Figure 1C) were sig-
nificantly associated with OS. Median OS was 20.7 versus
15.8 months for patients with 4-miRNA signature low-risk
versus high-risk, 20.7 versus 15.0 months for methylated
versus unmethylated MGMT promoter, and 20.2 versus
15.8 months for younger (<60 years) and older (>60 years)
patients, respectively.

In patients aged 60 years or younger, the combina-
tion of a methylated MGMT promotor and a low-risk
4-miRNA signature was associated with more than 2
times longer median OS (37.4 months), when compared
to the corresponding 4-miRNA signature high-risk group

4-miRNA signature group

Low-risk 20 (54.1%) 17 (51.5%)

High-risk 17 (45.9%) 16 (48.5%)
MGMT promoter methyl-
ation status

Unmethylated 10 (27.0%) 22 (66.7%)

Methylated 27 (73.0%) 11 (33.3%)
Age categories

<60 years 14 (37.8%) 21 (63.6%)

>60 years 23 (62.2%) 12 (36.4%)
Age

Median 65 59

Range 47 - 76 39-78
Sex

Female 19 (51.4%) 10 (30.3%)

Male 18 (48.6%) 23 (69.7%)
Resection status

Resection 24 (64.9%) 33(100.0%)

Biopsy 13 (35.1%) 0(0.0%)

CS, chi-square test; KW, Kruskal-Wallis test.

TCGA (N=32) Total (N=102) Difference Across
Subcohorts (P value)
8104
19 (59.4%) 56 (54.9%)
13 (40.6%) 46 (45.1%)
.0034
17 (563.1%) 49 (48.0%)
15 (46.9%) 53 (52.0%)
.094¢
15 (46.9%) 50 (49.0%)
17 (53.1%) 52 (51.0%)
071,y
61 61
33-76 33-78
202
13 (40.6%) 42 (41.2%)
19 (59.4%) 60 (58.8%)
<.0014
27 (84.4%) 84 (82.4%)
5 (15.6%) 18 (17.6%)
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Figure 1.

Kaplan—Meier analysis for the endpoint overall survival. (A) 4-miRNA signature defined risk groups, (B) MGMT promoter methylation

defined risk groups, (C) age defined risk groups. Pvalues were calculated using the log-rank test.

(14.9 months) and the MGMT promoter-unmethylated
groups (MGMT promoter-unmethylated/4-miRNA
signature low-risk 18.6 months, MGMT promoter-
unmethylated/4-miRNA signature high-risk 18.3 months;
log-rank P = .019). Of note, in younger patients, the
4-miRNA signature high- and low-risk groups did not
significantly differ in age (P=.078).

In patients older than 60 years of age, substratification
of patients by the 4-miRNA signature and MGMT pro-
moter methylation status resulted in median OS times
of 20.7 for the MGMT promoter-methylated/4-miRNA
signature low-risk-group, 18.2 months for the MGMT
promoter-methylated/4-miRNA signature high-risk group,
14.1 months for the MGMT promoter-unmethylated/4-
miRNA signature low-risk group, and 9.5 months for
the MGMT promoter-unmethylated/4-miRNA signature
high-risk group (log-rank P = .012). In older patients, the
4-miRNA signature high- and low-risk groups did not sig-
nificantly differ in age (P=.577).

Multivariable Analyses

For the multivariable Cox analysis, the parameters
4-miRNA signature, MGMT promoter methylation status,
and age were considered, which showed prognostic sig-
nificance in univariable analysis on OS. Age was statisti-
cally associated with the 4-miRNA signature (see above)
but did not show statistical interaction with the 4-miRNA
signature in the Cox model (Chi-square test, P = .636). The
multivariable Cox model including MGMT promoter meth-
ylation status, the 4-miRNA signature, and age significantly
predicted OS (log-rank P value < .0001). In line with clin-
ical practice and in order to rule out age-dependent effects,
multivariable analysis including MGMT promoter meth-
ylation status and the 4-miRNA signature was carried out
separately for younger (<60 years) and older (>60 years)
patients. A further prognostic impact of age was neither
detectable in the younger (age as continuous variable: log-
rank P > .3, age as median-split variable: log-rank P > .07)
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nor in the older patients (age as continuous variable: log-
rank P > .5, age as median-split variable: log-rank P > .1).
Details are presented inTable 2 and Supplementary File 1,
Section 8.

In younger patients of less than or equal to 60 years
of age, the model including the 4-miRNA signature and
MGMT promoter methylation status was significantly
prognostic (log-rank P =.007, 4-miRNA signature: P=.076,
HR 1.92, 95% CI: 0.94-3.93; MGMT promoter methylation:
P=.036, HR 0.45, 95% CI: 0.21-0.95; Table 2 and Figure 2A).
MGMT promoter-methylated/4-miRNA signature low-risk
patients significantly performed better with regard to OS
(median OS: 374 months) compared with the 3 remaining
groups who had a median OS of 18.5 months (log-rank
P =.0032, HR: 0.33, 95% CI: 0.15-0.71, Supplementary File
1, Section 17). The concordance index (C-Index) of the
multivariable model including MGMT promoter methyl-
ation and the 4-miRNA signature was higher (0.62) com-
pared to that of the univariable Cox model including the
4-miRNA signature (C-index: 0.59) or MGMT promoter
methylation (C-index: 0.59) alone (Supplementary File 1,
Section 18).

In patients older than 60 years of age, the model in-
cluding the 4-miRNA signature and MGMT promoter
methylation status was also significantly prognostic
(log-rank P = .006, 4-miRNA signature: P = .516, HR
1.24, 95% Cl: 0.65-2.38; MGMT promoter methyla-
tion: P =.004, HR 0.34, 95% CI: 0.16-0.71; Table 2 and
Figure 2B). However, the contribution of the 4-miRNA
signature in older patients was less prominent com-
pared to younger patients. The multivariable Cox
model including the 4-miRNA signature and MGMT
promoter methylation had a C-index of 0.64 and
the univariable models including MGMT promoter
methylation C-indices of 0.62 and 0.56, respectively
(Supplementary File 1, Section 18).

In both age groups, combining MGMT promoter meth-
ylation status with the 4-miRNA signature improved prog-
nostic prediction accuracy.

Table 2. Univariable and Multivariable Survival Analysis

HR 95% Cl P
Lower Upper

Univariable models

4-miRNA signature 1.8 1.14 2.83 .01
MGMT promoter methylation 0.42 0.26 0.69 <.001
Age (categorized) 1.58 1.0 2.49 .047
Sex 131  0.82 2.08 .261
Resection status 1.39 0.80 2.42 .238
Multivariable model younger patients

4-miRNA signature 192  0.94 3.93 .076
MGMT promoter methylation 0.45 0.21 0.95 .036
Multivariable model older patients

4-miRNA signature 1.24  0.65 2.38 .516
MGMT promoter methylation 0.34 0.16 0.71 .004

Recursive Partitioning Analysis

For the generation of an RPA decision tree model, the param-
eters 4-miRNA signature, and MGMT promoter methylation
status in combination with OS were given as input and the
analysis was conducted separately for younger (<60 years
of age) and older patients (>60 years of age). For both age
groups, the first hierarchical level of the decision tree was
given by MGMT promoter methylation status, and the
second level was given by the 4-miRNA signature.

In younger patients, the relative risk (predicted probability)
of death was lower in MGMT promoter-methylated/4-miRNA
signature low-risk patients (0.61) compared to the other pa-
tient groups (MGMT promoter-methylated/4-miRNA signa-
ture high-risk: 1.3, MGMT promoter-unmethylated/4-miRNA
signature low-risk: 1.3 and MGMT promoter-unmethylated/4-
miRNA signature high-risk: 1.7). In older patients, rela-
tive risks were markedly different in patients with MGMT
promoter-methylated (0.73) versus -unmethylated (1.7) tu-
mors, while further stratification by the 4-miRNA signature
only led to moderate differences of relative risks between the
groups (MGMT promoter-methylated/4-miRNA signature
low-risk: 0.7 MGMT promoter-methylated/4-miRNA signa-
ture high-risk: 0.78, MGMT promoter-unmethylated/4-miRNA
signature low-risk: 1.2, MGMT promoter-unmethylated/4-
miRNA signature high-risk: 1.9). However, the 4-miRNA sig-
nature consistently identified subgroups with corresponding
increased and decreased risks for all combinations of age
group and methylation status. Details on the RPA results are
shown in Figure 2C and D.

DNA Methylome Profiles and GSEA for
Differentially Methylated Genes

In order to gain insights into potential biological associ-
ations underlying the prognostic effect of the signature
miRNAs, we utilized large-scale DNA methylation data
from the TCGA database for analyses of differential gene
methylation followed by gene set analysis for the iden-
tification of differentially methylated genes and corre-
sponding pathways associated with the expression of
each of the 4 signature miRNAs. The genes of the top 10
most differentially methylated CpG sites for each signature
miRNA are shown as heatmaps in Figure 3A-D.

Moreover, for each of the 4 signature miRNAs, enriched
gene sets were identified. For hsa-miR-615-5p, only one en-
riched pathway (KEGG acute myeloid leukemia) was found.
For hsa-let-7a-5p, hsa-let-7b-5p, and hsa-miR-125a-5p, sev-
eral enriched pathways were identified, while all miRNAs
showed deregulation of G-protein-coupled receptor
signaling associated pathways, neuroactive ligand-receptor
interaction, and cytokine-cytokine receptor interaction.
Results of gene set enrichment for differentially methylated
genes are summarized for each miRNA in Figure 3A-D.

Integrated Analysis of the Impact of Signature
miRNAs and DNA Methylation on Gene
Expression

For 23 patients, miRNA-, DNA methylation, and tran-
scriptome data were available. A list of TCGA patient/
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Figure 2. Kaplan—Meier and recursive partitioning analysis (RPA) for younger (aged 60 years or younger) and older (aged >60 years) glioblastoma
patients. (A) Kaplan—Meier analysis of combined 4-miRNA signature and MGMT promoter methylation defined risk groups in younger patients. (B)
Kaplan—Meier analysis of combined 4-miRNA signature and MGM T promoter methylation defined risk groups in older patients. (C) RPA in younger
patients, based on 4-miRNA signature and MGMT promoter methylation defined risk groups for the endpoint overall survival. (D) RPA in older pa-
tients, based on 4-miRNA signature and MGMT promoter methylation defined risk groups for the endpoint overall survival.

sample IDs included in the analysis is presented in
Supplementary File 2. In total, 36 genes were identified
to be cooperatively regulated by DNA methylation and
signature miRNAs. In detail for hsa-let-7a-5p 8 genes, for
hsa-miR-125b-5p 16 genes, hsa-miR-615-5p 3 genes, and
for hsa-let-7b-5p 9 genes were identified. The analysis of
cooperative effects of signature miRNAs and DNA meth-
ylation on the expression of cancer genes as defined by
the COSMIC Cancer Gene Consensus revealed for hsa-
let-7a-5p genes SF3B1 and PTEN, for hsa-miR-125a-5p
genes MDM4, PTEN, SND1, WT1, BRCA1, LMO2, ESR1,
DNM2, MLLT10, and for hsa-miR-615-5p the CSF1R gene.
The list of genes along with a functional description and
their roles as cancer hallmarks defined by Hanahan and
Weinberg (2011) can be found in Supplementary File 2.
With regard to the relevance of identified genes, reflected
by the number of PubMed-listed articles containing the

keyword “glioblastoma” and the gene name of interest,
we conducted a batch query of the PubMed database.
Among genes that are predicted targets of the 4-miRNA
signature, PAX6 regulated by hsa-let-7b-5p (29 articles),
TCF4 regulated by hsa-let-7a-5p (15 articles), RRM2 regu-
lated by hsa-miR-125a-5p (12 articles), EFEMP1 regu-
lated by hsa-let-7b-5p (8 articles), and BCAN regulated
by hsa-let-7a-5p (8 articles) were the most important.
Among the Cancer Gene Consensus genes, PTEN regu-
lated by hsa-miR-125a-5p and hsa-let-7a-5p (769 arti-
cles), BRCA1 regulated by hsa-miR-125a-5p (38 articles),
WT1 regulated by hsa-miR-125a-5p (29 articles), MDM4
regulated by hsa-miR-125a-5p (17 articles), CSF1R regu-
lated by hsa-miR-615-5p (9 articles), and ESR1 regulated
by hsa-miR-125a-5p (6 articles) were the most important.
The results of the integrated analysis are summarized in
Supplementary File 2.
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Discussion

MGMT promoter methylation is still the only clinically rel-
evant biomarker in patients with IDH wild-type glioblast-
omas.? It is commonly used for stratification of patients in
clinical trials, may guide individual treatment decisions, in
particular in older patients,??8 and is linked to survival in pa-
tients treated withTMZ.2 However, additional predictive and
prognostic biomarkers especially for younger glioblastoma
patients are urgently needed for personalized treatment
stratification and improved prediction of outcome.

The prognostic value of the 4-miRNA signature was con-
firmed in our cohort. Moreover, our data point to an addi-
tional prognostic value of the 4-miRNA signature in younger
patients (aged 60 years or younger), when combined with
information on MGMT promoter methylation. Here, the
combination of the 4-miRNA signature with MGMT pro-
moter methylation showed particularly beneficial results for
patients with a methylated MGMT promoter status and low-
risk 4-miRNA signature profile compared to all other groups,
with 37.5 months median OS versus 14.9-18.6 months.

In contrast to previously published prognostic miRNA
signatures for glioblastoma patients,?®3' the 4-miRNA
signature was applied to an independent cohort without
further adaptation of the underlying prognostic model,
therefore, providing a high level of external validity. Even
though the UKD subcohort comprised a selected group of
glioblastoma patients, who all underwent surgery at re-
currence, the split into 4-miRNA signature high-risk and
low-risk patients and the combination with the MGMT pro-
moter methylation status could be achieved in the same
way as in the LMU and TCGA subcohorts.

In order to gain first insights into biological mechan-
isms underlying the prognostic association of the 4-miRNA
signature, we performed a GSEA of the TCGA subcohort
based on differentially methylated genes identified by
array-based epigenetic profiling. In an analogous ap-
proach, carried out in the frame of the study that discov-
ered the 4-miRNA signature, expression of the 4 signature
miRNAs was correlated to global gene expression and
revealed involvement of the immune response, extracel-
lular matrix organization, neural growth factor, Wnt and
G-protein-coupled receptors (GPCR) signaling.®

In the herein presented DNA methylation-based GSEA
analysis, the most prominent molecular mechanism was the
deregulation of GPCR-mediated signaling, which was iden-
tified for 3 of the 4 miRNAs, except hsa-miR-615-5p. GPCR
signaling was thus found by both mRNA expression and
DNA methylation profiling. It has been described as being of
major importance for cell cycle regulations, cell death, and
infiltration consisting of migration and invasion of glioma
cells.®?2 Another pathway that was present in all gene set en-
richment data except hsa-miR-615-5p was the neuroactive
ligand-receptor interaction pathway. This pathway shows
a high overlap with the GPCR pathway. Xi et al.*3 reported
that the neuroactive ligand-receptor interaction pathway is
regulated by the upregulation of the miRNA hsa-let-7b-5p in
human glioma, which leads to its transcriptional repression.

Moreover, our DNA methylation-based GSEA showed de-
regulation of the KEGG acute myeloid leukemia pathway,
which integrates a number of cancer pathways including

Pi3K-Akt, apoptosis, mTOR signaling, and cell cycle pathways.
Sun et al.3* have identified the Gab2 gene as a target of hsa-
miR-125a-5p and a functional association with cytoskeleton
rearrangement and matrix metalloproteinases expression,
which inhibited invasiveness of human glioma cells. In addi-
tion, we performed an analysis in which cooperative effects
of the expression of the 4-miRNA signature and DNA methyl-
ation on predicted miRNA-target genes and on known cancer
genes from the Cancer Gene Census were investigated.
A number of known and new genes associated with glioblas-
toma were discovered. Among the 4-miRNA signature target
genes, SF3B1 (splicing factor 3b subunit 1), ONECUT2 (one
cut homeobox 2), and PAWR (pro-apoptotic WT1 regulator)
showed the strongest interaction effects. SF3B1 is involved
in alternative splicing, frequently mutated in myeloid neo-
plasms and appeared also as most statistically significant in
the analysis of Cancer Gene Census gene and has not been
published in the context of glioblastoma so far.3®> ONECUT2,
a transcription factor of the onecut family, is involved in cell
differentiation was shown to be down-regulated in glioblas-
toma. PAWR is a known tumor-suppressor gene involved in
the regulation of apoptosis and has been suggested as a prog-
nostic risk factor in glioblastoma.®® The genes PAX6, TCF4,
RRM2, EFEMP1, and BCAN also appeared to be cooperatively
affected by the 4-miRNA signature and DNA methylation and
are well known to be involved in glioblastoma tumorigen-
esis, reflected by their numbers of PubMed records. Among
analyzed cancer genes and in addition to the aforemen-
tioned SF3B1 gene, the suppressor gene PTEN, which is in-
volved in various cancers including glioblastoma, showed the
second strongest statistical significance. These are followed
by MDM4, CSF1R, SND1, WT1, BRCA1, LMO2, ESR1, DNM2,
MLLT10, all of which, except MLLT10, known glioblastoma
genes. Due to the small sample size (n = 23) of the integrated
data set, the results can only be indicative, but they provide
potentially meaningful hypotheses for further investigation.

In univariable and multivariable analyses, we detected
the MGMT promoter methylation status, the 4-miRNA
signature, and age as statistically significant prognostic
parameters and an association between the 4-miRNA sig-
nature and age. In order to account for the association of
the 4-miRNA signature with age, separate RPAs for younger
and older patients were performed, as in the setting of clin-
ical decision-making. When looking separately at the strat-
ified age cohorts of younger and older patients, no further
statistically significant stratification by age was observed,
while the combination of MGMT promoter methylation with
4-mRNA signature was able to sub-stratify both age groups.

As expected, in the first hierarchy level of the RPA
through stratification by the MGMT promoter methylation
status, a comparable risk difference was present for both
age groups. In the second hierarchy level, in the case of an
unmethylated MGMT promoter, further risk stratification
by the 4-miRNA signature was possible for younger and
older patients. In case of a methylated MGMT promoter,
an especially large risk difference between the 4-miRNA
signature defined high-risk and low-risk group was found
for younger patients, whereas for older patients only a
marginal difference was present. This finding might be of
special interest for further risk stratification, as the group
of younger patients with MGMT promoter-methylated glio-
blastoma and a 4-miRNA signature high-risk constellation
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might benefit most from therapy intensification, such as ra-
diation dose escalation or additional targeted medication
given concomitantly to CRT or as maintenance therapy.

As recently reported, combined TMZ and lomustine
(CCNU) chemotherapy prolongs survival of glioblastoma pa-
tients with a methylated MGMT promoter status, but also in-
creases toxicity.3’ Therefore, it is of particular interest whether
the 4-miRNA signature could be applied to identify those
glioblastoma patients with an MGMT promoter-methylated
status who benefit most from treatment intensification
through additional alkylating chemotherapy.

In MGMT promoter-unmethylated glioblastoma patients
who show weaker response to alkylating chemotherapy,
it has been investigated in small-scale studies, whether
these patients might benefit from dose escalation of radio-
therapy exceeding the standard dose of 60 Gy in 2 Gy frac-
tions.%3° Following the results of our study, in the case of
an unmethylated MGMT promoter, patients with a 4-miRNA
signature low-risk constellation could possibly have a
greater benefit from dose escalation. Prospective clinical
trials are warranted to assess the survival benefit of dose es-
calation for this specific subgroup of glioblastoma patients.

Yet, and comparable to the detection of the high rele-
vance of IDH mutation, it remains to be determined fur-
ther which molecular alterations are driving the prognostic
value of the 4-miRNA signature. To address this question,
comprehensive integrated in vitro and in vivo studies of the
signature miRNAs are needed.*>#' In addition, validation in
prospectively collected glioblastoma cohorts treated ac-
cording to the standard of care will be the next step toward
clinical application of the 4-miRNA signature.The influence
of sample modality (snap-frozen vs FFPE) and intratumoral
heterogeneity on the stability of the 4-miRNA signature are
also important issues to be investigated in future studies.

In summary, the 4-miRNA signature in combination with
the MGMT promoter methylation status improves indi-
vidual prognosis prediction of IDH wild-type glioblastoma
patients treated with standard CRT, particularly in patients
aged 60 years or younger at diagnosis.
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