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ABSTRACT

The outcome of patients with anaplastic gliomas varies considerably depending
on single molecular markers, such as mutations of the isocitrate dehydrogenase (IDH)
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genes, as well as molecular classifications based on epigenetic or genetic profiles.
Remarkably, 98% of the RNA within a cell is not translated into proteins. Of those,
especially microRNAs (miRNAs) have been shown not only to have a major influence
on physiologic processes but also to be deregulated and prognostic in malignancies.

To find novel survival markers and treatment options we performed unbiased
DNA methylation screens that revealed 12 putative miRNA promoter regions with
differential DNA methylation in anaplastic gliomas. Methylation of these candidate
regions was validated in different independent patient cohorts revealing a set of
miRNA promoter regions with prognostic relevance across data sets. Of those, miR-
155 promoter methylation and miR-155 expression were negatively correlated and
especially the methylation showed superior correlation with patient survival compared
to established biomarkers.

Functional examinations in malignant glioma cells further cemented the relevance
of miR-155 for tumor cell viability with transient and stable modifications indicating
an onco-miRNA activity. MiR-155 also conferred resistance towards alkylating
temozolomide and radiotherapy as consequence of nuclear factor (NF)kB activation.

Preconditioning glioma cells with an NFkB inhibitor reduced therapy resistance of
miR-155 overexpressing cells. These cells resembled tumors with a low methylation
of the miR-155 promoter and thus mir-155 or NFkB inhibition may provide treatment

options with a special focus on patients with IDH wild type tumors.

INTRODUCTION

Anaplastic gliomas of World Health Organization
(WHO) grade III are currently subdivided into anaplastic
astrocytic and oligodendroglial (and mixed) tumors [1].
The considerable interobserver variation for grading and
typing of gliomas [2], the variability of outcomes within
the subgroups and a paucity of therapeutically attractive
targets derived from this framework have triggered studies
suggesting a molecularly-based classification for grade II
and IIT gliomas. This histological classification and the
underlying mutations in the isocitrate dehydrogenase
(IDH) genes 1 and 2 resulting in a glioma CpG island
methylator phenotype (GCIMP) [3], 1p/19q co-deletions,
as well as mutually exclusive mutations in telomerase
reverse transcriptase (TERT) and alpha-thalassemia/
mental retardation syndrome X-linked (ATRX) genes [4, 5]
are providing a clinically useful prognostic framework [6].
Indeed, gliomas across histological subtypes with an IDH
mutation carry a very similar epigenetic profile [7]. This
and other studies [8] suggest that /DH mutant gliomas
form a biologically distinct entity. However, there is still
value to the WHO grading [52] and a need for deeper
understanding of the molecular biology of gliomas outside
the known genetic, epigenetic and transcriptional changes.
Noteworthy, the majority of transcripts within a cell does
not represent protein-coding but actually non-coding
RNA (ncRNA) [9-11]. Amongst those, miRNA gained
major attraction as they act as mainly inhibitory modifiers
of translation by steric hindrance of the ribosome or by
prompting the mRNA degradation [12, 13] which are of
paramount relevance in cancer [ 14]. In a tumor setting the
phenotypic effect of miRNAs depends on the function of
the inhibited mRNAs.

The aim of the present work was to better understand
the transcriptional regulation of miRNAs in gliomas, find
novel survival marker as well as treatment options.

RESULTS

Differential methylation of miRNAs in anaplastic
gliomas

The overlay of differentially methylated regions
(DMRs) detected in tissue samples from the NOA-04
trial and putative miRNA promoter regions generated
an initial list of 29 differentially methylated candidate
miRNA promoter regions. The DMR data set was
derived from a MClp-based DNA methylation profiling
and the promoter set had been previously identified in
an H3K4me3 ChIP screen [18]. The candidates were
prioritized and checked for promoter activity taking
into account additional factors: a favorable distance and
orientation of the miRNA gene, adjacent CpG islands,
the degree of DNase hypersensitivity and vertebrate
conservation of the target region. The 12 most promising
miRNA-associated candidate regions with differential
methylation in anaplastic gliomas were selected for in-
depth analysis (Figure 1, Supplementary Figure 1) and
validated by quantitative DNA methylation analysis using
the MassARRAY technology.
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Prognostic relevance of miRNA methylation in
anaplastic gliomas

The candidate regions were first analyzed in
106 patients with anaplastic gliomas from the NOA-
04 trial (Table 1, Supplementary Figure 2, Figure 2A;
see Supplement for patients’ characteristics). The full
statistics with all analyzed CpGs and amplicons is
available in Supplementary Table 1. Due to differences
in the sample, amplicon and procedure quality reduced
number of patients with methylation data are present for
different miRNA candidates of the same patient cohort.
For all DMR, except the one associated with miR-10b, a
high methylation was associated with a longer progression
free survival (PFS) and overall survival (OS). The
prognostic relevance of selected regions was validated in
an independent anaplastic glioma patient samples (n = 82)
from the GGN [16] using the same primers and settings
as for the initial NOA-04 patients. In the confirmatory
analysis, low methylation levels at the miR-155 and
miR-210 promoters were significantly associated with
worse PFS and OS (Table 1, Supplementary Figure 3;
see Supplement for patients’ characteristics). Methylation
levels of the miR-335 promoter region were merely
correlated with OS.

Correlation with clinically relevant markers showed
that /DH mutation with the CpG island methylator
phenotype (CIMP), 1p/19q codeletion, MGMT promoter
methylation and oligodendroglial histology were

Methyl-CpG
Immunoprecipitation Screen

Differentially methylated

regions in anapl. gliomas \

n=1306

associated with high miRNA-associated 5’-region
methylation levels (Figure 2B).

Furthermore, the relevance of miRNA promoter
methylation for patients with anaplastic glioma was
assessed in data available from The Cancer Genome
Atlas (TCGA). The analysis on TCGA data confirmed the
negative correlation for miR-155-associated methylation
in WHO grade 111 glioma and also showed a lower but
significant correlation for methylation of the miR-
335 promoter region (Figure 2C). Likewise, also the
correlation with clinical markers resembled the NOA-04
situation (Figure 2D).

In order to test a differential impact on radio- or
chemotherapy, samples from NOA-04 patients were split
according to the first line treatment, which showed that
the survival advantage of the candidate methylation sites
was independent of treatment modality (first line chemo-
or radiotherapy) (Supplementary Figure 4). To assess
an age- or WHO grade-related effect, candidate regions
were tested on 101 patient samples from the NOA-8 trial
for patients > 65 years of age with mainly glioblastoma
(89 %) or anaplastic astrocytoma (11 %) [15]. In these
patients no correlation of the miRNA methylation status
with survival was seen (Supplementary Table 2).

Moreover, testing the prognostic relevance of the
miR-155-, miR-210- and miR-335- associated 5’ region
DNA methylation in glioblastoma data available from
TCGA did not produce significant results for WHO grade
IV patients (Supplementary Table 3).

H3K4me3 Chromatin
Immunoprecipitation Screen

Putative
miRNA promoters
n=781

Candidate Generation
Bioinformatical overlay
Candidate Prioritization

Validated miRNA Promoter Candidates

miR-10b | miR-22 |miR-34bc
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miR-96 miR-132,
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miR-129-1 |
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miR-195, |miR-200ab,
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Figure 1: miRNA candidates were generated by the overlay of two data sets. The initial list of differentially methylated miRNA
promoter candidates in anaplastic (anapl.) gliomas originated from an overlay of two distinct screens: a methyl-CpG immunoprecipitation
screen for differentially methylated regions in anaplastic gliomas from the NOA-04 trial (n = 4; healthy n = 1) vs. an H3K4me3 chromatin
immunoprecipitation data set from cell lines of different origin (n = 6) and chronic lymphocytic leukemia patients (n = 24; healthy n = 10)
for putative miRNA promoters. From the 29 candidates (Supplementary Figure 1) produced by this overlay the 12 most favorable candidate

regions were validated by MassARRAY.
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Figure 2: Low promoter methylation of miR-155, miR-210 and miR-335 was associated with a short patient survival.
Three promising miRNA candidates were selected and their Kaplan-Meier estimate from the NOA-04 patients calculated A. The statistically
determined cutpoint (cut) depicts the threshold separating the patients in low and high methylation. The number of patients in each group
is listed below each graph. Full data for all amplicons are in the supplement. Furthermore, miRNA candidate methylation was plotted
according to the /DH mutation status, molecular classification (Mol) with CpG island methylator phenotype (CIMP) and 1p/19q codeletion
status [28], MGMT promoter methylation and tumor histology (histo) B. Additionally, the miRNA methylation for miR-155, miR-210 and
miR-335 was correlated with the overall survival (OS) by Kaplan-Meier analysis (KM) and Cox regression in 90 patients with anaplastic
gliomas available from The Cancer Genome Atlas (TCGA) C. and plotted like for the NOA-04 patients. PFS: progression free survival; p.:
individual p-value; adj. p.: p-value adjusted for testing of multiple amplicons, CpG fragments and cutpoints; /DH: Isocitrate dehydrogenase;
mut: mutated; wt: wild type; C-: CIMP negative; C+/-: CIMP positive, non-codeleted; C+/+: CIMP positive, 1p/19q codeleted; MGMT: O6-
methylguanine-DNA methyltransferase; m: methylated; u: unmethylated; O(A): oligodendroglioma and oligoastrocytoma; A: astrocytoma;
r: Pearson’s r correlation.
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Correlation of miRNA-associated DNA

methylation and miRNA expression

Having established and validated the prognostic
relevance of differential miR-155, miR-210 and miR-335
promoter region methylation, we aimed at deciphering
the functional impact of DNA methylation differences.
MiRNA promoter methylation and miRNA expression
were assessed in 12 fresh frozen glioma samples (Figure
3A). For all candidates the major mature form of the
respective miRNA transcript was analyzed and if not
otherwise specified, the miRNA name refers to this form
throughout the paper (miR-155 for miR-155-5p, miR-210
for miR-210-3p and miR-335 for miR-335-5p).

High methylation at the miR-155 promoter region
was linked to low miRNA expression. In addition, the
correlation of methylation and expression was performed

with anaplastic glioma patient data available from TCGA,
which verified the negative correlation for miR-155 and
also showed a weaker but significant correlation for miR-
335 (Figure 3B). Moreover, TCGA data showed that miR-
155 expression is prognostic and that anaplastic glioma
patients with a high miR-155 expression feature a poor
survival (Figure 3C).

Relevance of promoter methylation for miRNA
expression was also shown in cell lines. Decitabine (5-aza-
2’-deoxycytidine) was applied and DNA methylation was
determined by MassARRAY and miRNA expression
by qPCR (Supplementary Figure 5, 6). Cells with an
initially low miR-155 expression but high methylation
of the miR-155 promoter region (T98G and U251MG)
showed a strong increase in miR-155 expression after
demethylation. For miR-335 also an increase from low to
higher expression was seen after decitabine treatment of
highly methylated cell lines.
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Figure 3: miR-155 promoter methylation and expression were negatively correlated and prognostic in patients. Inaset of
12 fresh frozen anaplastic glioma samples miRNA expression was determined by qPCR and methylation by MassARRAY A. Additionally,
the promoter methylation and miRNA expression was correlated in the 90 TCGA patients with anaplastic gliomas B. Moreover, the
prognostic relevance of the miRNA expression for overall survival (OS) was calculated by Kaplan-Meier analysis (KM) and Cox regression
in the 90 patients from TCGA C. r: Pearson’s r correlation; p.: p-value; adj. p.: p-value adjusted for testing of multiple variables.
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miR-155 promoter methylation and expression is
superior to established prognostic markers

155 and miR-210 were the only significant prognostic
factors in the respective analyses (Figure 4A). PFS was
preferred over OS for the NOA-04 calculations since
the number of OS events is still too low. In addition, we
analyzed the TCGA data taking /DH status into account
(Figure 4B). Both, miR-155 promoter methylation and
miR-155 expression were significant prognosticators in
this calculation, while methylation and expression of miR-
210 and miR-335 were not.

In the next step, miRNA markers were analyzed in
a multivariable analysis on PFS imputing all significant
co-variables form the NOA-04 trial, namely histology,
first-line therapy, /DH mutation and MGMT promoter
methylation status. Putative promoter methylation of miR-

A

NOA-04 - Progression Free Survival

miR-155 miR-210 miR-335

HazR 95%Cl p-value| HazR 95 %Cl p-value| HazR 95 % Cl  p-value
miRNA meth. 0.13 [0.03,0.68] 0.020| 0.18 [0.03,0.93] 0.040( 0.85 [0.25,2.89] 0.800
IDH mut/wt 0.53 [0.22,1.25] 0.150| 0.47 [0.20,1.10] 0.080| 3.23 [0.16,0.61] 0.001
MGMT m/u 0.64 [0.26,1.56] 0.330| 0.81 [0.39,1.69] 0.580( 1.84 [0.30,0.99] 0.050
histology O(A)/A 0.74 [0.34,1.60] 0.440| 0.66 [0.36,1.21] 0.180| 0.52 [0.30,0.90] 0.020
therapy RT/CT 1.28 [0.53,3.13] 0.580( 0.75 [0.38,1.49] 0.410| 2.84 [0.40,1.30] 0.270

B n =52, events =33 n =75, events =48 n =95, events =61

TCGA - Overall Survival

miR-155 miR-210 miR-335

HazR  95%Cl  p-value| HazR  95%Cl  p-value| HazR  95%Cl  p-value
miRNA meth. 0.73 [0.64,0.84] 0.000| 0.85 [0.59,1.24] 0.413( 0.96 [0.73,1.26] 0.760
IDH mut/wt 0.70 [0.31,1.57] 0.389| 0.46 [0.17,1.23] 0.121| 0.36 [0.16,0.81] 0.013

miR-155 miR-210 miR-335
miRNA expr. 144 [1.02,2.01] 0.036| 1.19 [0.80,1.75] 0.388| 1.14 [0.79,1.63] 0.483
IDH mut/wt 0.50 [0.21,1.18] 0.115| 0.35 [0.17,0.73] 0.005( 0.42 [0.16,1.08] 0.071

n =107, events =34 n =107, events =34 n =107, events =34

univariable all —— @ NOA-04
—‘— ® TCGA
univariable IDH wt ‘ .
univariable IDH mut ..
multivariable all . .
r T T T 1
0.60 0.80 1.00 1.20 1.40

hazard ratio for miR-155
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Figure 4: miR-155 promoter methylation and expression were strong prognostic factors even in the presence of
established marker. Multivariate Cox regression models were performed to test the prognostic relevance of the miRNA methylation
together with established marker. Candidate methylation (meth.), /DH mutation status, MGMT promoter methylation status, histopathology
and first line treatment were taken into account for the NOA-04 patients (A). From the TCGA data set the miRNA methylation and miRNA
expression (expr.) were compared against the /DH mutation status (B). Significant correlations were denoted in grey (p-value < 0.05). Both
multivariable analyses were additionally performed using the molecular classification with CpG island methylator phenotype (CIMP) and
1p/19q codeletion status (Supplementary Table 4) [28]. Apart from the uni- and mulitvariable Cox regression analysis and all patients,
also the Hazard ratio of the miR-155 promoter methylation (per 10% methylation increase) was calculated for the /DH wildtype and
mutant patients of the NOA-04 cohort and the TCGA data. HazR: Hazard ratio; CI: confidence interval; mut: mutated; wt: wild type; m:
methylated; u: unmethylated; O(A): oligodendroglioma and oligoastrocytoma; A: astrocytoma; RT: radiotherapy; CT: chemotherapy; n:
number of patients with data for all five factors; events: number of patients with progress/death.

www.impactjournals.com/oncotarget 82033 Oncotarget



Additionally for both NOA-04 and TCGA patients,
the miRNA methylation markers were analyzed applying
the newly established molecular classification [28]
(Supplementary Table 4). Also in this multivariable
analysis miR-155 promoter methylation was superior.

The calculations based on the GGN patient cohort
investigated here were not significant in the multivariable
Cox analysis (Supplementary Table 5). However, when
the prognostic relevance of /DH mutation status and
MGMT promoter methylation were tested by univariable
Cox analysis in this cohort, both were not significant
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(Supplementary Table 5). This strongly indicates a non-
regular patient distribution in the investigated subset of the
GGN cohort concerning these established markers. Thus,
the multivariable analysis on the GGN patients is to be
handled with care.

To further determine the /DH independent relevance
of miR-155 the prognostic value of miR-155 was not only
analyzed by univariable and multivariable Cox regression
on all patients but also after separation into /DH wild type
and /DH mutant patients (Figure 4C). In the /DH wild
type patients of the NOA-04 and TCGA cohorts, miR-155

B

20 nM 40 nM
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D
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no Radio/
no Radio/Radio
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()]
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Es :
]
o
0 - .
0 100 200 0 100 200
F Time [h] Time [h]
™Z no Radio Radio
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1550E

Figure 5: miR-155 was active as onco-miRNA and conveyed therapy resistance. miR-155 high expressing glioma cell lines
(U8TMG, LN-428 and A172) were transfected with scrambled (scr) and anti-miR-155 siRNA (si155) and the viability of the cells measured
with AlamarBlue A. Additionally, a representative staining is shown B. Stable miR-155 overexpressing (1550E) T98G were generated
and the proliferation measured in comparison to control cells (ctrl) in the Real Time Cell Analyzer (RTCA) after chemo- (TMZ) and
radiotherapy treatment C. Moreover, colony formation assays were performed with the control and 155 overexpressing T98G E. For both
assays a representative experiment is given D., F. p-values < 0.05 are marked by an asterisk. TMZ: temozolomide.
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promoter methylation still suggests prognostic relevance. cell (UB7MG, A172 and LN-428) viability was markedly

In this patient group also a highly differential miR-155 reduced after miR-155 levels were transiently knocked

expression had been observed (Figure 2B). down by siRNA (Figure 5A, Supplementary Figure 7).
For in-depth functional analyses a stable

miR-155 is active as onco-miRNA overexpression of miR-155 in the glioma cell line T98G

was established (Supplementary Figure 8) and the
proliferation and clonogenicity analyzed in the presence
of temozolomide and radiotherapy (Figure S5C-5F).
Proliferation and clonogenicity assays revealed that miR-
155 confers resistance to both treatment modalities.

After establishing miR-155 as strong prognostic
marker, even in comparison to established markers, the
aim was to better understand the biology behind miR-155
and deduce its role for reduced patient survival. Glioma

A C

IDH wt patients 1.0 1  /DH mut patients Overlap
expr. correlation E expr. correlation in vitro patients
with miR-155 g _with miR-155 gene expression correlation
<> Y i miR-1550E vs. control miR-155
microarray
. . 45'
€
: v I
-1.0 4 ; 1.0 Q
To% genes [#] 0.05
negative o5 | correlated in both 153 0.26
< onlyin IDHwt 3180
‘é only in IDH mut 88 -0.02
g 1.0 Jnotcorrelated 9403
0.23
0.01

TNFRSF19
GPNMB

LAYN
CREG1

NHS
LOC645381
FAM65C
GPX3
EFEMP1
CPA4

CAV2
TMEM156

Figure 6: Genes were consistently deregulated according to miR-155 expression status in patients and in vitro. Gene
expression data from patients with anaplastic gliomas of TCGA was used to calculate the degree of positive (0.4 to 1) or negative (-1 to -0.4)
correlation with miR-155 expression A. The analysis was performed individually for /DH mutant (mut) and /DH wild type (wt) patients.
Each dot represents a gene and displays its correlation with miR-155 expression in /DH mutant (y-axis) and wild type patients (x-axis).
Microarray analyses were performed with control (ctrl) T98G and miR-155 overexpressing (OE) T98G after treatment with chemo- (TMZ)
or radiotherapy including the respective mock treatments B. The transcriptome of the samples from three independent experiments were
clustered in a heatmap. Next, the in vitro microarray and the correlation in patients were combined to uncover relevant transcriptional
changes due to miR-155 expression C. Candidates were validated by qPCR. The microarray and qPCR data represent fold change of the
gene expression from the miR-155 overexpressing cells to the control cells. For the patient data the degree of correlation of the expression
of each gene with the miR-155 expression is given. Marked are BEX1, ATL1 and TSPAN7 with a significant miR-155 dependent down
deregulation in all in vitro treatment groups and the /DH wild type patients. An upregulated expression or positive correlation (cor.) with
miR-155 expression was colored in red and the opposite in green. Genes without data were denoted in gray. TMZ: temozolomide; mut:
mutation.
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miR-155 as master modulator induces NFxB
activity

To further elucidate the effect of miR-155
overexpression in glioma cells the transcriptional changes
upon miR-155 expression were analyzed in vitro and
in patient-derived tissue data. To capture the latter, the
anaplastic glioma TCGA data was used to determine
which genes were positively or negatively expressed
together with miR-155. Since recent data of our group [29]
and others [30-32] indicate that the /DH or GCIMP status
separates two distinct patient groups, tissues were split
into /DH wild type and /DH mutant tumors. Especially in
the /DH wild type patients a high number of genes were
found whose expression was either positively (0.4 to 1)
or negatively (-1 to -0.4) correlated to the expression of
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IPA upstream regulator: NFkB
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miR-155 (Figure 6A). This patient group had initially also
featured a differential miR-155 promoter methylation in
contrast to the /DH mutant tumors, which had a uniformly
high miR-155 promoter methylation (Figure 2B).

For the in vitro situation microarray expression
analyses were performed with the control and miR-155
overexpressing cells after mock treatment and chemo- or
radiotherapy showing a high number of transcriptional
changes upon miR-155 expression in the heatmap (Figure
6B).

Combining cell line and patient data sets revealed
several genes with coregulation (Figure 6C). The genes
present in the table were additionally all validated by
gPCR in the cell line. Three genes were consistently
strongly deregulated upon stable in vitro miR-155
expression and in the miR-155 expressing /DH wild
type tumors: brain-expressed X-linked protein (BEX)1,
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Figure 7: NFKkB activation was found as common theme upon miR-155 expression. The in vitro and patient data were
analyzed with Ingenuity Pathway Analysis (IPA). From the microarray genes consistently deregulated in all groups were used (before
multiple testing correction). The analysis revealed in both sets as upstream regulator the activation of NFkB upon miR-155 expression
A. Immunoblot analysis of the p65 subunit phosphorylation (p-NFkB p65) confirmed the NFkB activation in miR-155 overexpressing
(1550E) cells in comparison to control (ctrl) cells B. The cells were seeded for colony formation assay and pretreated with the NFxB
inhibitor JSH-23 or DMSO as control followed by the standard chemo- (TMZ) and radiotherapy C. The ratio of colonies from miR-155
overexpressing cells (OE) to control cells (ctrl) was calculated for each treatment. p-values < 0.05 are marked by an asterisk. NKIRAS1
was recently confirmed as miR-155 target [33]. Apart from analysis on RNA level in cells (fold change 1550E to ctrl) and patients
(correlation with miR-155) D., NKIRAS1 protein levels were also determined in vitro in the control and miR-155 overexpressing cells E.

cor.: correlation with miR-155 expression.
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atlastin (ATL)1 and tetraspanin (TSPAN)7 (Figure 6C).
Yet, these genes were not found to be direct canonical
miR-155 targets in different miRNA target predictions
(miRTarBase, targetscan, TarBase, miRDB and Pictar).
To elucidate the underlying miR-155 molecular pathway
effects, transcriptome data was analyzed by Ingenuity
Pathway Analysis (IPA) indicating activation of the NFxB
pathway upon miR-155 expression (Figure 7A). This was
confirmed by immunoblot analysis for the phosphorylation
of the NFkB subunit p65, marker for an active canonical
NF«B pathway, in the control and miR-155 overexpressing
cells (Figure 7B). Moreover, pretreating glioma cells with
the NF«B inhibitor JSH-23 specifically reduced therapy
resistance in miR-155 overexpressing cells (Figure 7C).
Apart from the NFkB inhibitor BEX1 determined above,
it was recently published that NFkB inhibitor interacting
Ras-like 1 (NKIRASI) is a direct target of miR-155
[33]. Although the reduction at the RNA level was only
marginal in the miR-155 expressing cells, immunoblot
analysis showed a strong reduction of NKIRAST at the
protein level after miR-155 overexpression (Figure
7D, 7E). Moreover, in /DH wild type anaplastic glioma
patients NKIRASI expression was negatively correlated
with miR-155 expression at the RNA level (Figure 7D).

DISCUSSION

In this NOA-04 dataset-based epigenome-wide DNA
methylation screen, methylation of the miR-155 promoter
was established as strong prognostic marker in patients
with anaplastic gliomas in three independent patient
cohorts. Mir-55 promoter methylation showed stronger
effects than /DH mutation status, MGMT promoter
methylation and histopathology. In functional analyses the
onco-miRNA activity of miR-155 was confirmed and the
promotion of therapy resistance upon miR-155 expression
was associated with increased NF«kB activity.

Several recent studies [30-32] have established a
classification for anaplastic gliomas consisting of three
classes, separable by /DH mutation or GCIMP and 1p/19q
deletion status as well as presence of absence of copy
number variations typical for glioblastoma. Importantly,
this molecular classification signifies clinically relevant
survival differences and is superior to the current
histopathological subtyping [29]. The present study
focussed on differentially methylated candidates outside
IDH and 1p/19q in the non-coding regions of the DNA.

The advantage of methylation biomarkers lays in
the easy determination by pyrosequencing / MassARRAY
and putative stability over time. In chronic lymphocytic
leukemia DNA methylation of a single CpG in the
promoter of ZAP-70 predicts the outcome [34, 35].
Similarly, an HPV-related methylation signature predicts
survival in oropharyngeal squamous cell carcinomas [36].

Independent from later miRNA studies already the
primary transcript of miR-155, B-cell integration cluster

(BIC), was marked as proto-oncogene in chicken B-cell
lymphomas induced by the avian leukosis virus [37, 38].
With the upcoming miRNA research, the mature miR-155
was deducted from BIC also in mouse and human [39].
The antisense strand of the miR-155 duplex (miR-155-3p),
which is expressed only at minor levels in comparison to
miR-155 (miR-155-5p) [40, 41]. miR-155 was found to
be overexpressed in leukemia and lymphoma, but also in
solid tumors of the lung and breast as well as in glioma
[42].

The functional data with transient and stable miR-
155 expression modulations are in line with the so far
only transient anti-miR-155 siRNA studies. US§7MG
showed reduced proliferation upon miR-155 inhibition
with unmodified siRNAs, as well as a diminished
migration and invasion but increased apoptosis [43-45].
Also miR-155 knockdown in U251MG cells resulted in
reduced proliferation and enhanced chemo-sensitivity
[46]. However, in our hands U251 belonged to the group
of cell lines with a high methylation and minimal miR-155
expression levels [43-45].

One initial drawback of the analyses was the
existence of the GCIMP in /DH mutated gliomas [3,
47], which rendered differential methylation of most
attractive candidates in the past just an epiphenomenon
of co-methylation despite the potential functional or
clinical relevance. Here, we identified a candidate, miR-
155, which showed prognostically relevant differential
promoter methylation in anaplastic gliomas superior to
established marker. This makes miR-155 a particularly
attractive candidate since apart from MGMT there is no
other DNA methylation-regulated candidate marker with
relevance outside the /DH-effect. The mechanisms, by
which MGMT and miR-155 are regulated, remain to be
determined [48].

Interestingly, the analysis of TCGA glioblastoma
patients, who are mainly /DH wild type patients, did
not reveal prognostically relevant differential miR-155
promoter methylation (Supplementary Table 3), indicating
a marker with some selectivity for anaplastic glioma. The
same was seen for malignant gliomas in elderly patients
(Supplementary Table 2). This patient group with nearly
no /DH mutations had been shown to be especially
troublesome, since the generally low DNA methylation
levels in their tumors prevented proposed gene candidates
from being prognostic [49].

One of the earliest onco-miRNA representative is
miR-21, whose aberrant expression was first described in
a miRNA screen on glioblastoma patient samples yielding
miR-21 as the candidate showing strongest upregulation in
glioblastoma and demonstrating a functional dependency
of glioblastoma cells on its expression [50]. Apart from
miR-155 also other miRNAs with promising results in
our methylation screen, like miR-210 and miR-335, have
been determined as functional onco-miRNA in glioma
[51, 52]. Moreover, the TCGA studies on large cohorts of
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Figure 8: Potential association between patient survival and miR-155. Initially, a short patient survival was correlated with a low
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standa