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Abstract

Ten to twenty percent of newly diagnosed glioblastoma (GBM) patients initially present with
multiple lesions, termed multifocal or multicentric GBM (M-GBM). The prognosis of these
patients is poorer than is that of solitary GBM (S-GBM) patients. However, it is unknown whether
multifocality has a genetic, epigenetic, or molecular basis. Here, we identified the genetic and
epigenetic characteristics of M-GBM by performing a comprehensive analysis of
multidimensional data, including imaging, genetic, epigenetic, and gene expression profiles, from
30 M-GBM cases in The Cancer Genome Atlas (TCGA) database and comparing the results with
those of 173 S-GBM cases. We found that M-GBMs had no IDH1, ATRX, or PDGFRA mutations
and were significantly associated with the mesenchymal subtype. We also identified the CYB5R2
gene to be hypo-methylated and overexpressed in M-GBMs. The expression level of CYB5R2 was
significantly associated with patient survival in two major independent GBM cohorts, totaling 758
cases. The IDH1 mutation was markedly associated with CYB5R2 promoter methylation, but the
survival influence of CYB5R2 was independent of IDH1 mutation status. CYB5R2 expression was
significantly associated with collagen maturation and the catabolic process and immunoregulation
pathways. These results reveal that M-GBMs have some underlying genetic and epigenetic
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characteristics that are associated with poor prognosis and that CYB5R2 is a new epigenetic
marker for GBM prognosis.
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Introduction

Glioblastoma (GBM) is the most common and most uniformly fatal cancer originating in the
central nervous system [1]. Currently, surgical resection and radiotherapy, combined with
adjuvant temozolomide (TMZ) chemotherapy, are standard treatment strategies for this
disease [30]. However, despite our increased understanding of the oncological mechanisms
that underlie the pathophysiological characteristics of GBM and despite the use of TMZ, the
prognosis of the disease remains very poor, with a median patient survival duration of 15 to
17 months [17].

There are several reasons for the dismal prognosis of GBM patients. The disease’s invasive
nature makes complete resection difficult. In addition, it is often resistant to radiotherapy
and chemotherapy, which invariably leads to local recurrence, the primary cause of
treatment failure. GBM that is refractory to surgery, radiotherapy, and chemotherapy is
especially challenging in the 10%-20% of patients who have multiple lesions on
presentation [10, 11]; these patients usually experience a poorer outcome than do those with
solitary lesions. Recent therapeutic advances have not slowed disease progression or
improved survival durations in this group of GBM patients [14].

The genetic, epigenetic, and molecular characteristics may explain the poor outcomes found
in patients with multifocal and multicentric GBM (M-GBM). However, the exact pathogenic
mechanisms of multifocality are unknown [24], although it is presumed that malignant glial
cells in M-GBM have an increased ability to disseminate compared with S-GBM. Given the
diffuse and invasive nature of M-GBM, advances in focal therapies have had little impact on
outcomes. Furthermore, the biologic characteristics of M-GBM, with its inherent ability to
migrate and invade, may portend the poor survival duration observed in these patients.
Identifying the molecular mechanism of M-GBM may not only provide critical information
for developing new therapeutic strategies for this group of GBM patients but also give us an
opportunity to understand the pathogenesis of GBM progression.

We identified the genetic and epigenetic characteristics of M-GBM by performing a
comprehensive analysis of clinical, imaging, and genome data, provided by The Cancer
Genome Atlas (TCGA), and comparing the results with those of S-GBM cases.
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Methods

Patient population and MRI classification

We identified all treatment-naive GBM patients for whom pretreatment MRIs were available
in the National Cancer Institute’s The Cancer Imaging Archive (http://
cancerimagingarchive.net/). All patients had been diagnosed between 1997 and 2011. First,
we divided the GBM cases into two subgroups by MRI findings: solitary glioblastoma (S-
GBM), with one enhancing tumor, and M-GBM, with at least two clearly separated foci of
enhancing tumors (Supplemental Figure 1); this group included two types, multifocal and
multicentric GBM. The centers of multicentric GBM belong to different lobes or bilateral
brains, with no apparent route of dissemination. The centers of multifocal GBM may only be
a short distance apart, suggesting that the tumor cells migrate elsewhere and develop into a
new tumor center (Fig. 1a). The study was approved by the institutional review board at The
University of Texas MD Anderson Cancer Center.

Clinical and molecular data

The clinical and molecular data for this study were downloaded from the TCGA data portal
(http://cancergenome.nih.gov/dataportal) on December 1, 2014. The clinical variables were
age at diagnosis, sex, and Karnofsky performance score (KPS), and the treatment variables
were radiotherapy and chemotherapy with temozolomide (TMZ) and “other drugs”; each
treatment status was presented as a binary variable indicating whether the given treatment
had been received. The molecular data used included somatic mutations, copy number
alterations, DNA methylation, and mRNA expression. For somatic mutations, we used level
3 data, which indicated whether a mutation had occurred in a given gene. For the DNA copy
number, the level 3 Affymetrix SNP6 data were mapped to the UCSC hg18 version of the
human genome and a mean value was calculated for each chromosomal cytoband according
to UCSC (http://hgdownload.cse.ucsc.edu/goldenpath/hg18/database/). The copy number
alteration magnitudes of gene and cytoband levels were classified using simple thresholds:
deletion (x < -1), partial deletion (-1 < x < =0.7), loss (x < -0.2), gain (0.2 < x < 1),
intermediate amplification (1 < x < 2), or amplification (x > 2). For DNA methylation, the
common probes of level 3 HumanMethylation27 and HumanMethylation450 array data
were used; these beta values represent methylated probe intensity divided by methylated
probe intensity plus unmethylated probe intensity. We transformed these values into M-
values to make the methylation value distribution normal and to enable us to use the t-test to
determine the significance of methylation changes [16]. For mRNA expression, we used
level 3 data from the Affymetrix HGU-133A array, which had already been processed and
summarized [16].

REMBRANDT data were downloaded from the caArray archive (https://array.nci.nih.gov/
caarray/project/fine-00037) as raw CEL files. A Robust Multi-array Average (RMA)
procedure was performed using a gene-based probe set for the HG-U133-Plus2 platform and
the R Affy package [8].
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Biostatistical survival analysis and classification analysis

A proportional hazards regression analysis was performed using each covariate as a
predictor of survival. For the gene level survival analysis, we divided the corresponding
cohorts by the median gene expression level (low or high) of the gene of interest. We then
used a log-rank test to compare the survival durations between the two groups. The O-6-
methylguanine-DNA methyltransferase (MGMT) status and the four-TCGA subgroup
classification were provided by the TCGA [4]. For those samples without MGMT status, we
used level 1 methylation data, downloaded from the TCGA, to calculate the MGMT-STP27
score [2]. The samples with scores lower than 0.358 were classified as MGMT negative; the
others were classified as MGMT positive.

Pathway analysis

Results

We downloaded Gene Ontology human gene set data from www.geneontology.org since it
is the most comprehensive gene annotation database. We filtered out annotations with the
evidence code “IEA”, which is not very reliable [9]. We also filtered out the gene sets
smaller than 20 and larger than 600. We then put the gene sets into Gene Set Enrichment
Analysis (GSEA) software, which was downloaded from the Broad Institute [26]. We used
gene expression data to calculate the normalized enrichment score (NES) for each gene set.
To filter out the duplicated gene set, we calculated the unweighted Cohen’s kappa statistics
between each of the two gene sets using the genes located in the leading edge. The gene sets
that had kappa statistics over 0.6 were filtered out.

The differentially expressed gene analysis was conducted using the R limma package [22].
To evaluate the relationship between CYB5R2 and the top dysregulated pathways, we
calculated the mean Pearson's correlation coefficient of CYB5R2 and genes in the leading
edge of top 20 gene sets, ranked by the FDR q value. The P values were calculated using the
permutation test for each gene set. In particular, we randomly permuted the CYB5R2
expression level and calculated the mean Pearson's correlation coefficient for each gene set.

Clinical characteristics of the study cohort

Among 258 GBM patients with available MRI data in The Cancer Imaging Archive, there
were 224 newly diagnosed GBM patients with preoperative MRIs. In these patients, the
incidence of M-GBM (combined multifocal and multicentric cases) on presentation was
15.6% (35 of 224). Twelve (34%) of these 35 cases could be further classified as
multicentric, with widely separated foci in different lobes with no apparent route of
dissemination (Fig. 1a). In seven (58%) of these 12 patients, tumors were located in the
same cerebral hemisphere but different lobes. Among the four patients with tumors in both
cerebral hemispheres, one tumor was found to cross the corpus callosum.

There is no known clinical relevance to the distinction between multifocal and multicentric
GBMs [18]. In our study, 34.3% (12 of 35) of the tumors were multicentric, but given the
small number of patients and the questionable clinical utility of this distinction, we
combined the two types of multiple tumors (M-GBMs) to compare them with S-GBMs.
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Two hundred three cases (30 M-GBMs and 173 S-GBMs) had available clinical information
and data for gene expression, copy number, or mutation and were thus included in a further
analysis. The median age of patients with M-GBM was 58.5 years; 72.7% had KPS scores
of > 80, 90% underwent tumor resection, and 10% underwent excisional biopsy.
Radiotherapy was administered in 24 (86%) of 28 patients, with M-GBM and TMZ
prescribed in 13 (57%) of 23. The clinical characteristics of the M-GBM and S-GBM
patients in this study are summarized in Table 1.

M-GBM is associated with the mesenchymal subtype

The survival of patients in the M-GBM group was significantly poorer than that of patients
in the S-GBM group (p = 0.001, Cox regression analysis; Fig. 1b), consistent with the
findings of previous reports [10, 25]. The TCGA working group described four subtypes of
GBM (classic, mesenchymal, proneural, and neural) and defined the CpG island methylation
unique subtype (G-CIMP) as a subtype of the proneural group [4]. Our analysis showed that
the mesenchymal subtype dominated in the M-GBM group (p = 0.03; mesenchymal versus
others) (Fig. 1c). Interestingly, there were no G-CIMP cases in the M-GBM group, although
this result was not significant (p = 0.22) (likely due to the small sample size).

Genetic landscape of M-GBM

We analyzed the 103 cases for which mutation data were available (18 cases of M-GBM and
85 cases of S-GBM) (Fig. 2). Mutations in IDH1, ATRX, and PDGFRA were not present in
the M-GBM group, which was consistent with their classification: these mutations are most
commonly associated with the proneural group or the G-CIMP subgroup. In our analysis,
among the M-GBM s for which mutation data were available, only three were proneural and
none were G-CIMP. The number of TP53 mutations did not differ between M-GBM and S-
GBM cases (p = 0.86).

The copy number change results are presented in Figure 3. A copy number analysis of the
cytoband level showed that 6913-g27, 9934.11, 17911.2, 17921.32-921.33, and 17924.3 had
differing copy number profiles between M-GBM and S-GBM. The copy number change at
the gene level showed that most genes with P values lower than 0.05 were located in these
chromosome locations. However, after adjusting for FDR, the differences did not reach
statistical significance (Supplemental Table 2).

M-GBM is associated with CYB5R2 as a novel prognostic gene

To understand the molecular mechanism of M-GBM development, we performed a pathway
analysis using the GSEA method with the GO gene set. The immunoresponse, cytoskeletal,
mitochondrial respiration, collagen decomposition, lipid kinase, and tumor necrosis factor
pathways were all enriched in M-GBM (Fig. 4).

To gain further insight into the possible driver genes of M-GBM, we identified 45 genes that
were significantly differentially expressed (FDR < 0.25) in the M-GBM group compared
with in the S-GBM group (Supplemental Table 3, Supplemental Figure 2). Next, we
compared the copy number change and methylation status of these genes between the two

Acta Neuropathol. Author manuscript; available in PMC 2016 March 03.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 6

subgroups (Supplemental Table 4). The most differentially expressed genes also showed the
most differences in methylation levels (Fig. 5a, Supplemental Figure 3b).

Among those 45 genes, CYB5R2 exhibited the most significant differences in gene
expression, promoter methylation, and copy number alteration. The methylation level of
cg03826976, which is located in the CpG island of the CYB5R2 promoter, was significantly
lower in the M-GBM group (P = 0.007, Welch t test) (Fig. 5b). The methylation of
cg03826976 was negatively correlated with the expression of CYB5R2 (P = 0.0004, linear
regression) (Fig. 5¢). When we had used all available TCGA samples (not just those for
which MRI data were available), the expression levels of CYB5R2 were found to be
associated with overall survival (P = 0.00018, log-rank test) (Fig. 5d). This survival
association was validated in the REMBRANDT cohort, and higher expression of CYB5R2
was similarly correlated with a shorter survival duration, independent of tumor grade (Fig.
6a,b, Supplemental Figure 4).

IDH1 mutations are associated with methylation of the CYB5R2 promoter

Higher IDH1 mutation rates are associated with grade Il and 111 astrocytomas and
oligodendrogliomas and secondary GBM [21, 29]. IDH1 mutations were also highly
correlated with global promoter hypermethylation of CpG islands [28]. Therefore, we
further explored the relationship between the methylation of CYB5R2 promoter CpG islands
and IDH1 mutation. The results showed that IDH1 mutations were correlated with CYB5R2
promoter methylation (P = 1.2 x10719, Fig. 6d, Supplemental Figure 3b) and expression
level (P = 5.4x10712, Fig. 6e). To determine whether the survival effect of CYB5R2 could be
attributed to IDH1 mutations, we performed a survival analysis in IDH1 wild-type samples.
High expression of CYB5R2 was still significantly correlated with poor survival (P = 0.015,
log-rank test) (Fig. 6f).

CYB5R2 is associated with many critical pathways for M-GBM

The role of CYB5R2, a NADH-cytochrome b5 reductase, in cancer is poorly understood.
Therefore, we analyzed the relationship between CYB5R2 and activated cancer pathways.
We calculated the coefficient of correlation between CYB5R2 and genes located in the
leading edge of active pathways. The pathways were ranked by the mean value of the
coefficient of correlation. Figure 7 shows that the mean coefficient of correlation between
CYB5R2 and the genes in three pathways was over 0.2. CYB5R2 is highly correlated with
many proteases, including the MMP family, CTS family, and toll receptor family, that are
known to be important for tumor invasion.

Discussion

GBM has one of the shortest survival durations of all cancers. MRI identifies a subgroup of

patients with multiple lesions (termed M-GBMs in this study) that has even poorer survival.

Although the genetic and epigenetic landscapes of GBM have been extensively interrogated,
it is unknown whether M-GBMs have unique genetic and epigenetic characteristics that can

be used as targets for future intervention.
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In this study, we examined the MRI information in the TCGA database and identified 35
(15.6%) M-GBMs. In the literature, the reported incidence of multiple lesions at the time of
diagnosis ranges from 0.5% to 35%, depending on the criteria [11, 15, 27]. More recent
studies using a definition similar to ours documented M-GBM rates of 10%-15% [18]. After
controlling for age, KPS score, MGMT status, and treatment, we showed that M-GBM cases
in the TCGA cohort had significantly shorter survival durations than did S-GBM cases (6
months vs 11 months, respectively). Thus, M-GBMs represent the most deadly subgroup of
GBMs.

Our analysis revealed some underlying features of M-GBMs. We showed that almost half
(47%) the M-GBM s belonged to the mesenchymal subtype, as defined by the TCGA. No M-
GBMs belonged to the G-CIMP subgroup. Paulsson et al [19] reported a similar
classification trend in the eight M-GBMs among the 41 GBM patients in their study. In their
cohort, five (63%) were of the mesenchymal subtype, and none were of the G-CIMP
subtype.

The systematic mutational, methylation, and gene expression differences between M-GBM
and S-GBM have not been adequately examined, and few studies have evaluated specific
tumor markers in M-GBM. Patil et al. [13] analyzed phosphorylated MAPK, PTEN,
MGMT, and laminin b1 and b2 expression and EGFR amplification in S-GBM and M-
GBM; they found no significant differences. In the TCGA cohort, M-GBMs exhibited no
IDH1, ATRX, or PDGFRA mutation. IDH1 mutation has been reported to be correlated with
sign of invasion on MRI. A report by Carrillo et al. [5] that focused exclusively on GBMs
showed that large tumor size, the presence of cysts, and the presence of satellites were all
correlated with IDH1 mutant tumors. However, the authors did not provide details about the
incidence of M-GBMs, and the number of IDH1 mutation cases was quite small (14 of 202).
Baldock [3] showed that IDH1 mutation status was strongly correlated with the MRI-based
invasion profile, as calculated from the relationship between T1Gd-enhancing volumes and
T2 volumes and the pretreatment radial tumor velocity. Given the favorable survival role of
IDH1 mutation [13], the relationship between IDH1 mutation and the invasive features of
GBMs needs to be further investigated.

By determining the methylation status of promoter CpG islands of different genes, as well as
copy number changes, we identified a lower methylation rate of CYB5R2 promoter CpG
islands and a higher expression level of CYB5R2 in M-GBMs; these findings indicated that
the methylation of CYB5R2 serves as a biomarker for M-GBM.

It was previously reported that CYB5R2 is hypermethylated in prostate and nasopharyngeal
cancer compared to in normal tissue, suggesting that it plays a role as a tumor suppressor [7,
31]. Our data show that GBM has a lower expression level of CYB5R2 than does normal
brain tissue. However, this low expression level is clearly correlated with a longer survival
duration. This discrepancy may be due to normal brain tissue containing a considerable
proportion of neurons besides glial cells, whereas GBMs are enriched in tumorigenic glial
cells.
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Gene promoter methylation is critical for GBM [6]. The expression level of CYB5R2 is
highly associated with the methylation status of its promoter CpG islands. Our data show
that IDH1 mutation was significantly linked to the CYB5R2 methylation level, yet the
survival influence of CYB5R2 was not dependent on the IDH1 mutation, which means that
the favorable survival of patients with IDH1 mutation may be partly due to the
hypermethylation of CYB5R2. Recent reports have shown that IDH1 mutations are involved
in collagen maturation and stability. In an animal model of IDH1 R132H mutation, mice
were found to have higher levels of immature type IV collagen, which contributes to the
integrity of the blood-brain barrier and is specifically found in the basement membrane
between astrocytes and endothelial cells [23]. Our data show that CYB5R2 is highly
correlated with most collagen genes, as well as collagen-catabolic genes (Fig. 7).

The toll-like pathway plays a critical role in innate immune responses and participates in the
first line of defense against invading pathogens, which is very important for tumor cell
migration and survival in a new environment [20]. Our pathway analysis showed that many
immunoresponse pathways are involved in M-GBM. We showed that CYB5R2 expression
was highly correlated with many genes of the toll-like pathway, indicating that CYB5R2 also
plays an important role in immunoregulation.

A significant association was found between c-Met expression and matrix
metalloproteinases 2 and 9, which may explain the increase in invasive and multifocal
features in these GBMs [12]. Our data show that MMP1 and MMP?7 are included in the list
of the top differentially expressed genes (fold changes of 1.72 and 1.84, respectively), and
CYB5R2 is highly correlated with the MMP family and other proteases, which is consistent
with the important role of proteases, especially the MMP family, in GBM invasion.

Overall, this study provides the genomic landscape of M-GBM, which sheds light on the
cause of its poor prognosis. The methylation status of CYB5R2 promoter CpG islands may
serve as a biomarker for M-GBM. The CYB5R2 gene may play a key role in collagen
maturation, the catabolic process, and immunoregulation. Modulation of CYB5R2 may
represent a novel strategy to improve the survival of GBM patients. Further studies should
validate the survival impact of CYB5R2, both in vivo and in vitro.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Survival and TCGA classification of two groups of GBM patients
(a) Typical MRIs of three GBM subgroups: S-GBM, multifocal GBM, and multicentric

GBM. Multifocal and multicentric GBM were combined (M-GBM). (b) Kaplan-Meier
survival curves comparing the survival durations of patients with S-GBM (median, 11
months) and M-GBM (median, 8 months). (c) The classification percentages of M-GBM
and S-GBM. The mesenchymal subtype dominated in the M-GBM group (46.7%); the G-

CIMP subtype was not found.
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Figure 2. Gene mutation profiles of M-GBM and S-GBM
The upper panel shows that the total mutation numbers were not different between the two

groups. The left panel shows the mutation proportion of the two groups, per the genes. The
lower panel shows that the mutation spectra were not different between the two groups. The
M-GBMs lacked IDH1, ATRX, and PDGFRA.
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The bottom panel shows the copy number change profile of all samples. The center panel
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value of the logit regression of each chromosome region, and the red bars indicate the region

with a P value below 0.05. After
statistically significant.

multiple test adjustments, the difference was not
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The duplicated gene sets are filtered out (kappa statistics > 0.60). The dotted line indicates

an FDR g value equal to 0.1.
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() X axis indicates the log2-fold change of the promoter methylation between the two
subgroups. The Y axis indicates the log2 logit regression odds ratio of the two groups for
each gene. The size indicates the fold change of the gene expression level. The dots with
names represent the genes with a p value of the copy number change or methylation level
change lower than 0.05. (b) The methylation level of cg03826976 was negatively correlated
with CYB5R2 expression levels. (c) The M-GBM group had a higher mean expression level
of CYB5R2. (d) The expression level of CYB5R2 was negatively correlated with patient
survival when patients were separated into two groups according to high and low
expression, independent of S-GBM or M-GBM grouping.
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Figure 6. Validation of the correlation between CYB5R2 and survival
(@) In the REMBRANDT database, the patients were divided into two groups by the median

expression level of CYB5R2. The survival durations significantly differed. (b) In the
REMBRANDT GBM cohort, a high expression level of CYB5R2 was correlated with poor
survival (P=0.03). (c) The expression level of CYB5R2 in different GBM subgroups. A =
astrocytoma (WHO grade I1); AA = anaplastic astrocytoma (WHO grade I11); O =
oligodendroglioma (grade 11); and AO = anaplastic oligodendroglioma (grade I11). (d) The
IDH1 mutation was correlated with CYB5R2 promoter methylation and reduced CYB5R2
expression (e). (f) In the GBM group with wild-type IDH1, high expression of CYB5R2 was
indicative of poor survival.
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Figure 7. Pathway association of the CYB5R2 gene
CYBB5R2 expression was found to be correlated with three pathways based on the mean

coefficient of correlation (over 0.2). The left panel shows the log2-fold change of those
genes in M-GBM comparing to S-GBM. GO:0030574: collagen catabolic process (P <
0.001, permutation test); GO:0034121: toll-like receptor signaling pathway (P < 0.001,
permutation test); and GO:0006970: response to osmatic stress (P < 0.001, permutation
test).
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Demographic and clinical characteristics of study patients, including number of patients, age at diagnosis, sex,
MGMT status, initial KPS score, and therapy

Characteristic AllGBM  S-GBM M-GBM  Pvalue
Number of patients, n (%) 203 (100) 173(85.2) 30(14.8) -

Age at diagnosis, years (median) 61 61 58.5 0.88
Sex (male), n (%) 125(61.6) 104 (60.1) 21(70)  0.41
KPS score (mean) 7.7 78 76.4 0.67
MGMT promoter (methylated/available)  69/126 55/105 14/21 0.34
Resection (resection/available) 183/202 156/172 27/30 0.78
Radiotherapy (radiotherapy/available) 164/195 142/166 22/29 0.27
TMZ chemotherapy (TMZ/available) 105/151 92/128 13/23 0.15

MGMT, O-6-methylguanine-DNA methyltransferase; KPS, Karnofsky performance score; GBM, glioblastoma; S-GBM: solitary GBM; M-GBM,

multifocal and multicentric GBM; TMZ, temozolomide.
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