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Quantitative detection of multiple gene
promoter hypermethylation in tumor tissue,
serum, and cerebrospinal fluid predicts
prognosis of malignant gliomas
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Aberrant promoter hypermethylation of several known
or putative tumor suppressor genes occurs frequently
during the malignant transformation in gliomas. We
hypothesized that quantitative analysis of methylated
genes will provide prognostic values in malignant
glioma patients. We used an immunocapturing approach
followed by real-time polymerase chain reaction analysis
to detect altered patterns of promoter methylation in
O-6-methylguanine-DNA methyltransferase (MGMT),
p16INK4a, tissue inhibitor of metalloproteinase-3
(TIMP-3), and thrombospondin 1 (THBS1). The tumor
tissue and paired serum as well as cerebrospinal fluid
(CSF) from 66 patients with malignant gliomas were
studied. Serum and CSF from 20 age-matched noncancer
individuals were used as control. Promoter hypermethy-
lation in MGMT, p16INK4a, TIMP-3, and THBS1
was detected at high frequencies in tumor tissue, serum,
and CSF. None of the control serum or CSF showed aber-
rant methylation. Hypermethylation in serum and CSF
DNA was all accompanied with methylation in the corre-
sponding tumor tissues with 100% specificity. Highly
elevated MGMT, p16INK4a, and THBS1 methylation
levels in gliomas serum were the sole independent
factors predicting inferior overall survival in this
cohort. For progression-free survival, hypermethylation
of MGMT and THBS1 in CSF were the independent
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prognostic factors. Multiple gene promoter hypermethy-
lation analysis appears to be promising as a prognostic
factor in glioma and as a mini-invasive tumor marker in
serum and/or CSF DNA. Evaluation of these changes
may help in selecting glioma patients for optimal adju-
vant treatments and modifying chemotherapy.
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prognosis, promoter methylation.

pproximately 22 500 new cases of malignant
primary brain tumors are diagnosed in the
United States each year, among which nearly
70% are malignant gliomas."* Although relatively
uncommon, malignant gliomas are associated with dis-
proportionately high morbidity and mortality. A
grading scheme proposed by the WHO distinguishes 4
different grades of gliomas; of which, glioblastoma
(GBM) WHO grade 4 is the most common (accounting
for 60%-70% of all malignant gliomas) and the most
malignant variant, with a median survival of only 12—
15 months despite optimal treatment; while anaplastic
gliomas WHO grade 3 including anaplastic astrocyto-
mas (for 10%-15%), anaplastic oligodendrogliomas,
and anaplastic oligoastrocytomas (AOA) (together for
10%) indicate a median survival of 2—5 years.' >
The global hypomethylation of repetitive genomic
sequences is a common alteration in cancer cells, and
tissue-specific and imprinted genes can also show loss of
DNA methylation. At the same time, the CpG islands of
tumor-suppressor genes of the cancer undergo hyper-
methylation, which leads to the transcriptional inacti-
vation of these genes and the loss of their normal cellular
functions. This altered pattern of epigenetic modifications
contributes to many of the hallmarks of cancer cells.
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Promoter hypermethylation as a potential biomarker
for early diagnosis as well as prognosis has been success-
fully used to detect neoplastic DNA in body fluids from
several types of cancer, including sputum,* bronchoal-
veolar lavage,” serum, and plasma® from lung
cancer patients; urine sediment,” blood, and ejaculates®
from prostate cancer patients; and ductal fluid” and
plasma'® from breast cancer patients.

To our knowledge, this approach has not been devel-
oped in body fluids from glioma patients. Therefore, we
examined 4 tumor-related genes, O-6-methylguanine-
DNA methyltransferase (MGMT), p16INK4a, tissue
inhibitor of metalloproteinase-3 (TIMP-3), and
thrombospondin-1 (THBS1), the expression of which
is frequently silenced by aberrant methylation, not
only in tumor tissues, but also in corresponding serum
and cerebrospinal fluid (CSF) from glioma patients and
noncancer controls. We used high-throughput methyl-
ated DNA immunoprecipitation (MeDIP) to immono-
capture methylated genomic DNA and combined it
with quantitative detection using promoter-specific real-
time polymerase chain reaction (PCR).'"" We then
correlated our findings with disease states and clinico-
pathologic features in glioma patients, with overall
survival (OS) as the primary end point.

Patients and Methods

Sample Collection and DNA Preparation

Tumor samples of 66 consented patients with pathologi-
cally confirmed malignant gliomas (WHO grades 3 and
4) were included in the present study. Patients underwent
radical neurosurgery of primary tumors at the
Department of Neurosurgery of Xijing Hospital (Xi’an,
P.R. China), between January 2004 and December 2007.
Patients aged 18-72 years treated with either gross total
(57) or subtotal (9) removal of the tumor were eligible
for the study. All of the patients had received stereotactic
radiosurgery and a median of 3 courses of intravenous car-
mustine (100 mg/m?) given at 4-week intervals postopera-
tively. Major clinical and biologic characteristics of these
patients are summarized in Table 1. Corresponding
serum and CSF samples were obtained at the time of
photographic diagnosis before surgery or other forms of
treatment, and stored at —80°C before DNA extraction.

Table 1. Clinical characteristics of study sample

Liu et al.: Promoter hypermethylation predicts glioma prognosis

Seum and CSF samples from 20 age-matched noncancer
individuals were used as the control. Local institutional
review board approval was obtained to use archived
materials for research purposes.

We prepared genomic DNA from tissue and serum/
CSF samples by overnight proteinase K treatment,
phenol—chloroform extraction, ethanol precipitation,
and RNase digestion. "’

Methylated DNA Immunoprecipitation

MeDIP was performed as previously described.!!
Briefly, we used 2 pg of sonicated (300—-1000 bp)
genomic DNA fragments as a starting material, then
denatured the DNA for 10 minutes at 95°C, and immu-
noprecipitated it overnight at 4°C with 4 pg antibody
against 5-methyl-cytidine (Eurogentec). After incu-
bation with 60 pL of rabbit anti-IgG magnetic beads
(BioLabs $1430S) for 2 hours at 4°C, the mixture was
washed with 1 mL of immunoprecipitation buffer
(10 mM sodium phosphate [pH 7.0], 140 mM NaCl,
0.05% Triton X-100). The beads were treated with pro-
teinase K for 3 hours at 50°C and the methylated DNA
was recovered by phenol-chloroform extraction fol-
lowed by ethanol precipitation.

Real-time PCR on MeDIP Samples

We carried out real-time PCR'? with 20 ng immunopre-
cipitated methylated DNA and one-fifth of input DNA.
We used the SYBR Green PCR master mix (Applied
Biosystems) and an ABI PriSM 7700 Sequence Detection
System to perform real-time PCR. Primers used were as
follows: MGMT-F: 5-CAGGACCGGGATTCTCACT
A-3’, MGMT-R: 5-CCAAATGGCCCGTACCTT-3;

pl6INK4a-F: §'-TCTTCCACATCACCGATCCTT-3,
pl6INK4a-R: S’-TCCTTTCCTTGCCCTGCTT-3';
TIMP-3-F: §'-TTGGGGCGGAGTGGAGAA-3,

TIMP-3-R: 5'- CCGTTAGTAGTGAATGGGGACA-3;
THBS1-F: 5- GCGCTGAGGCTTCAGTCC-3'; and
THBS1-R: §5'- GGTGTCCTGATGAGTTGGTTTG-3'.
Reactions were done in duplicates and standard curves
were calculated on serial 10-fold dilutions (1 x
107 '=1 x 10~®) of input genomic DNA. The ratios of
the signals in the immunoprecipitated DNA vs input
DNA were calculated as a measure for representing the

WHO n Sex Histology/WHO n  Median age = Median PFS (m) Number of tumor  Median OS (m)  Alive at
grade (M/F) grade (y) regrowth LO
3 23 16/7 AA/3 18 45 (18-71) 9.3 (1.0-28.7) 5/18 12.1 (4.4-28.7) 2/18
AOA/3 3 56(21-68) 25.1(23.5-41.0) 2/3 25.7 (25.1-41.0) 2/3
AO/3 2 34(32-36) 10.3(10.3-28.2) 2/2 10.3 (10.3-28.2) 1/2
4 43 24/19 pGBM/4 35 59 (18-72) 9.8 (2.0-22.8) 17/35 10.6 (2.4-22.8) 3/35
sGBM /4 8 47 (22-61) 6.9 (1.1-11.9) 4/8 7.0 (1.1-17.5) 1/8%
Abbreviations: n, case number; M, male; F, female; y, years; m, months; LO, last observation; AA, anaplastic astrocytoma; AOA,
anaplastic oligoastrocytoma; AO, anaplastic oligodendroglioma; pGBM, primary glioblastoma; sGBM, secondary glioblastoma.
“Death of 1 patient not tumor related.
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relative enrichment of methylation in the particular
sample. The resulting values were standardized against
the unmethylated control CpGenome Universal
Unmethylated DNA (Milipore).

Statistical Analysis

Follow-up data were updated in February 2009. The OS
was defined as the time from the date of surgery to date of
death as a result of any cause. Progression-free survival
(PFS) was calculated from the date of surgery to date of
documented tumor recurrence or further growth of
residual tumor or death from any cause. Patients who
were alive at the date of the last follow-up were censored
on that date plus 1 day. Probability of survival was esti-
mated using the Kaplan—Meier method and compared
using the log-rank test. To test whether variables differed
across groups, the x> test or Fisher’s exact test was used
according to the test condition. A Cox proportional
hazards model was performed to establish independent
factor(s) for survival. The maximal x* method was
adapted to determine which methylation value best seg-
regated patients into poor and good prognosis subgroups
(in terms of likelihood of surviving).'® Statistical signifi-
cance was defined as P <.05. All of the tests are
2-sided. Statistical analysis was performed using the
SPSS software package, version 16.0 (SPSS, Inc.).

Results

Gene Promoter Hypermethylation in Tumor Tissue,
Serum, and CSF DNA

Initially, 85 patients were included according to the
inclusion criteria, but patients lost to follow-up were
excluded before the current experiment of hypermethy-
lation detection. The survival analysis showed no
statistically significant difference between 66 finally
included patients and all 85 patients. We collected
tumor, serum, and CSF samples of malignant gliomas
from 66 patients who underwent curative resection
(Table 1), as well as control serum and CSF from 20 age-
matched noncancer individuals. Methylation levels of 4
tumor-related genes in tumor, serum, and CSF of glioma
patients are shown in Fig. 1.

Hypermethylation in serum or CSF DNA was never
detected if this alteration in the corresponding genes
was not present in the primary tumor tissue.
Moreover, methylated DNA was not detected in 40
control serum and CSF samples from noncancer individ-
uals. None of the control serum or CSF samples had
hypermethylated the DNA detected, whereas robust
amplification of the interest genes from input DNA
was documented. All serum and CSF samples from
glioma patients showed hypermethylation in at least 1
of the 4 genes with 100% specificity. The frequency
and median methylation values for each gene in tumor
tissue, serum, and CSF DNA are listed in Table 2.

Overall, identical methylation patterns were found in
the serum, CSF, and corresponding tumor DNA.
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Additionally, hypermethylation levels of each single pro-
moter in serum, CSF, and tumor were all associated
within the same patient, respectively (Pearson’s corre-
lation coefficient, r ranged from 0.349 to 0.963; P <
.0001). Hypermethylation of MGMT in tumor
(Spearman’s correlation coefficient, r=0.422; P <
.0001) and CSF (r=0.373; P =.002), p16INK4a in
tumor (r=0.369; P =.002), serum (r=0.297; P =
.015), and CSF (r=0.311; P=.011), TIMP-3 in
tumor (r=0.338; P=.006), THBS1 in tumor (r=
0.355; P = .003) were positively correlated with increas-
ing WHO grades. No additional significant relationship
was shown between the methylation status and patient
clinical characteristics.

Epigenetic Alterations and Survival

The median follow-up was 11.3 months. A total of 57
patients were dead at the time of this analysis, and 9
were alive, including 2 patients alive with tumor recur-
rence. The median OS and PFS of the whole population
were 11.2 months (95% CI, 10.4-12.0 months) and
11.0 months (95%CI, 8.0-14.0 months), respectively.
The survival data of different WHO grades and histolo-
gies are summarized in Table 1.

Cutoff values representing methylation ratios indi-
cated in Table 2 best segregated patients into good and
poor prognostic groups. Except for TIMP-3 in CSF, all
the low promoter methylation levels in tumor tissue,
serum, and CSF correlated with a better survival
(Table 2). Furthermore, for each single gene, there was
no statistically significant difference between the classifi-
cation results when applying different cutoff values in
tumor, serum, and CSF.

Cox proportional hazards models including age, sex,
WHO grade, histology, and methylation status-defined
patient subgroups were analyzed to evaluate indepen-
dent factors for OS and PFS. A very strong trend for
age as an independent prognostic factor was observed,
but only methylation status of MGMT, p16INK4a,
and THBS1 in serum was independent prognostic
factor of importance for OS. Intriguingly, methylation
status of MGMT and THBS1 in CSF was found to influ-
ence PFS significantly and independently (Table 3).

Since patients with anaplastic gliomas (WHO grade
3) have an apparently different prognosis compared
with those with GBM (WHO grade 4), we further ana-
lyzed each subgroup separately. Similar results have
been reached comparing with the whole data set that
all the low promoter methylation levels in tumor
tissue, serum, and CSF correlate with a better survival
(Table 4). When applying Cox models, similar results
compared with the whole data set were gained again in
the GBM group that only hypermethylation of MGMT
and THBS1 in serum were independent prognostic
factors for inferior OS, and that hypermethylation of
MGMT and THBS1 in CSF were independent prognos-
tic factors for inferior PFS (Table 5); while in the
anaplastic gliomas group, a very strong trend for hyper-
methylation of pl16INK4a in serum as a prognostic
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Fig. 1. Methylation levels of MGMT, p16INK4a, TIMP-3, and THBS1 in glioma tumor tissue as well as paired serum and CSF DNA of
malignant glioma patients. Calculation of the MeDIP gene of interest/input gene of interest ratios was based on the fluorescence
emission intensity values for both the immunoprecipitated methylated DNA and input genomic DNA of each individual gene and sample
obtained by quantitative real-time PCR analysis. Black bars denote the calculated cutoff values that best segregated patients into good

and poor prognostic groups.

factor for OS (P = .052) was observed, but no factor in
the models were found to influence survival significantly
and independently.

Discussion

Malignant gliomas typically contain both neoplastic and
stromal tissues, which lead to their histologic heterogen-
eity and thus the discrepancies between pathological
grades and clinical outcomes. Molecular studies such
as quantitative gene promoter hypermethylation ana-
lyses potentially allow for better classification of these
tumors and separation of the patients into different
prognostic groups. Since malignant transformation in
gliomas results from the sequential accumulation of
genetic aberrations that are partly modulated by differ-
ent gene promoter hypermethylation at different stages
of tumor initiation and progression,>'*!* here we inves-
tigated aberrant methylation of 4 tumor-related genes
that affect several steps of tumor cell biology at different
stages in cancer development.

The DNA repair gene MGMT is located on chromo-
some 10g26 and encodes a protein that removes alkyl

groups from the O° position of guanine, an important
site of DNA alkylation, and thus protects the cell from
alkylating agents.'® Previous reports showed 30%-
80% methylation in primary tumor tissues and glioma
cell lines,'”~** while our finding is a bit higher. These
discrepancies may be a result of differences in the
methylation assays used and the inclusion of tumors
with different stages and grades.

From a clinical standpoint, MGMT promoter
hypermethylation might be a useful predictor of the che-
mosensitivity of tumors to alkylating agents. According
to previous studies, MGMT promoter hypermethylation
could silence the gene, thus decreasing DNA repair
activity and increasing the susceptibility of the tumor
cells to carmustine!” or temozolomide,” which were
associated with prolonged OS and PFS.'”*° This is of
particular importance since carmustine/temozolomide
is currently used in the treatment of malignant gliomas
regardless of MGMT promoter methylation status. If
the significance of MGMT promoter methylation
could be further confirmed, patients with unfavorable
MGMT methylation status might be selected for other
regimens or combinations of carmustine/temozolomide
with MGMT inhibitors. But our results failed to confirm
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Table 2. Methylation levels in tumor tissue, serum and CSF correlates with survival

Genes Number of patients with Median Range  Cutoff Good prognostic group Poor prognostic group P value
positive methylation (%)
n Median OS n Median OS
(95% ClI) (m) (95% Cl) (m)
MGMT
Tumor tissue 64 (97.0) 0.054 0-0.325 0.076 42 13.5(9.2-17.8) 24 7.0 (5.2-8.8) <0.0001
Serum 47 (71.2) 0.031 0-0.305 0.060 42 14.6(9.9-19.3) 24 6.5 (4.6-8.4) <0.0001
CSF 52 (78.8) 0.048 0-0.304 0.067 40 14.3(8.6-20.0) 26 6.7 (4.8-8.6) <0.0001
p16INK4a
Tumor tissue 60 (90.9) 0.034 0-0.341 0.175 47 135(10.1-16.9) 19 6.7 (5.0-8.4) <0.0001
Serum 52 (78.8) 0.022 0-0.298 0.134 49 12.5(9.2-15.8) 17 6.5 (4.8-8.2) <0.0001
CSF 49 (74.2) 0.024 0-0.286 0.114 50 12.4(9.3-15.5) 16 6.5 (4.0-9.0) <0.0001
TIMP3
Tumor tissue 65 (98.5) 0.021 0-0.082 0.020 32 12.1(8.7-15.5) 34 9.3 (7.3-11.3) 0.025
Serum 39 (569.1) 0.009 0-0.083 0.004 26 11.3(4.3-18.3) 40 10.7 (9.6-11.8) 0.022
CSF 41 (62.1) 0.013 0-0.094 0.012 31 11.3(9.7-12.9) 35  10.8(9.4-12.2) 0.303
THBS1
Tumor tissue 65 (98.5) 0.050 0-0.141 0.043 22 16.2(8.4-24.0) 44 9.6 (8.1-11.1) 0.001
Serum 48 (72.7) 0.034 0-0.171 0.013 20 20.5(14.1-26.9) 46 9.6 (8.0-11.2) <0.0001
CSF 59 (89.4) 0.043 0-0.174 0.032 22 16.2(11.3-21.1) 44 10.1(8.7-11.5) 0.002

At least one of the genes with methylation was detected in the tumor, serum and CSF of all the 66 glioma patients with 100% specificity.

Abbreviations: n, patients number; m, months.

MGMT hypermethylation as a favorable prognostic
factor.

With the perception that acquisition of MGMT
methylation is associated with a grim prognosis from
our findings, we searched for a possible explanation
for this disparity. Somewhat contradictorily, however,

prognostic factor per se. In fact, it signifies poor progno-
sis, probably owing to the fact that tumors with epige-
netic  silencing of MGMT accumulate more
mutations.'> Our observation fits the concept that gene
silencing by promoter hypermethylation is, in general,
a poor prognostic factor, and it occurs more frequently

MGMT hypermethylation alone

is

not

a good

Table 3. Cox proportional hazards regressions for PFS and OS

in tumors with increased stages.!>**~2° Although a

Variable PFS oS
HR (95% CI) P value HR (95% CI) P value

Age =50y 1.53 (0.60-3.93) 372 2.02 (0.99-4.09) .053
Sex: male vs female 0.87 (0.40-1.87) 713 0.83 (0.44-1.57) 569
WHO grade: grade 4 vs grade 3 0.90 (0.35-2.28) .821 1.87 (0.84-4.17) 126
Histology: astrocytic vs oligodendrocytic/oligoastrocytic 5.42 (0.55-53.59) 148 3.18 (0.56-18.17) 193
Methylation in tumor tissue (high vs low)

MGMT 1.31 (0.45-3.83) .627 2.04 (0.94-4.41) .070

p16INK4a 0.90 (0.30-2.71) .852 3.25(0.65-16.22) 151

TIMP-3 1.49 (0.72-3.07) .285 1.12 (0.64-1.96) .702

THBS1 2.28 (0.57-2.87) 553 1.27 (0.63-2.57) 499
Methylation in serum (high vs low)

MGMT 1.20 (0.41-3.46) .739 13.46 (5.12-35.40) <.0001

P16INK4a 1.17 (0.36-3.79) .800 5.92 (2.31-15.12) <.0001

TIMP-3 1.97 (0.82-4.73) 129 1.94 (1.00-3.78) .052

THBS1 1.73 (0.68-4.41) .250 2.58 (1.16-5.75) .020
Methylation in CSF (high vs low)

MGMT 8.10 (1.44-45.53) .018 1.62 (0.92-2.88) .098

p16INK4a 1.00 (0.17-5.73) 570 1.93 (0.96-3.84) .064

TIMP-3 0.67 (0.30-1.48) .320 0.67 (0.35-1.29) 234

THBS1 1.52 (0.60-3.81) .049 1.56 (0.79-3.12) .203
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Table 4. Methylation levels in tumor tissue, serum, and CSF correlates with survival in WHO grades 3 and 4 glioma separately
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Genes Number of patients Median Range Cutoff Good prognostic group  Poor prognostic group P value
with positive
methylation (%) n  Median OS (95% n  Median OS (95%
Cl) (m) ClI) (m)
MGMT
Tumor tissue/3 21 (91.3) 0.029 0-0.213 0.064 17 19.3(14.9-23.7) 6 10.3(6.9-13.7) <.0001
4 43 (100) 0.069 0.008-0.325 0.069 21 12.4(10.6-14.2) 22 7.0 (6.3-8.7) .001
Serum/3 16 (70.0) 0.012 0-0.159 0.067 18 17.8(13.4-22.2) 5 103 (6.2-14.4) <.0001
4 31 (72.1) 0.042 0-0.305 0.060 23 12.4(10.5-14.3) 20 6.5(4.1-8.9) <.0001
CSF/3 15 (65.2) 0.015 0-0.200 0.058 17 19.3(14.9-23.7) 6 10.3(6.9-13.7) <.0001
4 37 (86.0) 0.067 0-0.304 0.069 22 11.6(9.6-13.6) 21 6.5 (4.6-8.4) <.0001
p16INK4a
Tumor tissue /3 18 (78.3) 0.015 0-0.287 0.156 19 17.8 (14.7-20.9) 4 7.2 (3.3-11.1) <.0001
4 42 (97.7) 0.057 0-0.341 0.206 30 11.3(10.1-12.5) 13 6.5(5.1-7.9) <.0001
Serum/3 15 (65.2) 0.013 0-0.193 0.128 19 17.8(14.7-20.9) 4 7.2 (3.3-11.1) <.0001
4 37 (86.0) 0.053 0-0.298 0.142 30 11.3(10.1-12.5) 13 6.5(56.1-7.9) <.0001
CSF/3 14 (60.9) 0.008 0-0.223 0.114 20 17.2(15.7-18.7) 3 7.2 (2.7-11.7) <.0001
4 35 (81.4) 0.051 0-0.286 0.134 31 11.3(10.2-124) 12 5.4 (3.4-7.4) <.0001
TIMP3
Tumor tissue /3 22 (95.7) 0.018 0-0.079 0.023 17 17.2(16.0-18.4) 6 8.4 (2.8-14.0) .359
4 43 (100) 0.023 0.008-0.082 0.015 9 13.5(5.6-21.4) 34 9.3(7.9-10.7) .088
Serum/3 12 (52.2) 0.007 0-0.083 0.007 10 20.5(0-41.9) 13 16.9 (10.8-23.0) .100
4 27 (62.8) 0.012 0-0.071 0.004 16 10.6 (5.1-16.1) 27 9.7 (8.3-11.1) .079
CSF/3 11 (47.8) 0 0-0.079 0.013 15 17.1(9.8-24.4) 8 16.9(8.7-25.1) .656
4 30 (70.0) 0.013 0-0.094 0.004 15 10.6(9.4-11.8) 28 9.3 (6.8-11.8) .586
THBS1
Tumor tissue/3 23 (100) 0.034 0.004-0.137 0.024 8 205(11.7-265) 15 11.3(10.4-12.2) .014
4 42 (97.7) 0.069 0-0.141 0.043 10 12.5(7.9-17.1) 33 9.3 (7.5-11.1) .025
Serum/3 14 (60.9) 0.013 0-0.171 0.013 11 251(175-32.7) 12 11.3(10.1-12.5) .001
4 34 (79.1) 0.035 0-0.126 0.020 10 16.2(12.6-19.8) 33 9.3 (6.7-11.9) .002
CSF/3 19 (82.6) 0.029 0-0.174 0.029 11 205(12.2-28.8) 12 11.3(10.1-12.5) .046
4 40 (93.0) 0.043 0-0.160 0.034 12 11.3(7.0-15.6) 31 9.3 (7.0-11.6) .109

Abbreviations: n, patients number; m, months; 3, WHO grade 3 glioma, including anaplastic astrocytoma, anaplastic oligoastrocytoma,

and anaplastic oligodendroglioma; 4, WHO grade 4, glioblastoma.

subset of patients in our cohort have not received stan-
dard carmustine/temozolomide treatment, which may
partly account for the poor prognosis, we speculate
that the idea that MGMT promoter methylation is the
only relevant molecular factor in the tumor’s chemosen-
sitivity is probably an oversimplification given that the
metabolism of chemotherapeutic drugs may be a compli-
cated “network” in which MGMT is only one of the key
points.

Cell cycle regulator p16INK4a promoter methylation
was frequently found in tumor tissue, serum, and CSF of
malignant gliomas (90.9%, 78.8%, and 74.2%, respect-
ively), a rate much higher than that found in previous
studies.'®%¢

Metastatic suppressor gene TIMP-3 encodes the third
member of the TIMP family of proteins and is believed to
play a significant role in suppressing extracellular matrix
remodeling during tumor growth, angiogenesis, invasion,
and metastasis.”” Our finding of TIMP-3 methylation is
higher than that from other studies based on conventional
methylation-specific PCR in primary brain tumors.'**”

Angiogenesis inhibitor THBS1 is an extracellular
matrix glycoprotein that influences cell adhesion, motility,
and growth, and whose altered expression is associated
with neovascularization in human cancers.”® THBS1 was
found to be hypermethylated in 17%—-61% of primary
gliomas,'”*” compared with 72.7%—-89.4% methylation
in serum and CSF DNA reported in the present study.

The detection of tumor molecular signatures in body
fluids has implications for the identification of poor
prognosis patients and high-risk patients with preinva-
sive or early-stage lesions and for monitoring residual
disease.*™'" In our study, multiple gene promoter hyper-
methylation were analyzed, for the first time, in body
fluids of glioma patients who had undergone resection.
By applying a maximal x> method, we divided the
patients into good and poor prognostic subgroups with
different cutoff values of the 4 genes detected in tumor
tissue, serum, and CSF, respectively. The results
suggested that for each single gene, the classification
results were of no statistically significant difference.
Besides, it is noteworthy that detection of promoter
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Table 5. Cox proportional hazards regressions for PFS and OS in patients with glioblastomas

Variable PFS ()Y
HR (95% CI) P value HR (95% ClI) P value

Age =50y 1.50 (0.73-2.56) 553 1.48 (0.57-3.85) 417
Sex: male vs female 0.51 (0.13-1.98) 331 0.57 (0.24-1.37) .208
Methylation in tumor tissue (high vs low)

MGMT 1.43 (0.19-10.70) .058 2.22 (0.67-3.06) 415

p16INK4a 1.87 (0.73-2.59) 946 6.07 (0.85-43.43) 408

TIMP-3 2.95 (0.45-19.46) .261 1.29 (0.22-2.72) .694

THBS1 1.35 (0.28-6.59) .708 0.94 (0.14-1.44) 179
Methylation in serum (high vs low)

MGMT 2.36 (0.19-29.43) 505 8.25 (1.69-40.41) .009

p16INK4a 1.00 (0.20-3.04) .904 1.04 (0.05-17.25) .989

TIMP-3 2.17 (0.51-9.32) .298 1.53 (0.50-4.65) 453

THBS1 1.60 (0.41-6.21) 498 6.52 (1.86-22.86) .003
Methylation in CSF (high vs low)

MGMT 19.12 (1.58-231.47) .020 2.77 (0.37-20.81) 321

p16INK4a 1.68 (0.10-12.85) .920 1.07 (0.07-12.40) .956

TIMP-3 1.09 (0.14-19.34) 334 1.12 (0.35-2.28) .810

THBS1 1.23 (0.61-3.88) .032 1.06 (0.37-2.44) .905

methylation in serum/CSF is a specific event in that (i)
hypermethylation was not detected in any of the 20
control serum and (ii) the same methylation profiles
were found in the serum, CSF, and the corresponding
tumor, while hypermethylation was not detected in the
serum or CSF of glioma patients without methyaltion
in the corresponding tumor. More interestingly, when
we further used Cox models to determine independent
prognostic factors in this cohort, the methylation
status of MGMT, p16INK4a, and THBS1 in serum
were retained as independent prognostic factors for
OS, and methylation status of MGMT and THBS1 in
CSF predicts PFS independently.

Furthermore, our observations have 3 potential clini-
cal applications: (i) identifying aberrant gene promoter
methylation in the serum and CSF may help make
decisions about optimal therapy. Though WHO grade
is the most important prognostic factor for glioma
patients, the broad differences of treatment response
and survival within grades suggest that the aggressive-
ness of treatment should not be decided simply by
grade. In our cohort, the prognosis of patients was pre-
dicted by epigenetic alterations other than WHO
grade. Therefore, for those with worse prognosis as indi-
cated by epigenetic profiles, more aggressive adjuvant
therapy could be considered. In addition, to date, the
gripping evidence that MGMT hypermethylation is the
best independent predictor of glioma patients’ response
to alkylating agents'” and temozolomide® underlies
the importance of improving our understanding of the
methylation status correlates of responses to treatments.
Compared with previous studies using tumor tissue,
body fluids used in our study are easily available
through noninvasive or mini-invasive way and for
patients unable or unwilling to receive surgery, the
purpose to modify chemotherapeutic treatment can
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still be achieved; and (ii) the detection of aberrant
methylation in serum and CSF DNA may offer a prom-
ising approach for the mini-invasive diagnosis of glioma.
This is of particular importance to patients with early-
stage gliomas that are hard to diagnose by neuroima-
ging. However, as GBM can be separated into 2 main
subtypes on the basis of biologic and genetic differ-
ences,>'* primary GBM, which typically occurs in
patients older than 50 years and without the transform-
ation period from previous low-grade gliomas, still high-
lights the value of early diagnosis; and (iii) it would hold
much promise to investigate whether the detection of
aberrant methylation in the serum/CSF can be used in
disease monitoring after curative surgery. If methylated
DNA disappears in body fluids shortly after curative
surgery, the reappearance of these markers may
suggest recurrence or progression of disease that may
require more intensive screening and aggressive treat-
ment.® Although our primary results need to be con-
firmed in larger and longitudinal studies, detection of
aberrant promoter hypermethylation of tumor-related
genes in serum and CSF of patients with malignant
gliomas may be useful for glioma prognosis evaluation,
diagnosis as well as the detection of recurrence or pro-
gression. We recommend that microarray techniques
be applied in future investigations to determine (i)
whether MGMT promoter methylation is the only rel-
evant molecular factor in tumor’s chemosensitivity; (ii)
if any other interesting genes need more attention; and
(i) how much MGMT could function in the probable
network of chemotherapeutic drug’s metabolism,
making it possible to select the most appropriate thera-
pies on the basis of epigenetic profiles of the patients’
tumors.

Traditionally, conversion of ummethylated cytosine
with bisulfite followed by quantitative methylation-



specific PCR provides unbiased and sensitive detection
of methylated DNA; however, it is laborious and
cannot easily be applied to screening a large set of
sequences or samples.’® Here, we used an antibody
specific for 5-methyl-cytidine after random fragmenta-
tion to immunocapture methylated genomic fragments,
which permits highly efficient and specific enrichment
of methylated DNA."" The resulting enrichment in the
immunoprecipitated fraction is determined by standard
DNA detection including real-time PCR, which does
not require particular bisulfite treatment or 2 pairs of
PCR primers. Our results showed that this approach
has an increased sensitivity as well as good specificity.
Furthermore, the fragmented DNA used in our study
has a size range similar to DNA after isolation from
formalin-fixed tissues. Thus, this approach enables
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screening of stored clinical samples and holds more
promise for large-scale and high-throughput analysis,
especially in clinical application.

In conclusion, our results highlight the role of epige-
netic changes involving multiple gene promoter hyper-
methylation in glioma, and that the detection of
methylation status in serum and CSF of patients with
malignant gliomas has a prognostic value. Moreover,
this approach has many potential clinical applications
including primary diagnosis, selecting treatment strat-
egy, monitoring for disease progression and evolution,
and measurement of therapeutic response, which need
further investigation.
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