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Regulation of KEAP1 expression
by promoter methylation in malignant gliomas
and association with patient’s outcome
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In light with the view that KEAPT loss of function may impact tumor behavior and modify response to chemotherapeutical
agents, we sought to determine whether KEAPT gene is epigenetically regulated in malignant gliomas. We developed a
Quantitative Methylation Specific PCR (QMSP) assay to analyze 86 malignant gliomas and 20 normal brain tissues. The
discriminatory power of the assay was assessed by Receiving Operating Characteristics (ROC) curve analysis. The AUC
value of the curve was 0.823 (95% Cl: 0.764-0.883) with an optimal cut off value of 0.133 yielding a 74% sensitivity (95% Cl:
63-82%) and an 85% specificity (95% Cl: 64-95%). Bisulfite sequencing analysis confirmed QMSP results and demonstrated
a direct correlation between percentage of methylated CpGs and methylation levels (Spearman’s Rho 0.929, p = 0.003).
Remarkably, a strong inverse correlation was observed between methylation levels and KEAPT mRNA transcript in
tumor tissue (Spearman’s Rho -0.656 p = 0.0001) and in a cell line before and after treatment with 2-deoxy-5-azacytidine
(p = 0.003). RECPAM multivariate statistical analysis studying the interaction between MGMT and KEAPT methylation in
subjects treated with radiotherapy and temozolomide (n = 70), identified three prognostic classes of glioma patients
at different risk to progress. While simultaneous methylation of MGMT and KEAP1 promoters was associated with the
lowest risk to progress, patients showing only MGMT methylation were the subgroup at the higher risk (HR 5.54, 95% Cl
1.35-22.74). Our results further suggest that KEAP1 expression is epigenetically regulated. In addition we demonstrated

that KEAP1 is frequently methylated in malignant gliomas and a predictor of patient’s outcome.

Introduction

Malignant gliomas predominantly glioblastoma multiforme
(GBM, WHO grade IV) account for approximately 80% of all
primary brain tumor and are characterized by poor prognosis."
Current treatment for malignant glioma patients is surgery asso-
ciated with combined radio-chemotherapy. Although this inte-
grated approach has resulted in a significant survival benefit,
five year survival for glioblastoma is less than 4% and most of
the patients die within two years from diagnosis.> The dismal
prognosis in malignant gliomas is attributed to its great ten-
dency to infiltrate into adjacent normal brain tissues, lack of
early diagnostic tool, high recurrence rate and high incidence of
chemoresistance.**

The Keapl (Kelch-like ECH-associated protein 1) protein
tightly regulates the functions of Nrf2 (nuclear factor-erythroid

2-related factor 2), which plays a pivotal role in the cellular
response to oxidative stress.”® Under basal conditions, Nrf2 is
retained in the cytoplasm by the binding with Keapl and it is
maintained at a reduced level by the Keapl-dependent ubiqui-
tination and proteasomal degradation systems. On exposure
to oxidative stress, Keapl-dependent ubiquitin ligase activity is
inhibited and Nrf2 can translocate to the nucleus, where it binds
to consensus sequences on the target genes.’

Several evidences suggest that Keapl/Nrf2 system not only
protects normal cells from carcinogenetic agents, but also pro-
motes the survival of transformed cells under deleterious condi-
tions."*" Initial reports uncovered mutations in the KEAPI gene
in non-small cell lung cancer (NSCLC) leading to a permanent
Nrf2 activation.'*"? Mutations were often associated with loss of
heterozygosity at the KEAPI gene locus suggesting that biallelic
inactivation is a common event in NSCLC." Somatic mutations
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of the KEAPI gene were also reported in patients affected by gall
bladder tumors and in a breast cancer cell line.”>'

Among the mechanisms involved in the inactivation of cancer
related genes promoter aberrant methylation plays a pivotal role
in cancerogenesis. Promoter methylation at the KEAPI locus was
reported by Wang et al. in three out of four lung cancer cell lines
and two out of five primary tumors.”” The region of the KEAPI
CpG island analyzed contains 62 CpG sites, and is located from
-291 bp to -337 bp relative to the KEAPI transcription start site.
In silico analysis” of this CpG rich region demonstrated many
transcriptional regulatory elements including binding sites for
AP2 and Spl transcription factor which are known to be involved
in epigenetic regulation of gene expression.'8%

In this study, we sought to determine whether KEAPI gene
is epigenetically regulated in malignant gliomas and if promoter
aberrant methylation may impact patient’s outcome. We found
that KEAPI aberrant promoter methylation is a frequent event
in malignant gliomas and it is associated with reduced KEAPI
mRNA expression in tumor tissues. Moreover, treatment of a cell
line bearing KEAPI promoter methylation with 5-aza-2'-deoxy-
citidine was able to restore KEAPI mRNA levels. Finally, corre-
lations with patient’s outcome indicate that KEAPI methylation
status can contribute to disease progression prediction in glioma
patients treated by radiotherapy and temozolomide.

Results

KEAPI aberrant methylation is a frequent event in malig-
nant gliomas. To determine KEAPI methylation status a prim-
ers/probe set was designed to amplify the CpG region showing
the highest frequency of methylation and containing putative
transcriptional regulatory elements as described in the study by
Wang et al.” (Fig. 1A). KEAPI methylation status was deter-
mined on DNA obtained from 86 gliomas (28 FFPE samples
and 58 snap frozen specimens) and 20 normal brain tissues. The
median values and InterQuartile Ranges (IQR) of KEAPI/ACTB
ratios were 0 (IQR 0-0) for normal brain tissue (NBT) and 3.76
(IQR 0-29.79) for tumor specimens (p = 0.000005). No differ-
ences in KEAPI/ACTB ratios were demonstrated among paraffin
embedded samples and snap frozen specimen.

The discriminatory power of the KEAPI QMSP assay was
assessed by estimating the area under the ROC curve, using
methylation levels in normal brain tissues and tumor samples.
The AUC value was 0.823 (95% CI: 0.764-0.883) (Sup. Fig. 1)
with an optimal cut off value of 0.133 yielding a 74% sensitivity
(95% CI: 63—82%) and an 85% specificity (95% CI: 64-95%).

To confirm QMSP results, we analyzed KEAPI methylation
status using sequencing of bisulfite-treated genomic DNA on

eight glioma samples and the ANGM-CSS cell line. A 304 bp
region containing 19 CpGs and including the QMSP primers/
probe set was cloned in a vector and ten clones for each sam-
ple were sequenced (Fig. 1B). This analysis confirmed results
obtained by QMSP showing a low percentage of methylated
CpGs in samples with low methylation levels (n = 3) and high
percentage of methylated CpGs in tumors with high methylation
levels (n = 5) (Spearman’s Rho 0.929 p = 0.003).

Aberrant KEAPI methylation is associated with reduced
mRNA expression. We sought to determine whether KEAPI
methylation correlated with mRNA expression by analyzing 25
glioma samples (9 unmethylated and 16 methylated samples). A
strong inverse correlation was demonstrated between methylation
levels and KEAPI mRNA expression (Spearman’s Rho -0.656
p = 0.0001). The median values and Interquartile ranges (IQR)
of KEAPI/RPLPO ratios were 194.80 (IQR 128.30-211.70) in
sample showing methylation above the cut off value (M) and
263.10 (IQR 204.22-372.52) in tumors with methylation levels
below the cut off (UM) (p = 0.006) (Fig. 2A).

The relationship between methylation and gene expression
was further confirmed by treating the ANGM-CSS cell line with
5-Aza-2'deoxycytidine. After treatment QMSP analysis of the
ANGM-CSS cell line at 48 h demonstrated a 63% decrease in
KEAPI/ACTB ratios (Fig. 2B) associated with a 74% increase of
KEAPI transcript as determined by gRT-PCR (Fig. 2C).

KEAPI methylation is a predictor of outcome in glioma
patients. We determined whether KEAPI methylation corre-
lates with patient’s pathological characteristics and outcome.
Since MGMT methylation status is to date the main predictive
marker of response to chemo-radiotherapy in glioma patients,
we included these data in the analysis. MGMT methylation was
previously determined by QMSP in 50 of the 86 malignant
gliomas included in this study as well as in the normal brain tis-
sues.?® In this work, we extended the analysis to the additional
36 malignant glioma cases. The median values and Interquartile
ranges (IQR) of MGMT/ACTB ratios were 0 (IQR 0-0) for
normal brain tissue (NBT) and 2.66 (IQR 0-41.23) for the
total population of 86 patients (p = 0.000001 Mann-Whitney
Test). The AUC value was 0.796 (95% CI: 0.743-0.849)
(Sup. Fig. 1B) and the optimal cut off value of 0.219 yielded
a 66% sensitivity (95% CI: 56-75%) and an 89% specificity
(95% CI: 73-96%).

Follow-up data were available for 76 patients. In univariate
time to event analyses MGMT and KEAPI methylated status
were both associated with reduced risk of disease progression
(HR =0.36;5 95% CI 0.17-0.85, p = 0.017 for MGMT and HR =
0.47, 95% CI 0.22-0.98, p = 0.043 for KEAP1) (Sup. Table 2).

These results were confirmed by Kaplan-Meier analyses

ANGM-CSS cell line and the three representative glioma samples.

Figure 1 (See opposite page). KEAPT promoter methylation analysis. (A) Primers design for QVISP and bisulfite sequencing. The original genomic
sequence of the KEAPT promoter region is shown. Highlighted large capital CpGs indicate potential methylation sites. Our QMSP produced 111 bp am-
plicons (QMSP_Forward, QMSP_Probe, QMISP_Reverse). Primers for bisulfite sequencing (black arrows) were placed in areas completely lacking CpGs
to amplify both methylated and unmethylated alleles with equal efficiency. The PCR product for bisulfite sequencing contained 19 CpGs between the
two primers. *CpGs in Sp1 putative regulatory element; *CpG in a putative AP2 regulatory element. (B) Distribution of methylated CpGs in the KEAP1
gene promoter, long arrows containing 19 circles indicate discrete clones of KEAP1 PCR product. O, unmethylated CpGs; ®, methylated CpGs; circles in
gray rectangles indicate CpGs located in putative transcription regulatory elements. Electropherograms show one out of the ten clones sequenced for

318

Epigenetics

Volume 6 Issue 3



1 2 3
ggaggatCGtttgaggttaggagtttaaggttgtagtgagtCGCGattgCGttattgtattttagtttggg

Bisulfite Sequencing_Forward

4 5
CGtgtagattagagCGagattttgtitttaaaggaaaaaaaaaaagaaagaaagaaagaaaagaa

g 9 10 11%
aagaaaagaaaatttagCGaggtagataattttttttagattttgCthCGtCGgattaCGaggtC>G

QMSP_Forward
12 13 14 15* 16 17

gCGttgthGttgttaaaaggagaatagtagatg%tggCGCGtagtttCGCGa%gagatatttag

QMSP_Probe
18 19

gtaaCGaaatCGggagatggaagggatagtgagaaggggggtttggttgtgcgttttCGttCGatgt
]

QMSP_Reverse Bisulfite Sequencing_Reverse

tttattttt CGtCGaCGggCGtCGggtattigCGggaagggCGggagaatCGtCGtttttttttCG

Start Site
—>

tCGCGttltttttC Gttttttttt C Gttttttttt

B

QMSP 89
CpG Meth% 59
mRNA 15

QMSP 0
CpG Meth% 10

mRNA 284

QMSP 1.93
CpG Meth% 23
mRNA 177.8

QMSP 621.86
CpG Meth% 78

mRNA 98

ANGM CSS

e0e000e

S OONOOODWN =

o

2 OONOODAWN-=

2 OONOOODWN =

o

2 OONOOODWN =

o

L N JoNo) X J
X X XX XX J
000000
OeeO0O0O0e
0000000
0000000
0000000
0000000
0000000

e 000000000
©e000000000
e0ee00000Ee
000080000

o)

o

o

o

@
©

O0C@e000O0
0000000
0000000
O00000O0
O00000O0
0000000
0000000
0000000
O00000O0
O00000O0

[CO000000000

0000000
Oe@®e@000O0
0000000
0000000
O®e@®@0000
0000000
COeeO0O0O0e
0000000
0000000
0000000

©
S

[ X KX X JoX ]
0000000
0000000
0000000
[ A XXX XX J
[ A XXX XX J
[ X X XX XX J
0000000
O®@@0000
0000000

O00006000S

©0 000606000

ANGM CSS

AT B i

10 1M 12 13 1415 1617

18 19
ATGA A ATTGGH

G30

1 12 13 16 17
G ccccccccc,cccc

00

18 19

G71

7 8 9 10

i

1 12
GGTGTTGTGTG

1415
6616 GTGTG

1617

(DA i

9
6¢

Wil

G4

10 1 12 13 14 15 1617
CGAGGTCGGL G ce
[

e O e

Figure 1. For figure legend, see page 318.
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Figure 2. KEAPT promoter methylation correlates with mRNA expres-
sion. (A) Boxplot showing KEAPT mRNA transcript levels in samples
methylated above (M) and below (UM) the cut off value. The boxes
mark the interquartile range (interval between the 25th and 75th per-
centile). The lines inside the boxes denote median values. (B) Changes
in KEAPT methylation levels in the ANGM-CSS cell line before (untreat-
ed) and after treatment with 5-azacytadine at 24 h (AZA-24) and 48 h
(AZA-48). Error bars indicate the standard deviation of three different
experiments. (C) Changes in mRNA transcript levels in the ANGM-CSS
cell line before (Untreated) and after treatment with 5-azacytidine at
24 h (AZA-24) and 48 h (AZA-48). Error bars indicate the standard devia-
tion of three different experiments.

(Fig. 3A), which demonstrated an association between bet-
ter outcome and methylated status for both genes (p = 0.01 for
MGMT and p = 0.03 for KEAP1). No association was found
between KEAPI or MGMT methylation status in overall survival
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analysis, although this lack of association might be due to the
short median follow up time. In multivariate Cox regression
analysis including age, sex, WHO grading and number of sur-
gery, only MGMT methylation was associated with a lower risk
of disease progression (HR 0.36, 95% CI 0.15-0.86; p = 0.02).

We then studied the possible interaction between MGMT
and KEAPI methylation in the patient’s cohort treated by both
radiotherapy and temozolomide (n = 70) using the RECPAM
method. The tree-growing algorithm modeled hazard ratios after
a Cox regression with age, gender, WHO grade and number of
surgeries as global adjustment variables.”*® As shown in Figure
3B, three classes of glioma patients at different risks to progress
were identified. The reference category is represented by the sub-
group with the lowest incidence of progression events. Thus, the
HR for all the other subgroups was estimated with respect to
the reference class. The most important variable in discriminat-
ing the risk of progression was MGMT status. Patients showing
unmethylated MGMT promoter were at higher risk to progress
(HR 3.40, 95% CI 1.34-8.66). In MGMT methylated patients,
however, the risk of progression was further discriminated by
KEAPI status. In fact the subgroup characterized by methylated
MGMT promoter and unmethylated KEAPI promoter showed
the highest risk to progress (HR 5.54, 95% CI 1.35-22.74)
(Fig. 3B).

Discussion

Several studies have tried to uncover the methylome of malig-
nant gliomas but the epigenetic signature of this disease remains
still partially defined.””? Here, we identified KEAPI as a novel
methylated gene in malignant gliomas and investigated the pos-
sible contribution of KEAPI promoter methylation to the poor
prognosis of malignant glioma patients. Aberrant promoter
methylation was detected in approximately two thirds of the
glioma samples by QMSP analysis. In primary tumors, pro-
moter methylation was confirmed by bisulfite sequencing analy-
sis. Moreover an inverse correlation with mRNA expression was
demonstrated in both primary tumors and in a cell line derived
from a glioblastoma patient. These results are in agreement with
in silico analysis"” of the KEAPI promoter, which indicates that
the CpG island analyzed in our QMSP assay contains tran-
scriptional regulatory elements including binding sites for AP2
and Spl transcription factor known to be involved in epigenetic
regulation of gene expression.'®#? Since somatic mutations of the
KFEAPI gene were previously reported in other tumor types,'>"
we queried the publicly available COSMIC database maintained
by the Sanger Institute (www.sanger.ac.uk/genetics/ CGP/cos-
mic/; accessed October 5, 2010). KEAPI sequencing analysis
data were available for 22 glioblastoma samples and no patho-
logical variations were detected suggesting that KEAPI somatic
mutations are infrequent in gliomas.>* Indeed, Solis et al.?' have
recently reported in NSCLC absent or reduced Keapl expression
as determined by IHC in 56% of NSCLC, but a very low fre-
quency of KEAPI mutation. These results further suggest that
epigenetic mechanisms play a major role in KEAPI inactivation
in cancer cell.

Volume 6 Issue 3
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0.01 Long rank test). (B) Identification of glioma patients subgroups at dif-

The current treatment of malignant glioma is a combi-
nation of radiotherapy and alkylating agent temozolomide.
To date the inactivation of MGMT expression by promoter
methylation is the main predictor of outcome in this patients.?>*
In fact, alkylating agents induce cell death by forming cross
links between adjacent DNA strands through the alkylation
of the O° position of guanine. Transcriptional active MGMT
rapidly removes the alkyl adducts preventing the formation of
cross links thereby causing resistance to alkylating drugs.*
MGMT promoter methylation with consequent loss of Mgmt
protein expression reduces the DNA repair activity of glioma
cells overcoming resistance to alkylating agents and conse-
quently inducing the activation of proapoptotic pathways.*
In our study, as expected MGM T promoter methylation was asso-
ciated with a reduced risk to progress. However, when the inter-
action between KEAPI and MGMT methylation was evaluated,
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the subgroup characterized by simultaneous methylation of the
two genes was at lower risk to progress, whereas patients with
MGMT methylation but KEAPI unmethylated status showed
the worse prognosis. Since upregulation of Nrf2 through Keapl
deregulation has been linked to resistance to a variety of antican-
cer drugs,'"¥% these findings may seem puzzling. However, in
recent years, several lines of evidence, suggest that the activation
of the oxidative stress response may regulate proapoptotic and
apoptotic activities inducing programmed cell death rather than
survival in cancer cells.*” Indeed, there are evidences that the
disruption of the Keapl/Nrf2 interaction may increase apoptotic
activity.“**! Therefore, reduced KEAPI expression in MGMT
methylated tumors may enhance the effect of MGMT downreg-
ulation on inducing programmed cell death. On the other side in
tumors with only MGMT methylation, physiological regulation
of the Nrf2 by Keapl may promote the NRF2 mediated survival
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of cancer cell counterbalancing the beneficial effects of MGMT
downregulation. Taken together these evidences further suggest
that KEAPI epigenetic regulation may affect glioma cell survival
in patients treated with radiotherapy and temozolomide.
Although combined treatment with radiotherapy and temo-
zolomide has improved survival, the majority of the patients
affected by malignant glioma will die within two years from the
diagnosis. Thus there is a need for novel therapeutical strategies
that may improve patient’s outcome. It remains still to be deter-
mined, whether aberrant KEAPI promoter methylation may play
a role in resistance to chemotherapeutical compounds other than
alkylating agents in malignant gliomas. Nrf2 upregulation leads
ultimately to the increased transcription of antioxidant proteins
and drug efflux system involved in multidrug resistant pheno-
types.” Interestingly, increased expression of these proteins is
frequently found in glioma tissues as well as in glioma cancer
stem cells.? Jiang et al.¥® have reported in endometrial cancer, an
association between high Nrf2 levels and chemoresistance. In
particular, silencing of NRF2 in a resistant cell line was able to
increase susceptibility to chemotherapeutic treatment. Likewise,
the inhibition of Nrf2 by overexpressing Keapl was able to
enhance chemosensitivity in both cell line and in a SCID mouse
model.” Thus the elucidation of the role of KEAPI methylation
in chemoresistance would be of primary importance when novel
therapeutical strategies, such as chemotherapeutical compounds

incorporated nanoparticles,*>*

are evaluated for application in
the clinical setting. One important aspect of epigenetic altera-
tions is that they are potentially reversible, and in vitro and ani-
mal model studies indicate that treatment with demethylating
agents can reverse drug resistance.* Taken together these obser-
vations strongly suggest that pharmacological modulation of the
Keapl/Nrf2 system and in particular reversal of KEAPI meth-
ylation may be able to increase the efficacy of chemotherapeutic
drugs in cancer cells.

In summary, we show that the NRF2 negative regulator
KEAPI is frequently methylated in malignant gliomas suggest-
ing that its reduced expression may play a role in the develop-
ment and progression of this deadly disease. KEAPI methylation
was also associated with patient’s outcome and may contribute
to prediction of disease progression in patients treated with cur-
rent chemo-radiotherapy regimen. Since deregulation of the
Nrf2/Keapl system has been linked to chemoresistance in sev-
eral tumor types, the reversal of KEAPI methylation could also
represent a novel strategy to increase sensitivity of glioma cells to
a variety of anticancer drugs.

Materials and Methods

Patients and samples. We analyzed 86 glioma patients treated
by surgery at the Department of Neurosurgery, IRCCS Casa
Sollievo della Sofferenza, San Giovanni Rotondo (FG), Italy.
Of those tumors, 28 were formalin-fixed paraffin embedded
(FFPE) samples and 58 snap frozen specimens. After surgery,
the majority of the patients were treated with radiotherapy and
the alkylating agent temozolomide (TMZ) at dose of 75 mg/m?/
day x 7 days/week for 6 weeks followed by adjuvant TMZ

322

Epigenetics

(200 mg/m?*/day x 5 days, every 28 days for 5-6-12 cycles). The
median total dose of radiotherapy delivered was 63.5 Gy (range,
45-66 Gy), with conventional fractionation according to ICRU
recommendations. The median follow up time was 14 months
(IQR 8-21 months). Clinicopathological characteristics of the
patient’s cohort are shown on Supplemental Table 1. As con-
trol KEAPI methylation status was analyzed on DNA sample
extracted from 20 histologically confirmed normal brain tissues
obtained from autopsies. All human materials used in the study
were collected according to the guidelines of the local ethical com-
mittee. Prior written and informed consent was obtained from
each of the patients in accordance with Institutional guidelines.
Cell culture and 5-azacytidine (5-Aza) treatment. The
ANGM-CSS cell line derived from a glioblastoma patients
(deposited to European Collection of Cell Cultures, ECACC
cat n° 08040401; Notarangelo et al., under review) was cultured
at 37°C, 95% CO, in DMEM/F12 (Invitrogen, Carlsbad, CA),
supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin (Invitrogen). For treatment with 5-Aza cells were
plated at 60% confluency 24 h before treatment. Then cells were
treated with 5 pm 5-Aza and harvested at 24 or 48 h. DNA and
RNA were extracted as described previously in reference 45.
DNA and RNA extraction from tissues. DNA was extracted
from one half of frozen sections after ensuring that tumor con-
tained more than 70% of tumor cells.’® Total RNA was extracted
from the second half of the sample using the Invitrogen TRIzol
reagent (Carlsbad, CA).#” RNA quality was measured by using
2100 Expert Analyzer (Agilent Technology) and only RNA with
RIN (RNA Integrity Number) > 7.0 was processed. DNA and
RNA concentrations were quantified by the absorbance measure-
ment at 260 and 280 nm using the Nanodrop spectrophotometer.
Bisulfite conversion. DNA extracted from normal brain,
tumor samples and ANGM-CSS cell line were subjected to bisul-
fite treatment and DNA purification using the Epitect Bisulfite
kit (Qiagen Sci, MD) according to manufacturer instruction.
Bisulfite-modified DNA from the same treatment was used as tem-
plate for fluorescence-based real-time Quantitative Methylation
Specific PCR (QMSP) and bisulfite direct sequencing.
Quantitative methylation specific PCR (QMSP). Real time
PCR was performed for KEAPI using the following primers/
probe set: forward 5-TGC GGT CGT CGG ATT ACG AGG
TCG-3', reverse 5-CTT CCA TCT CCC GAT TTC GTT
AC-3'; probe 5-FAM-GTG GCG CGT AGT TTC GCG
AG-TAMRA-3' yielding a 111 bp amplicon (Fig. 1A). MGMT
promoter methylation status was determined by using prim-
ers/probe set previously described in reference 24. As reference
gene a primers/probe set specific for the unmethylated promoter
region of the ACTB gene was used: forward 5-TGG TGA TGG
AGG AGG TTT AGT AAG T-3'; reverse 5-AAC CAA TAA
AAC CTA CTC CTC CCT TAA-3'; probe 5-FAM ACC ACC
ACC CAA CAC ACA ATA ACA AAC ACA TAMRA-3', yield-
ing an amplicon size of 133 bp.** Calibration curves for both
target and reference genes were construed using serial dilutions
(90-0.009 ng) of a commercially available fully methylated
DNA (CpGenome Universal Methylated DNA, Serologicals
Corp., Norcross, GA).
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Amplification reactions were carried out in triplicate in a vol-
ume of 10 L that contained 50 ng bisulfite-modified DNA,
600 nM forward and reverse primers, 200 nM probe, 0.6 U of
Platinum Taq polymerase (Invitrogen, Inc., Rockville, MD),
200 wM each of dATP, dCTP, dGTP, dTTP and 2 pl of PCR
buffer.”® PCR conditions were as follows: one step at 95°C for
3 min, 50 cycles at 95°C for 15 seconds and 60—62°C for 1 min-
ute. PCR reactions were performed in 384-well plates on a ABI
PRISM 7900 Sequence detection system (Applied Biosystems,
Carlsbad, CA) and were analyzed by SDS 2.1.1 software (Applied
Biosystems, Foster City, CA). Each plate included calibration
curves for the ACTB and KEAPI or MGMT genes, patient DNA
samples, positive (CpGenome™ Universal Methylated DNA,
Serologicals Corp., Norcross, GA) and negative (Universal
Unmethylated DNA, Serologicals Corp., Norcross, GA) controls
and multiple water blanks. The relative level of methylated DNA
was determined as a ratio of KEAPI or MGMT to ACTB and
then multiplied by 1,000 for easier tabulation (average value of
triplicates of gene of interest/average value of triplicates of ACTB
x1,000).

Bisulfite direct sequencing. After bisulfite conversion,
a 304 bp DNA fragment of the KEAPI promoter region located
from -91 bp to -395 bp relative to the transcription start site (Fig.
1A), was amplified using primers specific for the bisulfite-con-
verted sequence not containing CpGs. This region contains 19
CpG sites, 11 of which are included in the QMSP primers/probe
set (forward, 7-11th sites; probe, 14—17th sites; reverse, 18th and
19th sites). Primer sequences are as follows forward: (5-GAG
GTT AGG AGT TTA AGG-3") and reverse (5-CAA CCA AAC
CCC CCT TCT C-3'). PCR products were cloned by using the
One shot “TOPI0F” cloning kit (Invitrogen Carlsbad, CA).
Sequence reactions were performed on an automated sequencer
(ABI 310; Applied Biosystem) using the ABI-PRISM big-dye
Terminator Cycle Sequencing Ready Reaction kit (Applied
Biosystem).

Quantitative reverse transcription polymerase chain reaction
(qQRT-PCR). Reverse transcription was performed using High
Capacity cDNA Reverse Transcription kit (Applied Biosystems).
Fluorescence based RT-PCR (RT-gPCR) was set up in 384-well
plates in a total volume of 10 pl containing 1 pl cDNA, 1 pl
KEAP1 Tagman® Gene Expression Assays (Hs00202227_ml
Applied Biosystems) and 5 pl of PCR Master Mix (Applied
Biosystems). Reactions were run on ABI PRISM 7900 Sequence
detection system (Applied Biosystems). For each of the target
genes transcription levels were normalized using the Human
Large Ribosomal Protein, RPLPO (Applied Biosystems) as refer-
ence gene. A relative quantification method with standard curve
was developed, mRNA levels in each sample were determined as
the ratio of the KEAPI expression level to the RPLPO expres-
sion and then multiplied by 1,000 for easier tabulation (KEAP1/
RPLPO x1,000).

Statistical methods. Patients’ baseline characteristics were
reported as median and interquartile range (IQR) or frequencies
and percentages for continuous and categorical variables, respec-
tively. Baseline comparisons were made using the Mann-Whitney

www.landesbioscience.com

Epigenetics

U-test for continuous variables and the chi-square test for cat-
egorical variables.

The discriminatory power of MGMT and KEAPI was
assessed by estimating the area under the Receiver Operating
Characteristics (ROC) curves, using methylation levels in nor-
mal brain tissues and tumor samples. The optimal cut-off was
assessed maximizing jointly sensitivity and specificity. Sensitivity
and specificity, computed at the optimal cut-off, were reported
along with their 95% confidence intervals (CI). The area under
the ROC curve (AUC) was also reported along its 95% CI.
Glioma samples were classified as methylated (M) or unmethyl-
ated (UM) based on whether KEAPI or MGMT to ACTB ratios
were respectively above or below cut of values.

Correlation between KEAPI/ACTB ratios and percentage
of methylated CpGs or mRNA transcript levels were estimated
using the Spearman rank coefficient.

Differences in KEAPI methylation and mRNA expression
in the ANGM-CSS cell line were analyzed using the one way
Analysis of Variance (ANOVA) and the unpaired ttest with
Bonferroni correction for multiple comparisons.

Time-to-event parameters were estimated using the Kaplan-
Meier method and significance was assessed with a log-rank test.
Time-to-event analysis was conducted also by means of univari-
ate and multivariate Cox proportional hazards regression models.
Risks will be reported as Hazard Ratios (HR) along with their
95% CI.

Time to progression was defined as the time between sur-
gery and the first progression event. Overall Survival Time was
defined as the time between surgery and death.

Furthermore to evaluate interactions between MGMT
and KEAPI, and to identify distinct and homogeneous sub-
groups of patients in terms of time to progression and overall
survival, the RECPAM method was used.?®?® This tree-based
method integrates the advantages of main effects Cox regres-
sion and tree-growing techniques. At each partitioning step the
method chooses the covariate and its best binary split to maxi-
mize the difference in the outcome of interest. The algorithm
stops when user defined conditions (stopping rules) are met. To
obtain more robust and stable split, a permutation approach was
adopted to choose the best splitting variable. Global adjustment
for age, gender, WHO grading and number of surgeries was
accounted for.

A p value < 0.05 was considered for statistical significance.
All analyses were performed using SAS Release 9.1 (SAS Institute,
Cary, NC). For the RECPAM analysis we used an SAS macro
routine written by one of the authors (F. Pellegrini).
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