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Abstract: Background: The molecular regulation of increased MGMT expression in human brain
tumors, the associated regulatory elements, and linkages of these to its epigenetic silencing are not
understood. Because the heightened expression or non-expression of MGMT plays a pivotal role in
glioma therapeutics, we applied bioinformatics and experimental tools to identify the regulatory
elements in the MGMT and neighboring EBF3 gene loci. Results: Extensive genome database analyses
showed that the MGMT genomic space was rich in and harbored many undescribed RNA regulatory
sequences and recognition motifs. We extended the MGMT’s exon-1 promoter to 2019 bp to include
five overlapping alternate promoters. Consensus sequences in the revised promoter for (a) the
transcriptional factors CTCF, NRF1/NRF2, GAF, (b) the genetic switch MYC/MAX/MAD, and (c)
two well-defined p53 response elements in MGMT intron-1, were identified. A putative protein-
coding or non-coding RNA sequence was located in the extended 3’ UTR of the MGMT transcript.
Eleven non-coding RNA loci coding for miRNAs, antisense RNA, and IncRNAs were identified in the
MGMT-EBF3 region and six of these showed validated potential for curtailing the expression of both
MGMT and EBF3 genes. ChIP analysis verified the binding site in MGMT promoter for CTCF which
regulates the genomic methylation and chromatin looping. CTCF depletion by a pool of specific
siRNA and shRNAs led to a significant attenuation of MGMT expression in human GBM cell lines.
Computational analysis of the ChIP sequence data in ENCODE showed the presence of NRF1 in the
MGMT promoter and this occurred only in MGMT-proficient cell lines. Further, an enforced NRF2
expression markedly augmented the MGMT mRNA and protein levels in glioma cells. Conclusions:
We provide the first evidence for several new regulatory components in the MGMT gene locus which
predict complex transcriptional and posttranscriptional controls with potential for new therapeutic

avenues.
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1. Introduction

Human O°-methylguanine DNA methyltransferase (MGMT), also called O°-alkylguanine
DNA alkyltransferase (AGT) is a simple DNA repair protein involved in the protection
of the normal cellular genome from the mutagenic actions of alkylating agents [1,2]. The
single-step error-free stoichiometric reaction involving the transfer of O%-alkylguanines
bound to DNA restores the normal G-C base pairing and prevents the GC to AT transi-
tions [3]. MGMT is expressed at different extents in normal tissues ranging from high
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amounts in the liver to negligible levels in the brain and bone marrow, indicating a tissue-
specific expression [1-3]. However, human cancers including brain tumors express the
MGMT protein in abundance [4-7]; a large fraction of CNS malignancies, nevertheless are
MGMT-deficient due to gene silencing by promoter methylation [8,9]. The MGMT status
in brain cancers is of huge importance for treatment because the antimutagenic function
of MGMT interferes with the cytotoxic actions of anticancer alkylating agents [7]. This
is because MGMT effectively repairs the O°-methylguanine and O°-chloroethylguanine
lesions induced by methylating agents (temozolomide, TMZ), and chloroethylating agents
(BCNU, CCNU), respectively, thereby preventing the generation of mutagenic lesions
and interstrand DNA cross-links [7,10]. Consequently, MGMT has emerged as a central
determinant of tumor resistance to clinically used alkylating agents. Both the antimuta-
genic and drug resistance properties conferred by MGMT derive from its ability to remove
the alkyl groups from the O6-position in the DNA to cysteine 145 at the active site in a
unique suicidal reaction [1,2,5]. Whether expressed or not expressed, MGMT remains a
focal point in the translational neuro-oncology forming a bridge between resistance and
sensitivity to the alkylating drugs. When expressed at elevated, albeit varied levels as
in a majority of brain cancers, it is a major target for pseudosubstrate [11,12] or repur-
posed inhibitors [13,14] to increase drug efficacy. However, when MGMT expression is
epigenetically inactivated through promoter methylation in a subset of CNS tumors, it is
associated with a better response to chemotherapy, greater overall survival, and longer
time to progression [15-18]. Therefore, testing of gene promoter methylation status has
emerged as an important clinical procedure. Other reports point to the important role of
gene body methylation in the epigenetic regulation of MGMT expression. Several reports
have demonstrated the positive correlation between MGMT expression and methylation at
CpG sites within the gene body [19-21].

Human MGMT is encoded by a single copy gene localized on the telomeric region of
chromosome 10 at 10q26. It is relatively a large gene (~304 Kb) containing long introns and
5 short exons, the first of which is non-coding [22]. The gene has a TATA-less CAAT-less
promoter containing a CpG island, which was first characterized in 1991 by Harris et al. [23].
The promoter with maximal activity was shown to lie 5’ of the gene from -953 to +202 bp
(with the TSS as +1) comprising the minimal promoter (—69 to +19) [23], enhancer (+143
to +202) [24], to which an enhancer-binding protein binds, and several TF binding sites,
such as AP1 and SP1 [25]. The MGMT promoter contains a 777-bp long CpG island with 97
CpG sites [15,18]. MGMT promoter methylation is a prototype example of the terms CpG
island methylator phenotype (CIMP) that describes the extensive DNA hypermethylation
of promoter-associated CpG islands in human cancers [26] and G-CIMP that denotes
the CIMP status in human glioma [27]. This epigenetic signature was first described in
glioblastoma (GBM) and was later validated in lower-grade gliomas, recurrent GBMs,
and pediatric glioma subtypes [27]. The methylation sites and changes in methylation
in MGMT’s exon-1 region have been extensively studied in cancer cell lines with and
without MGMT expression and in primary tumor specimens [18-21]. In general, the results
have been inconsistent indicating that the methylation sites affecting gene expression
are not uniformly distributed throughout the CpG islands [19,22]. Studies in cell lines
identified two methylated areas in the CpG island: a highly methylated region upstream of
the transcription start site (TSS), including a minimal promoter and a highly methylated
region downstream of exon 1 [19-22]. Methylation of CpGs located at the first noncoding
exon and enhancer appeared more critical for loss of MGMT expression. Therefore, most
of the molecular assays in clinical use are designed to interrogate these regions [15,22].
Research in recent years has uncovered the molecular basis of the G-CIMP process. Somatic
mutations in isocitrate dehydrogenases (IDHs) 1 and 2 and loss-of-function mutations
in ten-elven translocation (TET)-methylcytosine dioxygenase-2 (TET2) have been shown to
confer and maintain the G-CIMP activity [28]. Briefly, the mutant IDH enzymes gain an
unusual new activity of reducing the a-ketoglutarate («-KG) to an oncometabolite, D-2
hydroxyglutarate (D-2HG). D-2HG competes with «-KG and inhibits a large number of -
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KG-dependent dioxygenases such as the TET, histone lysine demethylase, and the ALKBH
DNA repair proteins that ultimately lead to hypermethylation of the CpG islands in the
genome [29]. Consequently, most gliomas positive for IDH mutations also exhibit MGMT
promoter methylation [30]. However, the status of CpG island methylation has remained
divisive, as prolonged survival was also reported without promoter hypermethylation [31].
Additionally, the MGMT promoter methylation varies widely in gliomas in the range of
35% to 84%. Moreover, promoter methylation does not always show a strong correlation
with MGMT protein levels [32].

From the foregoing, it is clear that our knowledge of MGMT gene regulation is
restricted to the 5'- region involving the promoter and methylation status of the CpG islands
therein. The genomic space of MGMT is vast and the regulatory elements controlling the
transcription and methylation in the other exons and introns are not known. For example,
exon 2, where the meaningful transcription start is separated from the non-coding exon 1
by an intronic space of 69 kb, and no data is available on elements associated therewith.
With these considerations, we undertook a comprehensive bioinformatic analysis of the
MGMT and the contiguous EBF3 genes and report the involvement of CTCF [33,34] and
NRF1/NRF2 in the regulation of this unique DNA repair system. The study also uncovered
several important motifs including p53 binding sites and regulatory RNAs.

2. Results and Discussion
2.1. Recapitulation of MGMT Genomic Space and the mRNA

Our bioinformatic studies indicated that the MGMT-coding region corresponds to
about 0.5% of its genomic space. The MGMT gene is located on the forward (plus) strand
of the long arm of chromosome 10 mapped to 10q26.3 at genomic coordinates (GRCh38):
chr10:129,467,189-129,768,041. Figure 1A shows the setting of MGMT locus with the lengths
of exonic and intronic spaces. Note that exon 1 and a large part of exon 5 are non-coding;
the sequences of all exons, translated and untranslated, their span, and the corresponding
locations in the MGMT genome are represented in Supplementary Materials: Table S1.

The genomic context of the 10q26 region as presented in the GenBank and ensemble
databases show a vast genomic region composed of about 500 kb that includes two contigu-
ous genes, MGMT and EBF3 (early B-cell factor), and the intervening space. We designated
this area as the MGMT-EBF3 region and found it to harbor several regulatory sequences
and uncharacterized non-coding RNA loci. Since gene expression is often controlled and
coregulated at both short stretches and along with large topological domains [35], it was of
interest to analyze the genomic and epigenomic regulatory sequences in the MGMT-EFB3
genomic space (Figure 1B). The EBF3 resides close to MGMT gene, just 67.3 kb away on
the reverse (negative) strand and located at chr10:129,835,232-129,964,281 with a length of
129,050 nucleotides. The EBF family of genes encode DNA binding transcription factors
involved in multiple cellular functions including neurogenesis and bone development
promoting a pro-apoptotic function [36]. EBF3 gene is frequently inactivated in human
cancers including glioma, leukemia, and colon cancer [36-42]. Remarkably, the EBF gene is
co-methylated with MGMT in glioma and other cancers [38,39,41] suggesting a possible
regulatory association.

2.2. New Features of 3’ Untranslated Region (UTR) of MGMT Transcript

The UTRs in processed gene transcripts play a crucial role in gene expression by
influencing the localization, stability, export, and translation efficiency of mRNAs. We
used the UTRdb research tool [43] to reexamine the 5" UTR and 3" UTR regions of MGMT
mRNA. The 5 UTR region was 26 bps long, equivalent to 23% of MGMT Exon-1. Whereas
the length of the 3" UTR region was 522 bps that represents 84% of the exon-5 untranslated
region (Figure 2A). Exon-5 is composed of 833 bps that represent 61% of the MGMT mRNA
transcript, yet the length of the translated sequence of exon-5 is 140 bps, 16.8% of the
sequence. The 3’-side of the MGMT locus showed an added 3 kb sequence (Figure 2A,B) in
the updated version of the GenBank-Gene, which can be considered as an extension of the
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3" UTR region. We noted for the first time that MGMT’s extended 3'UTR region is quite
novel and bears the signatures of what was thought until recently to be an uncharacterized
protein-coding gene but now thought to be a non-coding RNA. Our analysis showed
the extra length in the untranslated MGMT exon 5 sequence in the recent version of
MGMT mRNA, accession: NM_002412.5, to be the sequence of an unknown protein-coding
locus Loc105378559. This locus is mapped at chr10:129,768,365-129,770,983, with the
intergenic space between MGMT and the above sequence of just 150 bps. The GenBank-
Gene discontinued locus 105378559 on 9 June 2016. Ensembl-85 dated July 2016 showed
105378559 gene, however, discontinued it in October 2016 in the Ensembl-86. The previous
versions of the two databases showed the discontinued uncharacterized locus 105378559
with an mRNA of two exons and a predicted protein size of 244 amino acids (26.84 kDa).
The Ensembl-86 also showed in the genomic space of the discontinued locus 105378559,
an overlapping sequence of a non-coding RNA gene, ENSG00000227374 (RP11-109A6.3),
located at chr10: 129,768,844-129,769,435. Indeed, initial work in our laboratory has shown
that a protein corresponding to the locus 105378559 exists in human glioma cells (not
shown); the possible co-expression of this protein with MGMT and any other regulatory
interrelationship between them merits further investigation. The sequence of the 3’ region
of the MGMT transcript is shown in Figure 2B.
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Figure 1. (A)—MGMT genomic space showing the two untranslated regions 5’-UTR and 3’-UTR, the five exons (E1-E5),
four introns (I1-14), two promoters (MGMT-E1 and a putative MGMT-E2 promoter identified in this report), and the
coding sequence of MGMT mRNA transcript NM_002412. (B)—Schematic presentation of the MGMT-EBF3 genomic region
along with ncRNA loci (miRNA, IncRNA, and antisense RNA) hosted in this space. Black arrows show the loci in the
5’-3 direction on the forward strand. The white arrows indicate the loci in the 53" direction on the reverse strand. The
bidirectional dotted arrow shows the space between MGMT and the EBF3 genes. Letters “E” and “I” refer to exons and
introns in the MGMT genomic space denoted by small light and dark gray boxes. P1 refers to the well-studied MGMT

promoter proximal to exon-1. Our bioinformatic analysis showed the presence of a promoter-like sequence (indicated as P2)
in the intron 1-exon 2 regions. LOC and ENSG refer to the loci IDs in the GenBank-Gene and Ensembl databases.
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Figure 2. (A)—Schematic representation of the MGMT mRNA transcript, MGMT 5’-UTR, coding sequence, 3’-UTR region,
and the added 3 kb sequence in the updated version of the GenBank-Gene that hosts the overlapping sequences of a
discontinued protein-coding locus 105378559 transcript XM_011540451.1, and an ncRNA transcript, ENSG00000227374.
(B)—The sequence of 3’-side of the MGMT locus showing the 3 kb of the two overlapping genes, uncharacterized locus
105378559 protein-coding (P) and RP11-109A6.3/ENSG00000227374 ncRNA gene (N). Letters I, T, U, and F respectively
refer to the end of MGMT intron-4, the translated region of exon-5, the untranslated region of exon-5, and MGMT genomic

feature respectively. The short non-highlighted sequence relates to the genomic region between the MGMT locus and the

sequence of overlapping genes. (C)—Distribution of motifs in the established MGMT promoter X61657.1 mapped to chr10:

129466183 -129467339 [23]. The promoter was screened manually to locate the color-coded consensus recognition motifs.

This is the first report describing ARE and ERE in the promoter. Note that the end of the AP1 recognition sequence overlaps

with the ARE. The underlined sequence represents the untranslated MGMT exon 1.
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2.3. New Regulatory Motifs in MGMT Promoter; ARE, ERE, and NRF1/NRF2 -Mediated
Upregulation of MGMT Expression

Once the minimal promoter for MGMT was recognized [23], efforts were made to
identify and characterize the cis-regulatory elements in the promoter. The glucocorticoid
response element [25,44] and seven SP1 binding sites were soon reported [25]. Six SP1 sites,
3 upstream, 3 downstream of the TSS were characterized [25]. We screened the minimal
promoter for additional cis sequences/motifs and found the presence of an antioxidant
response element (ARE) and estrogen response element (ERE). The locations of the ARE
and ERE along with the known GRE, AP1, and SP1 binding sites in the original 1.15 kb
promoter are shown in Figure 2C. The ARE is a cis-acting enhancer sequence that mediates
transcriptional activation of genes in cells exposed to oxidative stress and chemopreventive
agents [45]. The AREs are activated upon binding of the NRF2 (nuclear factor 2-related
factor 2) [46]. The AREs have been identified in the regulatory regions of numerous genes
that encode cytoprotective enzymes/proteins and are upregulated in response to oxidants,
electrophiles, and natural products [46]. These include the glutathione-S transferases (GST5),
v-glutamyl cysteinyl synthetase (v-GCS), NAD(P)H: quinone oxidoreductase (NQO1), and others.
NREF?2 is a basic region-leucine zipper (bZIP)-type transcription factor. The consensus ARE
sequence, which is also the Nrf2 binding site is TGACnnnGC. We found two of these (ARE1
and -2) in the MGMT promoter—between 617-595 and 584-562 positions. Our earlier
reports of MGMT upregulation in human tumor cells by antioxidant phytochemicals and
a cysteine prodrug [47,48] are indeed suggestive of the DNA repair gene being a target
ARE-NRF2 interaction. To further confirm the involvement of NRF2 in MGMT expression,
we stably transfected the human glioblastoma SF-188 cells with an NRF2 expression
vector and determined the MGMT mRNA and protein levels (Figure 3A). A significant
increase of MGMT transcripts and protein (~4-fold) was observed in NRF2 expressing cells
compared to the untransfected parent cells (Figure 3A right panel). These observations
confirm that MGMT expression can be upregulated during redox stress as a cytoprotective
measure through the ARE-NRF?2 axis. Regarding the ERE, we previously showed that the
motif present in MGMT bound to the estrogen receptor-o in electrophoretic mobility shift
assays and that estrogen moderately upregulated MGMT expression in ER-positive MCF-7
cells [49].

Further, we analyzed the ChIP sequence data stored in the ENCODE database us-
ing the transcription factor analysis tool Alibaba2.1 (http://generegulation.com/pub/
programs/alibaba2/, accessed on 15 February 2021) to look for NRF transcription factors
1 or 2 localized to the MGMT promoter. Interestingly, we found the ERE motif located
<300 bases upstream of 5" end of exon 1 (nucleotides 741-746 highlighted in green in
Figure 2C) as a recognition site for NRF1. Indeed, the ChIP Seq Data for NRF1 (Abcam’s
mouse monoclonal antibody targeting amino acids 201-286 of human NRF1 was used)
indicate that NRF1 binds to the MGMT promoter region which covers this particular ERE
regulatory site (Figure 3B). NRF1 binding was highly evident in the MGMT-proficient cell
lines GM12878 (B-lymphocyte), H1-hESC (embryonic stem cells), and HeLa-S3 (cervical
carcinoma), but not in MGMT-deficient K562 (chronic myelogenous leukemia) cells. Fur-
thermore, the cell lines GM12878, H1-hESC, and HeLa-5S3 exhibited an MGMT promoter
region with relaxed chromatin (as reflected by a high degree of DN Asel hypersensitivity),
and a transcriptionally active state evident by the presence of MGMT gene transcripts.
In contrast, neither DNasel hypersensitivity nor MGMT transcription was evident in the
cell line K562 (Figure 3B). Overall, these observations suggest NRF1's likely role in the
regulation of MGMT expression.

Both NRF1 and NRF2 are Cap’'n’Collar family of transcription factors with overlapping
functions in the cellular response to oxidative stress [50]. Both of them can bind the ARE
and NRF-1 null mice compensate by activating the expression of NRF-2 dependent gene
expression [50,51]. Furthermore, NRF-1 has been shown to bind selectively to the ERE [47]
and play a role in estrogen-promoted mitochondrial biogenesis [52]. These observations are
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consistent with and explain our results showing increased expression of MGMT by NRF2
(Figure 3A) and selective localization of NRF1 on ERE in MGMT promoter (Figure 3B).

RT-PCR Western blot
Cont. Nrf2 transfe. Cont. Nrf2 transfe.
MGMT MGMT
mRNA protein
Ribosomal Ponceau
RNA stain
(A)
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Figure 3. (A)—Augmented MGMT transcription in NRF2 transfected SF-188 glioblastoma cells. Left panel—Total RNA
isolated from the parent and transfected cells was subjected to RT-PCR using MGMT-specific primers. One ug RNA used
in PCR products was electrophoresed on agarose gels at pH 8.0 and stained with ethidium bromide to show equivalent
loading. Right panel-Western blot showing MGMT protein levels. The membrane stained before western blotting with
Ponceau-S shows that protein loading was equal. (B)—The relationship between the transcription factor NRF1, DNasel
hypersensitivity (a measure of chromatin accessibility), and MGMT expression as depicted in a region of MGMT locus
encompassing portions of the promoter, the entire exon 1, and the 5’ end of intron 1 are represented. As shown, the
MGMT-proficient cell lines GM12878, H1-hESC, and HeLa-S3 were characterized by varying intensity of NRF1 bound at the
MGMT promoter region. These cell lines also exhibited DNasel hypersensitivity at this particular region of MGMT promoter
besides direct evidence for MGMT expression (exon 1 read counts are shown). In contrast, the cell line MGMT-deficient K562
cells were devoid of bound NRF1 at its DNasel insensitive promoter. No MGMT transcription was evident in K562 cells.
The tracks were generated from UCSC Genome Browse using three types of ENCODE sequencing data: NRF1 ChIPSeq
(University of Washington), paired-end RNA Seq (California Institute of Technology), and sequencing-based Digital DNasel
hypersensitivity assay (University of Washington).
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2.4. Revised MGMT Promoter That Includes Alternate Promoters, CGI Status, and Other
Promoter-Like Sequences in MGMT Genome

About half of all eukaryotic genes possess alternative promoters, which are thought
to add flexibility and diversity to the regulation of gene expression [53]. The functional
significance of alternative promoters and their role in physiology and pathology, however,
has not been fully defined, except for some genes where these sequences are aberrantly
activated, developmentally regulated, or silenced [54]. Our extensive search of databases
showed the presence of additional and overlapping promoter sequences on the 5’ side, and
all of these were presently extending beyond the currently established minimal promoter
(Table 1). The exon-1 and exon-2 hosted a total of six promoters, five overlapping promoters
mapped at 5’-side of exon-1 and one predicted promoter-like sequence located at the end
of intron-1 adjacent to exon-2 approximately 70 kilobases downstream MGMT exon-1.
Preliminary analysis of this putative exon-2 promoter showed the abundance of ATF1,
TATA, and INR motifs that are features of an active transcription unit. Because exon-2
per se is transcribed into the first coding region for MGMT, it is tempting to speculate
the second promoter-like sequence may be involved in accelerating the transcription of
exons 2 through 5. The database sources, map locations, and the length of each promoter
are shown in Table 1A. The combined sequences of the alternative promoters form a
sequence composed of 2019 bps mapped at chr10:129466183-129468201 we refer to the
revised MGMT-E1 promoter (P1). We revised the MGMT-E1 promoter to include the
corresponding alternative promoters which consist of 2019 bp. The complete sequence of
the revised E-1 promoter is shown in Supplementary Materials: Figure S1. The Eukaryotic
Promoter Database (EPD) tool showed 35 transcription start sites (TSSs) positions in the
MGMT exon-1 alternative promoter, MGMT_1, 32 located along upstream region (—1 to
—100) compared to two TSS positions at the downstream region, +1 to +7 in addition to
TSS at position 0, which was expressed in 593 samples compared to smaller samples in
other TSS positions (Supplementary Materials: Figure S2). These observations suggest that
alternate promoters may be used in some tissues and may occasionally drive the MGMT
transcription.

Table 1. Five alternative overlapping promoters were identified at the 5’-side of MGMT exon-1. The
revised version of the 5-side MGMT exon-1 promoter (MGMT-P1) included the five sequences of
overlapping alternative promoters. One predicted promoter was located at the 5’-side of MGMT
exon-2 (MGMT-P2).

Map Locations at Chromosome

Source Promoter ID 10/+ Strand Span (bp)
P1@MGMT 129,466,944-129,467,344 401
PrESSTo/FANTOM P2@MGMT 129,466,905-129,467,305 401
Eukaryotic Promoter Database (EPD) MGMT_1 129,466,745-129,467,344 600
NCBI/Nucleotide X61657.1 129,466,183-129,467,339 1157
Ensembl 84 ENSR00001428452 129,466,558-129,468,201 1644
Revised MGMT exon-1 promoter (this study) MGMT-P1 129,466,183-129,468,201 2019
Transcriptional Regulatory Element Database TRED-5071 -
(TRED) (MGMT-P2) 129,535,540-129,536,539 1000

Next, we analyzed the CGI distribution in the revised exon-1 promoter. The CGIs in
2019 bp promoter, designated P1-CGI showed two sequences (upstream and downstream
of TSS) characterized by high %G + C and Obs/Exp CpG values. The values observed
for upstream CGI (US-CGI) (%G + C = 65.2, Obs/Exp CpG = 1.1), and downstream CGI,
DS-CG (%G + C = 73.1, Obs/Exp CpG = 0.79) are shown in Table 2. The DS-CGI of
the MGMT-E1 promoter hosts the minimal promoter, TSS site, and CTCF motif, to be
discussed later in this report. Interestingly, the two promoter CGI regions, upstream or
downstream, are also rich in single nucleotide polymorphisms (SNPs) (not shown). The
EMBOSS CPGplot tool was used to compare and quantitate the CGIs. The plot of the CGIs
of MGMT exon-1 promoter GenBank-nucleotide “X61657.1” composed of 1157 bps hosted
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CGI of 621 bps (481-1101) (Supplementary Materials: Figure S3A). The revised MGMT-P1
promoter of 2019 bps hosted CGI of 776 bps (476-1251) (Supplementary Materials: Figure
S3B). While the new sequences do not add additional CGls, the revised version provides a
better prediction for the two sub-CGlIs on either side of MGMT-TSS.

Table 2. Distribution of CpG islands (CGI) and GC content in revised MGMT exon-1 promoter
(P1-CGlI). US and DS refer to upstream and downstream sequences respectively. The CTCF binding
sequence and TSS are located in DS-CGI.

CGI Nucleotide :

Annotation Position 5'-3 CGI Length (bp) Map Location %GC Obs/Exp CpG
P1-CGI 1-2019 2019 chr10:129,466,183-129,468,201 63 0.63
US-CGI 241-720 480 chr10: 129,466,423-129,466,902 65.2 1.1
DS-CGI 901-1440 540 chr10:129,467,083-129,467,622 73.1 0.79

2.5. Recognition Motifs for GAF and MYC/MAD/MAX Switch within the MGMT Promoter

Transcription pausing is a well-known mechanism associated with and promotion
of the elongation step in active transcription. The key steps include the positioning of
RNA polymerase II (Pol II) in the promoter-proximal region about 30-50 bp near the
transcription start site (pausing) and its release for rapid and constructive elongation [55].
The pausing depends on the transcription factor binding motifs of the core promoter and
the GAGA associated factor (GAF) which binds to the GAGA sequences in the region. GAF
plays a crucial role [55-57] in transcription-pausing. We report the presence of three GAF
factor motifs (GAGAG and GAGAGA) in the MGMT-P1 sequence (Figure 4, upper panel).
Mutations of the GAGA sequences result in a loss of Pol II pausing [57]. Therefore, we
suggest that GAF plays a role in stabilizing a pause in MGMT transcription.
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| BRE (8X) | | ore |

5 | +1404

+1f[-1 -615| 3’

[ omee@o | [ome@q |  [nR] [k |[ome@x |[ NREx) |

1 29467184?9467296 129536241-129536377

1 | E2 ] 12 [E3] 13 [Ea|1a ]| E5 [ 3

s [ E1]
—

P1

129467185-129536240 129,495,403-129,496,248

| 129,522,104-129,522,364

(69,056 bps)

129,498,759-129,499,158

PRE-1:AAACACTCACAATTTTAAAAGCATGCaaAAAGCAAAAACATGTaTTTAAT

PRE-2: CAGAGCCAGCAGGCAAGCCCACACCCAGGCTAGCaCGAGGTGGGCAGAGT

~”

E-1
129,491,974-129,492,023 129,530,975-129,531,024

129,511,759-129,512,158

129,513,359-129,513,758

129,501,559-129,501,758

129,526,159-129,526,358

129,525,159-129,525,958

p53 consensus motifs/ p53 response elements (PRE)

1 129,530,759-129,533,358

[reverse strand]

Figure 4. Upper panel—Locations of transcription factor binding motifs of genetic switch c-myc/MAX/MAD and transcrip-
tion pausing factor (GAF) in the MGMT-P1 revised promoter. BRE, B Recognition Element, DTIE, initiator of TATA-box
minus transcription, INR, Initiator Element. Lower panel—Presence of p53 response elements (PREs) in the MGMT intron-1.
The base pairs of PREs that perfectly conform to the p53 consensus motif are shown in underlined italic capital letters. The
base-pair variations of the p53 consensus motif are shown in small letters. Key: Exon (E)), Intron (I), Open chromatin (O),
CTCEF (C), Enhancer (E), Promoter flank (F), Promoter (P). RRRCWWGYYY (N) RRRCWWGYYY, where R=A or G; W=A or

T; Y=C or T; N (0-13)

=A,T, CorG.
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Further, we identified enhancer or E box hexanucleotide, 5-CACGTG-3' motifs for
the MYC/MAX/MAD network in the MGMT-P1 promoter (Figure 4 upper panel). The
regulatory mechanism of this genetic switch is a result of the network interaction of three
basic helix-loop-helix leucine zipper transcription factors, MYC, MAX, and MAD [58].
Briefly, while the MYC protein is capable of weak homodimerization, optimal MYC func-
tion requires heterodimerization with Max. The Myc-Max dimers bind DNA, activate
transcription, and promote cell proliferation or apoptosis [58,59]. Max also forms homod-
imers or heterodimers with its alternative partner, Mad. Max-Mad complexes behave as
antagonists of Myc/Max through competition for DNA binding and recruiting repressor
complexes containing histone deacetylases [59].

2.6. Identification of p53 Response Elements (PREs) in Intron 1

A direct role of tumor suppressor p53 in the regulation of MGMT expression has been
a subject of several studies with consistent evidence pointing to the repression of MGMT
transcription by wild-type p53 [60-63]. Thus, our studies using adenoviral p53 infection of
H1299 cells (p53-null) [63] and other reports of wild-type p53 overexpression [56,57] led to
a remarkable downregulation of MGMT mRNA and protein levels, highly suggesting a
repressive role of normal p53 in controlling MGMT expression. However, the mechanisms
of this attenuation and whether the MGMT gene possesses p53 binding sites remain un-
known. Interestingly, our manual search of the MGMT genome for transcription factor sites
revealed a consensus p53 binding motif [64] which mediates p53-dependent transcriptional
responses. In-silico analysis of the MGMT intron-1 region composed of 69,056 bps covering
the area between MGMT exon-1 and exon-2 showed the presence of p53 response elements
(PREs). Two PREs were identified, PRE-1 and PRE-2, with a consensus motif composed of
two decamer motifs RRRCWWGYYY, where R=A or G; W=A or T; Y=C or T, separated
by a spacer of eight and nine bps respectively. Two sequences that harbor PREs were
identified in the reverse strand of MGMT intron-1. PRE-1 composed of AGGCAAGCC-
CACACCCAGGCTAGCaC violated PRE-consensus motifs by only one base; the second
PRE violated PRE consensus by three bases, AAGCATGCaaAAAGCAAAAACATGTaT,
located nearer to the 3’-side of exon-1 (Figure 4, lower panel). While the actual binding of
p53 to these sites and the functionality awaits further investigation, it is clear that MGMT
transcription is under tight control by several regulatory mechanisms involved in the
activation, repression, and pausing of MGMT transcription.

2.7. Presence of CTCF Recognition Motifs in the MGMT Promoter and Rest of the Gene: Evidence
for CTCF as a Positive Regulator of MGMT Expression

The CCCTC-binding factor (CTCF) is a conserved 11 zinc finger phosphoprotein
and a versatile transcription factor with multiple functions [33,34]. Formation of CTCF-
site-specific DNA complexes, many of which are methylation-sensitive, results in distinct
functions, including transcriptional activation, repression, imprinting, X chromosome
inactivation, and chromatin insulation through blocking of the communication between
enhancers and promoters [65]. Another widely recognized function of CTCF is to stabilize
and facilitate the formation of short-range and long-range chromatin loops to control the
genome-wide organization of chromatin architecture [34,66]. In this process of generating
topologically-associating domains (TAD), CTCF complexes, and works with another ring-
shaped protein called cohesin, setting up the boundaries between the domains [66,67]. To
perform these regulatory functions, CTCF utilizes highly conserved and ubiquitous CTCF
DNA binding sites that cover the genome. Because while 15% of CTCF-recognition sites
are located near promoters and ~40% are within exons and introns [68], CTCF appears
to play multiple roles apart from an enhancer blocking activity. CTCF can bind a histone
acetyltransferase (HAT)-containing complex or histone deacetylase (HDAC)-containing
assembly and function as a transcriptional activator or repressor respectively [69,70]. Nev-
ertheless, many transcriptional effects exerted by CTCF may be related to its ability to build
and maintain chromatin loops in collaboration with cohesin as well.
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Noteworthy of discussion here is an intimate association between CTCF and epige-
netic regulation and possible implications for MGMT promoter methylation. It has been
known for many years that CTCF binding is abolished by the DNA methylation of CpG
sites within the CTCF motif [69,71]. Cancer genome shows widespread disruption of CTCF
binding associated with increased methylation; for example, the gain of DNA methylation
is enhanced in the absence of CTCF [69], and CTCF dearth induces progressive gain of CpG
Island (CGI) methylation in Rb1 promoter [72]. Abnormal DNA methylation patterns of
CTCF-binding sites are also associated with transcriptional regulation of tumor suppressor
genes such as the pI16INK4 in human cancers [73]. In this context, our bioinformatic analysis
of the human MGMT gene showed an unusually high congregation of CTCF-binding sites.
Analysis of the MGMT-E1 promoter sequence using JASPAR and CTCFBSDB 2.0 tools en-
abled us to identify a CTCF site composed of 19 nucleotides, TTACCTCTAGGTGCCAGCC,
at chr10:129467562-129467581, present just downstream of the TSS (Figure 5A). A search of
the MGMT genome with the Ensembl database showed the presence of 9 other high-affinity
CTCF binding sites three in intron 1, 5 in intron 2, and one in exon 5 (Figure 5B). Both
tools gave a high score for the predicted CTCF binding motif equal to 12. To validate the
CTCEF site within the promoter, we performed a ChIP assay in SF-188 GBM cells using
primers listed in Materials and Methods. A positive control to detect the presence of
RNA polymerase on the promoter of the house-keeping gene GAPDH was included in
these assays. An expected 80 bp amplicon containing the CTCF binding site was observed
(Figure 5C) confirming the location of this transcription factor on the MGMT promoter for
the first time.

Since CTCF functions to modulate transcription, next, we studied the linkage between
the MGMT and CTCF protein expression levels in a panel of human brain tumor and other
cancer cell lines. Western blotting and densitometric quantitation of protein bands showed
a variable expression of these proteins. However, there was no clear or statistically valid
correlation between the abundance of the two proteins, with many of the high MGMT
expressing cells also showing higher levels of CTCF (Figure 6). The results point to the
multifaceted role of CTCF in human cells in gene expression and chromatin organization
besides a differential expression of two genes in a given cell type and replication state.

To determine the specific role of CTCF in controlling the MGMT transcription, we
performed extensive silencing of CTCF gene expression in a panel of four glioblastoma
GBM6, GBM10, T98G, and SF188 cell lines using a set of three siRNA and four shRNA pools
(Supplementary Materials: Table S2). The targets of siRNA and shRNA were located within
five exons of CTCF transcript variant 1 (NM_006565.3) which is composed of 12 exons.
The map locations of the siRNA and shRNA CTCF targeted sequences are shown in
Supplementary Materials: Table S2.

The OriGene’s siRNA-27 kit (Rockville, USA) of three Dicer-Substrate 27-mer duplexes
were used in the first approach. The 27-mer sites were selected by a rational design
algorithm that ensures that the chosen sites do not target alternatively spliced exons and
do not include known SNPs., A scrambled universal negative control RNA duplex that is
absent in the human genome was used as a control. The western blots and the repressing
influence of CTCF siRNA on MGMT expression and the densitometric quantitation of
the protein bands are shown in Figure 7. The downregulation of CTCF after 48 h of
transient transfection of siRNA was consistently accompanied by a decrease in MGMT
levels. This was clearly evident in all 4 GBM cell lines with the scrambled siRNA controls
showing no significant decrease of MGMT protein. The attenuation of the MGMT protein
was roughly proportional to the reduction of CTCF protein. One-way ANOVA statistical
analyses verified the differences in the diminished protein levels as significant suggesting
a partnership and direct correlation between them.
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Figure 5. Identification of CTCF binding motifs in MGMT promoter, the body of the gene, and validation of its presence by
Chip assay in the human MGMT revised exon-1 promoter. (A)—Mapping of the two CGIs (upstream and downstream of
TSS) and in-silico identification of binding sites for CTCF and other transcription factors associated with initiation therein.
INR—Initiator element which facilitates binding of transcription factor II D; DTIE and BRE recruit the TFIID and TFIIB
respectively. DPE-Downstream Promoter Element. (B)—Identification of the CTCF binding sequence in the promoter by
ChIP assay. CTCF and RNA Polymerase- bound genomic DNA fragments were isolated from the SF-188 glioblastoma cells
using the respective antibodies. CTCF-bound DNA was amplified for the MGMT Promoter-1 and RNA-pol DNA for the
GAPDH promoter (used as a positive control). Normal IgG alone served as a negative control. The PCR fragments were
electrophoresed, photographed, and quantitated by densitometry. (C)—The sequence of 19 nucleotide CTCF binding site
present in the MGMT promoter is shown. (D)—The distribution of nine CTCF binding sites present in MGMT genomic

space as revealed by the Ensembl database search.
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(C)—ANOVA analysis of MGMT protein relative expression values of nine cell lines, SNB19 excluded
as it showed no MGMT expression.

2 ” 2 5
A 1.0 09 0.05 — C 1.0 1.2 0.06 —
1 ——
crer W S ¥ | . o =
10 o8 o001 2 - 1.0 09 o001 | ——
0 +
c s si O ! c s si
T98G GBM10
2
2 - —r
B 1.0 0.8 0.01 — D 1.0 0.8 0.1 4
1| == 1 *
cror N | | W—
0
10 10 04 , i 1.0 10 03 ,
o P— | -
| . -
c s si o =] c s si .
c s si c s si
GBM6 SF188

Figure 7. Significant downregulation of MGMT expression after silencing of the CTCF gene using
siRNA targeted CTCF transcript variant 1 (NM_006565.3) in 4 glioblastoma cell lines shown in panels
(A-D). Significant differences as determined by ANOVA are shown with an asterisk (*) from three
independent experiments (p < 0.01).

Transient transfection of a pool of four CTCF shRNA plasmids also resulted in a
reduction of MGMT protein in the GBM cell lines (Figure 8). The moderate downregulation
in contrast to the siRNA experiments (Figure 7) may relate to the 24 h exposure and the
need for the generation of sShRNA in adequate amounts to silence and deplete the CTCF
protein. Nevertheless, the findings confirm that CTCF has a function in maintaining the
MGMT transcription.

Our findings, however, do not shed light on the exact mechanism(s) by which CTCF
participates and promotes MGMT transcription. The CTCF binding site at the promoter
may have a different function than the motifs present at the introns and exon 5 the of
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MGMT gene. As discussed earlier, human gliomas positive for IDH mutations manifest
a CpG island methylator phenotype (G-CIMP) due to the inhibition of the TET-family
of 5'-methylcytosine hydroxylases by the oncometabolite D-2HG [29]. When the IDH
mutant gliomas develop increased methylation at CTCF binding sites, CTCF fails to bind
to its motifs [69,71]. Given the known fact that cell lines/tumors with MGMT promoter
methylation poorly transcribe the gene, it is tempting to suggest that a compromised
binding of CTCF envisaged in our RNA interference studies (Figures 7 and 8) may reflect
the deficient transcriptional transactions and/or altered enhancer protein binding [74] that
occur in cells with MGMT promoter hypermethylation leading to a reduction in MGMT
protein levels. As such, subtle changes in CTCF binding can result in activation or inhibition
of enhancer activity over a long distance in chromatin. For example, loss of CTCF at a
domain boundary has been shown to allow a constitutive enhancer to aberrantly activate
the PDGFRA, a prominent glioma oncogene [75]. Based on the known role of CTCF in
DNA methylation, it will be important to characterize the contribution of CTCF to the
epigenetic silencing of MGMT expression in glioma and other cancers. Such endeavors
may provide new approaches for MGMT-targeted therapeutics.
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Figure 8. Marked downregulation of MGMT expression after silencing of the CTCF gene using an
shRNA targeting the CTCF transcript variant 1 NM_006565.3 in 4 glioblastoma cell lines. Cells were
transiently transfected with shRNA plasmids bearing CTCF-specific or a scrambled sequence for
24 h followed by western blotting. The mean expression of MGMT in 3 separate experiments was
determined and shown in the side panels. Significant differences as determined by ANOVA are
shown with an asterisk (*) from three independent experiments (p < 0.01).

2.8. Potential Involvement of RNA Regulatory Elements (Long Non-Coding RNA, Antisense
RNA, Micro RNA) in the MGMT- EBF3 Region in the Regulation of MGMT Expression

The variable expression of MGMT mRNA in normal tissues and cancers suggests the
presence of posttranslational and tissue-specific regulatory elements within the gene. The
involvement of miRNAs (142-3p and 181d and others) in controlling MGMT expression
has been widely reported [76-80]. In this background, our search using the RNA databases
(RNA Central, EMBL-EBI, and others) showed a high prevalence of RN A-based determi-
nants within the MGMT and the neighboring EBF locus (Figure 5B). Since these elements
may regulate the expression of either the MGMT or EBF3 or both genes, we undertook a
bioinformatic characterization of the sequences. Non-coding RNAs are a large family of
transcripts that are classified according to their length into small (<200 nucleotides) and
long (>200 residues) [81]. They are now well established in regulating gene expression,
maintaining cellular homeostasis, and functions. These are mRNA-like transcripts, tran-
scribed by RNA polymerase II, but lack stable open reading frames. IncRNAs can regulate
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gene transcription through Interaction with and recruitment of chromatin-modifying en-
zymes to the target gene locus, or form RNA-protein complexes (RNPs) and help to change
the chromatin architecture. The antisense IncRNAs originate from the complementary
strand of protein-coding genes.

Approximately 50% of miRNAs are produced from non-coding transcripts, and many
are embedded in the intronic regions of protein-coding genes [82]. Most miRNAs are
transcribed in the form of a primary miRNA (pri-miRNA) by RNA polymerase II (Pol II),
then processed by the nuclear microprocessor (comprised by the Ribonuclease II DROSHA,
and DGCRS) to form the pre-miRNA, which is later exported to the cytoplasm through an
Exportin-5-Ran-GTP-shuttle protein. In the cytoplasm, DICER binds to the pre-miRNA and
cleaves it to its final 22 nucleotide mature form that associates with AGO 2 to form the RNA-
induced silencing complex (RISC). MiRNAs function through sequence complementary:
within the RISC, the miRNA binds the target mRNA 3'UTR and, based on the degree of
complementarity, leads to full nRNA degradation or blocking of the ribosomal machinery,
both result in gene silencing [83].

Our exhaustive efforts to uncover the genes encoding ncRNA within the MGMT
locus resulted in the identification of two IncRNA, one antisense RN A, and one miRNA.
In addition, seven non-coding RNA genes were identified in the immediate distal EBF3
genomic space and the intervening space between MGMT and EBF3 loci. A general
map of all these RNA regulatory elements is represented in Figure 5B. Again, the non-
coding RNAs in the EBF3 and MGMT-EBF3 genomic space belonged to the miRNA,
antisense RNA, and IncRNA categories. Of the multiple ncRNAs found in the MGMT-EBF2
genomic region, we focused on those with the potential to affect MGMT expression. We
analyzed the RNA-RNA sequence-specific recognition between ncRNA and MGMT mRNA
(NM_002412.4) or EBF3 mRNA (NM_001005463.2) transcripts and looked for homologous
pairing between the hairpins formations of the two transcripts (Tables 3 and 4). These
analyses were performed using the RNAhybrid software [84] to predict multiple potential
binding sites of miRNAs in the target MGMT and EBF3 transcripts. This program is
designed to find the energetically most favorable hybridizations of a small RNA to a large
RNA. Intramolecular hybridizations, that is, base pairings between target nucleotides or
between miRNA nucleotides are not allowed. The program predicts optimal and additional
suboptimal, nonoverlapping hits, up to a user-defined number threshold. Statistical
significance of predicted targets (p-value) was assessed with extreme value statistics of
length normalized minimum free energies, a Poisson approximation of multiple binding
sites, and the calculation of effective numbers of orthologous targets in comparative studies
of multiple organisms. Additionally, E-value is the “expected number of hits given the
size of the database was determined. Using these parameters, we identified the microRNA
recognition elements (MREs) of MGMT (NM_002412.4) and EBF3 (NM_001005463.2) mRNA
sequences. Table 4 shows the first evidence that four of six analyzed ncRNA transcripts have
the potential to interact with the MGMT transcript. To highlight and validate the sequence
complementarity of the new ncRNAs show with MGMT mRNA, we compared them
with two reported microRNAs (MIR127 and MIR370), which are known to downregulate
MGMT expression [79,85] as shown in Table 4. The overall complementarity scores, p and E
values calculated for MIR127 and MIR370 were comparable with the newly identified RNA
regulatory elements (Table 4). Furthermore, it is noteworthy to point out that MIR127 and
MIR370, despite their ability to interfere with MGMT transcription, arise elsewhere in the
genome and not in the MGMT locus per se, unlike the regulatory sequences reported here.
Another highly interesting finding is related to the two miRNA genes, ENSG00000266061
and ENSG00000266676 (miRNA 4297) reported in the Ensembl database; both loci were
mapped in the MGMT-EBF3 region in this report. The two miRNA loci were found in the
intragenic regions of MGMT and EBF3 respectively (Figure 5B and Table 4). It is tempting
to suggest a potential involvement of the two miRNA loci in MGMT expression.
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Table 3. Prediction of the human miRNA mature sequences (miR) in the ncRNA loci mapped at the MGMT-EBF region.
Prediction is based on a search for similarity with miRBase mature miRNA sequences. The RNA22 v2 microRNA target
detection tool was used to locate the predicted microRNA recognition elements (MRE) in the transcripts of MGMT
(NM_002412.4) or EBF3 (NM_001005463.2). The predicted miR sequences bind and target the MRE of MGMT and EBF3
mRNAs. Abbreviations: miRNA: MicroRNAs, miR: mature miRNA product, hsa: human miRNA.

The Similarity of

Leftmost Position

. A . . MRE Locations in No. of Identified (5"—3) of
ncRNA ncRNA Locus ID ncRNA Mranscript  Predicted miR with  \/GMT and EBF3 MRE in MGMT Predicted MGMT
m‘?l‘m :Ssee J‘eﬁiis mRNAs and EBF3 mRNAs and EBF3 mRNAs
q Target Sites.
MGMT-3"-UTR 1 908
ENSG00000266061  ENST00000585165.1 hsa-miR-574-5p EBF3-ES, E13, 759, 1309, 3500,
3-UTR 5 3821, 4101
miRNA
MGMT-E4 1 406
MIR4297 ENST00000579857.1 has-miR-4297
EBF3 0 -
hsa-miR-4645-3 MGMT 0 .
ENSG00000275005  ENST00000614150.1 sa-miR-4645-3p EBFREL FL > 5,15
Antisense RNA . ot MGMT-3-UTR 1 1093
. -miR-942-
ENSG00000275327  ENST00000617939.1 sa-mi b CBFOES & 3 UTR 5 199, 3989
A MGMT 0 -
. -miR-339-5
ENSG00000227374  ENST00000428273.1 sa-mi p FEL 55,3 UTR 3 156, 505, 3290
IncRNA MGMT-3"-UTR 1 946
ENSG00000283141  ENST00000635764.1  hsa-miR-6862-5p o . -

Table 4. Identification of miR sequences in noncoding RNA loci that bind target MREs of MGMT (NM_002412.4) mRNA
transcript. Prediction of the mature miRNA sequence of a miRNA /ncRNA transcript by miRBase search tool and identi-
fication of miR binding sites of MGMT (NM_002412.4) microRNA recognition elements (MRE) and their corresponding
heteroduplexes by RNA22 v2 microRNA target detection tool. Analysis conducted for prediction of mature sequences (miR)
of miRNA loci (predicted ENSG00000266061 and miRNA4297), antisense RNA (ENSG00000275005 and ENSG00000275327),
IncRNA (ENSG00000227374 and ENSG00000283141). MIR217 and MIR370 which are known to downregulate MGMT
expression [79,85] were included for comparison. The upper sequence in the heteroduplex represents MRE for MGMT
mRNA. The lower E-values and p-values mean the greater chance that the loci contains a valid MRE.

ncRNA Locus ID

Predicted miR by miRBase Search Tool

Predicted MRE by RNA22 v2 Tool

Sequence hsa-miR Score E-value Heteroduplex p Value
ACGCOCGCGGETCCTGCACRCATT
ENSG00000266061 UGUGUGUGUGUGUGUGUGUGUGU  hsa-miR-574-5p 100 0.009 P=0 0=0= 1 ==L0000E: 0.36
TGTGTGTGTGTGTGTGTGTGTGT
AGCAGCOCTGECAGEEA.
miRNA4297 UGCCUUCCUGUCUGUG hsa-miR-4297 88 0.22 HUA R i 0.14
GTGETCTG-TCCTTCOCGT
ENSG00000275005 UAGUUCUUGCCUGG hsa-miR-4645-3p 70 42 - -
CTGTGTCCATGGEOTGTG
ENSG00000275327 ACAUGGCCAAAACAGAG hsa-miR-942-5p 67 3.6 (N =0l 0.072
GAGACA-AAADOCETALR
ENSG00000227374 AGGUUCCCUCUGGCCGC hsa-miR-4726-3p 67 6.4 - -
GGGOCACAGCCCAGGATGG
ENSG00000283141 GCAUGCUGGGAGAGACU hsa-miR-6862-5p 67 2.4 B TEEeE Il 0.225
TCOG—-AGAGGETCETADG
GGTC-TGCAGCAG-DGGAGCOGT
MIR127 UCGGAUCCGUCUGAGCUUGGCU hsa-miR-127-3p 110 6x107* HE A A 0.107
TOGETTCG-AGTCTGLCTAGEET
TTCA-TGTCCATTAAAAMCAGGT
MIR370 GCCUGCUGGGGUGGAACCUGGU hsa-miR-370-3p 110 7 x 1074 L - A 0.225

TGETCCARGGTGEEETCGTCCG

Taken together, we provide the first and strong bioinformatic evidence for the presence
of RNA regulatory elements within the MGMT and MGMT-EBF loci. The comparable
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statistical values of the new ncRNA sequences vis-a-vis the known miRNAs affecting
MGMT expression (Table 4) lends support to their functionality. However, experimental
evidence proving their involvement in their role in negating DNA repair awaits further
studies.

3. Conclusions

Much of the MGMT transcriptional studies and its negative regulation in gliomas are
heavily related to the promoter methylation, however, the regulatory elements elsewhere
in the gene have received scant attention. This study provided the first evidence for
alternative promoters, new intronic and exonic regulatory motifs, the involvement of the
CTCF and NREF2 transcription factors, and several RNA regulatory determinants within the
MGMT and neighboring genomic region. The presence of GAGA-associated factor binding
sites (GAF) and the MYC/MAX/MAD genetic switch within the MGMT-E1 promoter are
suggestive of tight control of transcriptional regulation of MGMT, reflecting a pause control
and a fine interplay of Myc gene and its binding partners in MGMT expression. While
several studies have reported a repressive role for wild-type p53 in MGMT expression
and higher levels of MGMT in mutant p53 harboring tumor cells [61,63,86], the presence
of the p53 consensus motif we report in intron 1 provides a mechanistic platform to
investigate MGMT governance by the tumor suppressor. Bioinformatic evidence also
showed a promoter/enhancer-like sequence proximal of MGMT’s exon 2, which harbors a
TATA box but no CpG islands. The significance of this regulatory element for transcription
of actual coding sequence (exon 2 through 5) remains to be determined. A significant
finding reported here is the involvement of the CTCF transcription factor in promoting
MGMT transcription. CTCF binding sites were found in the minimum promoter and
throughout the MGMT gene. We suggest CTCF plays multiple roles in MGMT transcription.
One of them likely is organizing in the MGMT gene region in topologically associated
loops/domains (TADs) along with cohesin to mediate short and long-range interactions
with the transcription machinery. Since CTCF binding is abolished by DNA methylation
of CpG sites within the CTCF motif [69,71] and a CTCF binding site is indeed present
in the MGMT promoter (Figure 5B,C), it is tempting to speculate that lack of CTCF may
promote the methylation- associated repression of MGMT. Again, further work is required
to answer this clinically important scenario in gliomas.

MGMT is a direct target gene of microRNAs, miR-370-3p, and an enhanced expression
of miR-370-3p that occurs in glioblastomas increases the TMZ sensitivity [85]. Additionally,
miR-130a was found as a predictive marker for TMZ response in patients with GBM,
independently of MGMT status [87]. Other investigators reported that high levels of miR-
326/miR-130a and low levels of miR-323/miR-329/miR-155/miR-210 were significantly
associated with longer overall survival of GBM patients [88]. In this context, the abundant
presence of RNA regulatory elements in the form of micro RNAs, antisense, and LncRNAs
within the MGMT and the immediately adjacent EBF2 genes is highly significant and the
discovery opens up a new area of investigations relevant to MGMT expression in cancer
pathophysiology, drug resistance and treatment of gliomas and other cancer types. The
new set of identified regulatory motifs and control elements in MGMT expression promise
to provide new insights into transcriptional and posttranscriptional mechanisms associated
with the governance of this unique DNA repair gene.

4. Materials and Methods
4.1. Cell Culture

Three human cell lines used in this study, a pediatric glioma SF188 (Grade 4) purchased
from the Department of Neurosurgery, Univ. of California, San Francisco. GBM6 and
GBM 10 cells were obtained from Dr. Jann Sarkaria (Mayo Clinic, Rochester, MN). T98G
(Grade 4) and SNB19 (highly invasive glioblastoma) and other cancer cell lines were
obtained from The American Type Culture Collection (Manassas, VA, USA). Cells were
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grown in Dulbecco’s modified Eagle’s (DMEM) medium supplemented with 10% Fetal
Bovine Serum and antibiotics in 5% CO, /humidified atmosphere at 37 °C.

4.2. Western Blotting

Cells were trypsinized and washed with PBS before lysis by sonication in the presence
of protease inhibitor cocktail and phosphatase inhibitors in 50 mM Tris buffer (pH 8.0) con-
taining 5% glycerol and 0.5 mM EDTA. After protein quantitation by the Bradford method,
equivalent protein amounts in different treatments were combined with the SDS sample
buffer [50 mM Tris-HCI (pH 6.8), 1% SDS, 40% glycerol, and 0.025% Bromophenol Blue], and
heated at 90 °C for 2 min. The samples were electrophoresed on 12% SDS-polyacrylamide
gels along with the pre-stained molecular weight markers. After electrophoretic transfer
of the proteins onto Immobilon-P membranes (Millipore Co.) and blocking in 4% non-fat
dry milk, the blots incubated with anti-MGMT monoclonal antibodies (1 ng/mL) for 8 h
followed by secondary antibody linked with horseradish peroxidase. Protein bands were
visualized by enhanced chemiluminescence (ECL, Amersham Co. Wauwatosa. WI, USA).
The blots were photographed, and the bands quantitated by densitometry using a VersaDoc
5000 imaging system (Bio-rad, Hercules, CA, USA) and Image]J software.

4.3. siRNA and shRNA Transient Transfections and NRF2 Stable Transfection

OriGene’s siRNA-27 kit (Rockville, MD, USA) containing 3 siRNAs targeting a specific
CTCEF transcript sequence was purchased. The siRNA pool or the scrambled counterparts
was transfected at 10 nM using the Roche X-tremeGENE siRNA transfection reagent ac-
cording to the manufacturer’s instructions in four GBM cell lines, namely, the SF188, T98G,
GBMS6, and GBM10. Following transfection for 24 h in the presence of DMEM with 10% FBS,
the cells were trypsinized and processed for western blotting. A set of four shRNAs against
the CTCF transcript cloned in psiLv-U6 plasmids, also coding for puromycin resistance
was obtained from Genecopoeia (Rockville, MD, USA). Transient transfections of plasmid
DNAs (1 pg) for 40 h were performed using the Roche X-tremeGENE HP reagent in 4
GBM cell lines. Cell extracts prepared from these experiments were processed for western
blotting. A full-length expression vector of NRF2 cloned in pCDNA3.1 was a gift from Dr.
Anil Jaiswal (Baylor College of Medicine, Houston, TX, USA). After transfection of SF-188
glioblastoma cells by standard procedures and gentamycin selection, a clone expressing
the highest level of NRF2 was isolated and cultured.

4.4. Chromatin Immunoprecipitation (ChlIP) Assay

The EpiQuik ChIP assay kit (Epigentek, Farmingdale, NY, USA) was used to determine
the presence of a CTCF-binding site in the MGMT-E1 promoter. Briefly, the SF-188 GBM
cells were exposed to 1% formaldehyde in the medium without serum for 10 min, followed
by lysis, DNA shearing, and protein/ DNA Immunoprecipitation using CTCF antibodies
(Cell Signaling Technology, Danvers, MA, USA). The antibodies to RNA polymerase were
used as a positive control and the normal mouse IgG as a negative control. The purified
DNA obtained after reversal of protein-DNA crosslinks by heating was subjected to SYBR
green real-time q-PCR. The following set of primers was used to identify the CTCF motif
in MGMT promoter 1: forward primer: GCCTTACCTCTAGGTGCCA, reverse primer:
TGGCGGAGGGAAAGCTG. For determining the GAPDH promoter in RNA-polymerase
enriched DNA, the primers were, forward GATTACGGGATGGGTCTGAA and reverse
GCTGCACCTCTGGTAACTCC. The fold enrichment method was used to analyze the
ChIP-gqPCR data. The 2-BACt §5 calculated from the outcome of (Ct IP)—(Ct mock). The
normalization was done using the IgG Ct value.

4.5. Database Search

Genomics, promoter and protein databases, GenBank, Ensembl, EMBL-EBI, PrEESSTo/
FANTOMS, UCSC genomic browser, TRED, EPD, and UniProt and Enzyme Portal were
used to search for the MGMT genomic setting, regulatory elements, and the genomic
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criteria of the MGMT-EBF3 genomic region, and MGMT protein sequence. The UTRdb
research tool was used to identify the 5-UTR and 3’-UTR regions of MGMT mRNA. The
precise genomic map locations of the identified sequences were verified and updated to
the hg38 version of the human genome sequence by using the BLAST tool/UCSC Genome
Browser database. EMBOSS Needle tool was used for Pairwise Sequence Alignment of
nucleotide sequences. The tools JASPAR and CTCFBSDB 2.0 [89,90] were used to identify
the CTCF binding sites in the MGMT promoter and the rest of the gene.

4.6. Regulatory Sequences and MGMT Alternative Promoters

The transcription factor binding sites (TFBSs) were selected according to their unique
functional properties that characterize the functional activity of the promoter, e.g., TATA,
INF, DTIE, CTCE, p53, MYC/MAX/MAD genetic switch, and GAGA factor (GAF). Transcrip-
tional Regulatory Element Database (TRED), JASPAR database, CTCFBSDB 2.0 database,
and the Bio-Web tools were used to search for the TFBSs. Identification and plotting of
CpG Islands in the MGMT promoter were achieved by EMBOSS CPGplot tool (https:
//www.ebi.ac.uk/Tools/seqstats/emboss_cpgplot/, accessed on 15 February 2021). The
following parameter sets used to identify CpG islands in nucleotide sequence of MGMT
promoter: Observed/Expected ratio > 0.60, Percent C + Percent G > 55.00, Length > 200
bp [91,92]. In-silico search was conducted to search for MGMT alternative promoters in
NCBI/Nucleotide, PrESSTo/FANTOM, Ensembl 84, and EPD databases and to identify
transcription factors binding sites (TFBSs) involved in the initiation of transcription and
their setting in respect to CTCF motif in MGMT exon one revised promoter. The search
included: TATA-8 (TATAWA, TATAWAWR) and TATA-532 (HWHWWWWR, excluding:
HTYTTTWR, CAYTTTWR, MAMAAAAR and CTYAAAAR), INR (YYANWYY), DTIE
(GBBRDNHGG), CCAAT and its inverted sequence TAACC, BRE (SSRCGCC), and DPE
(RGWCGTG) binding sites [93].

4.7. Sequencing-Based Data from ENCODE and Bioinformatic Analysis of Non-Coding
RNA Transcripts

Also analyzed were various sequencing-generated data from the ENCODE Project [94].
These include the transcription factor CHiP Seq [95], DNasel hypersensitivity [96], and
RNA sequencing [97] data that were accessed through the UCSC Genomics Browser. The
following ENCODE project tier 1 cell lines [98] were analyzed for MGMT gene transcripts
and NRF1 occupancy at the MGMT promoter: GM12878 (Lymphoblastoid), HeLa S3
(cervical cancer), K562 (chronic myelogenous leukemia), and H1 human embryonic stem
cells (H1-hESC). Of these, the MGMT-proficiency of HeLa S3 cells [99] and its deficiency in
K562 cells [100] has been reported in the literature.

Identification of un-reported mature sequences (miR) of ncRNA transcripts was per-
formed by using the miRBase BLASTN search tool sequence option [101]. The miRNA seed
sequences binding sites to target sequences (MRE) of MGMT and EBF3 transcripts, were
analyzed and identified by RNA22 v2 microRNA target detection tool [102]. The lower
E-value or p-value represents, the greater chance that the loci contain a valid MRE.

4.8. Statistical Analysis

The statistical analyses of the obtained results were achieved using Excel software.
T-test was used for the analysis of two Independent samples following ANOVA. One-
way ANOVA was used to analyze the differences among group means of more than
two samples. All statistical computations were calculated using GraphPad Prism 7. A
significant difference was assessed at p < 0.05.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/1422-006
7/22/5/2492/s1. The following Figures and Tables are provided in the sequence of their appearance
in the manuscript. Table S1: Sequences and locations of the five exons of human MGMT NM_002412
mRNA (1372 bps). Figure S1: Complete sequence of the revised MGMT promoter of 2019 bp reported
in this study. Figure S2: Transcription start sites in MGMT promoter as reported in EPD promoter
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context of siRNA and shRNAs used in this study to target the CTCF transcript.

Author Contributions: K.S.S. initiated and supervised the study, raised funding, wrote and edited the
manuscript. M.A.ILA.-O. conceived the study, searched, collected, and curated datasets, performed
data analysis, analyzed protein expression, prepared figures, and participated in the writing and
editing. V.A. performed cell culture, western blot analyses, and prepared figures. M.D.B. contributed
to the NRF1 involvement in MGMT expression and edited the paper. W.W. and R.Z. provided
suggestions for the study design, analyzed the results, and edited the paper. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was supported by grants from the Cancer Prevention and Research Institute
of Texas (CPRIT) RP130266 and RP170207 to K.S.S., National Institutes of Health RO1CA214019 to
R.Z. and an American Cancer Society (ACS) grant RSG-15-009-01-CDD to W.W.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Details of data from all databases and bioinformatic information
presented in this study will be shared. Further, all cell lines and materials included here will be
available for anyone interested.

Acknowledgments: We thank Ibtisam Ismael Al-Obaidi and laboratory personnel for technical
assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mitra, S.; Kaina, B. Regulation of repair of alkylation damage in mammalian genomes. Prog. Nucleic Acid Res. Mol. Biol. 1993, 44,
109-142.

2. Pegg, A.E. Repair of Oé—alkylguanine by alkyltransferases. Mutat. Res. 2000, 462, 83-100. [CrossRef]

3. Mishina, Y;; Duguid, E.M.; He, C. Direct Reversal of DNA Alkylation Damage. Chem. Rev. 2006, 106, 215-232. [CrossRef]

4.  Silber, J.R,; Blank, A.; Bobola, M.S.; Mueller, B.A. Lack of DNA repair protein O6-methylguanine-DNA methyltransferase in
histologically normal brain adjacent to primary human brain tumors. Proc. Natl. Acad. Sci. USA 1996, 93, 6941-6946. [CrossRef]
[PubMed]

5. Li, Q.; Guo, J.; Wang, W.; Wang, D. Relationship between MGMT gene expression and treatment effectiveness and prognosis in
glioma. Oncol. Lett. 2017, 14, 229-233. [CrossRef] [PubMed]

6. Middlemas, D.S,; Stewart, C.E,; Kirstein, M.N.; Poquette, C.; Friedman, H.S.; Houghton, PJ.; Brent, T.P. Biochemical correlates of
temozolomide sensitivity in pediatric solid tumor xenograft models. Clin. Cancer Res. 2000, 6, 998-1007.

7. Gerson, S.L. Clinical Relevance of MGMT in the Treatment of Cancer. J. Clin. Oncol. 2002, 20, 2388-2399. [CrossRef]

8. Weller, M,; Stupp, R.; Reifenberger, G.; Brandes, A.A_; van den Bent, M.].; Wick, W.; Hegi, M.E. MGMT promoter methylation in
malignant gliomas: Ready for personalized medicine? Nat. Rev. Neurol. 2010, 6, 39-51. [CrossRef]

9.  Mansouri, A.; Hachem, L.D.; Mansouri, S.; Nassiri, E; Laperriere, N.J.; Xia, D.; Lindeman, N.I,; Wen, P.Y.; Chakravarti, A.; Mehta,
M.P; et al. MGMT promoter methylation status testing to guide therapy for glioblastoma: Refining the approach based on
emerging evidence and current challenges. Neuro Oncol. 2019, 21, 167-178. [CrossRef]

10. Kaina, B.; Margison, G.P,; Christmann, M. Targeting O®-methylguanine-DNA methyltransferase with specific inhibitors as a
strategy in cancer therapy. Cell Mol. Life Sci. 2010, 67, 3663-3681. [CrossRef]

11. Dolan, M.E.; Pegg, A.E. O%-benzylguanine and its role in chemotherapy. Clin. Cancer Res. 1997, 3, 837-847.

12.  Turriziani, M.; Caporaso, P.; Bonmassar, L.; Buccisano, F.; Amadori, S.; Venditti, A.; Cantonetti, M.; D’Atri, S.; Bonmassar, E.
06-(4-bromothenyl)guanine (PaTrin-2), a novel inhibitor of O6-alkylguanine DNA alkyl-transferase, increases the inhibitory
activity of temozolomide against human acute leukemia cells in vitro. Pharmacol Res. 2006, 53, 317-323. [CrossRef]

13. Paranjpe, A.; Zhang, R.; Ali-Osman, F.; Bobustuc, G.C.; Srivenugopal, K.S. Disulfiram is a direct and potent inhibitor of human
O6-methylguanine-DNA methyltransferase (MGMT) in brain tumor cells and mouse brain and markedly increases the alkyl-ating
DNA damage. Carcinogenesis 2014, 35, 692-702. [CrossRef]

14. Kast, R.E.; Boockvar, J.A ; Briining, A.; Cappello, F; Chang, W.W.; Cvek, B.; Dou, Q.P; Duenas-Gonzalez, A.; Efferth, T.; Focosi, D.;
et al. A conceptually new treatment approach for relapsed glioblastoma: Coordinated undermining of survival paths with nine
re-purposed drugs (CUSP9) by the International Initiative for Accelerated Improvement of Glioblastoma. Care Oncotarget. 2013, 4,
502-530. [CrossRef] [PubMed]

15. Hegi, M.E.; Diserens, A.C.; Gorlia, T.; Hamou, M.E; de Tribolet, N.; Weller, M.; Kros, ].M.; Hainfellner, J.A.; Mason, W.; Mariani,

L.; et al. MGMT Gene silencing and benefit from temozolomide in glioblastoma. N. Engl. ]. Med. 2005, 352, 997-1003. [CrossRef]


http://doi.org/10.1016/S1383-5742(00)00017-X
http://doi.org/10.1021/cr0404702
http://doi.org/10.1073/pnas.93.14.6941
http://www.ncbi.nlm.nih.gov/pubmed/8692923
http://doi.org/10.3892/ol.2017.6123
http://www.ncbi.nlm.nih.gov/pubmed/28693158
http://doi.org/10.1200/JCO.2002.06.110
http://doi.org/10.1038/nrneurol.2009.197
http://doi.org/10.1093/neuonc/noy132
http://doi.org/10.1007/s00018-010-0491-7
http://doi.org/10.1016/j.phrs.2005.12.001
http://doi.org/10.1093/carcin/bgt366
http://doi.org/10.18632/oncotarget.969
http://www.ncbi.nlm.nih.gov/pubmed/23594434
http://doi.org/10.1056/NEJMoa043331

Int. . Mol. Sci. 2021, 22, 2492 21 of 24

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

Esteller, M.; Garcia-Foncillas, J.; Andion, E.; Goodman, S.N.; Hidalgo, O.F.; Vanaclocha, V.; Baylin, S.B.; Herman, J.G. Inactivation
of the DNA-Repair Gene MGMT and the Clinical Response of Gliomas to Alkylating Agents. N. Engl. |. Med. 2000, 343, 1350-1354.
[CrossRef] [PubMed]

Gerson, S.L. MGMT: Its role in cancer etiology and cancer therapeutics. Nat. Rev. Cancer 2004, 4, 296-307. [CrossRef] [PubMed]
Butler, M.; Loring, P; Su, Y.-T.; Raffeld, M.; Quezado, M.; Trepel, ]J.; Aldape, K.; Pommier, Y.; Wu, J. MGMT status as a clinical
biomarker in glioblastoma. Trends in Cancer 2020, 6, 380-391. [CrossRef]

Bacolod, M.D.; Barany, F. MGMT epigenetics: The influence of gene body methylation and other insights derived from integrated
methylomic, transcriptomic, and chromatin analyses for various cancer types. Curr. Cancer Drug Targets 2020, in press.
Costello, J.F.; Futscher, BW.; Tano, K.; Graunke, D.M.; Pieper, R.O. Graded methylation in the promoter and body of the
O6-methylguanine DNA methyltransferase (MGMT) gene correlates with MGMT expression in human glioma cells. J. Biol. Chem.
1994, 269, 17228-17237. [CrossRef]

Moen, E.L.; Stark, A.L.; Zhang, W.; Dolan, M.E.; Godley, L.A. The role of gene body cytosine modifications in MGMT expression
and sensitivity to temozolomide. Mol. Cancer Ther. 2014, 13, 1334-1344. [CrossRef]

Cabrini, G.; Fabbri, E.; Lo Nigro, C.; Dechecchi, M.C.; Gambari, R. Regulation of expression of O6-methylguanine-DNA
methyltransferase and the treatment of glioblastoma. Int. J. Oncol. 2015, 47, 417-428. [CrossRef]

Harris, L.C.; Potter, PM.; Tano, K.; Shiota, S.; Mitra, S.; Brent, T.P. Characterization of the promoter region of the human
O6-methylguanine-DNA methyltransferase gene. Nucleic Acids Res. 1991, 19, 6163-6167. [CrossRef]

Harris, L.C.; Remack, J.S.; Brent, T.P. Identification of a 59 bp enhancer located at the first exon/intron boundary of the human
O6-methylguanine DNA methyltransferase gene. Nucleic Acids Res. 1994, 22, 4614-4619. [CrossRef]

Aasland, D.; Reich, TR.; Tomicic, M.T.; Switzeny, O.].; Kaina, B.; Christmann, M. Repair gene O6 -methylguanine-DNA
methyltransferase is controlled by SP1 and up-regulated by glucocorticoids, but not by temozolomide and radiation. ]. Neurochem.
2018, 144, 139-151. [CrossRef]

Hughes, L.A.E.; Melotte, V.; Schrijver, ].D.; Maat, M.D.; Smit, V.T.H.B.M.; Bovee, ] VM.G.; French, P].; Brandt, PA.V.D.; Schouten,
L.J.; Meyer, T.D; et al. The CpG island methylator phenotype: What is in a name? Cancer Res. 2013, 73, 5858-5868. [CrossRef]
Malta, TM.; De Souza, C.E; Sabedot, T.S.; Silva, T.C.; Mosella, M.S.; Kalkanis, S.N.; Snyder, J.; Castro, A.V.B.; Noushmebhr,
H. Glioma CpG island methylator phenotype (G-CIMP): Biological and clinical implications. Neuro Oncol. 2018, 20, 608-620.
[CrossRef]

Madala, H.R.; Punganuru, S.R.; Arutla, V.; Misra, S.; Thomas, T.].; Srivenugopal, K.S. Beyond brooding on oncometabolic havoc
in IDH-mutant gliomas and AML: Current and future therapeutic strategies. Cancers 2018, 10, 49. [CrossRef] [PubMed]
Reitman, Z.J.; Yan, H. Isocitrate dehydrogenase 1 and 2 mutations in cancer: Alterations at a rossroads of cellular metabolism. J.
Natl. Cancer Inst. 2010, 102, 932-941. [CrossRef]

Flanagan, S.; Lee, M,; Li, C.C.Y,; Suter, C.M.; Buckland, M.E. Promoter Methylation Analysis of IDH Genes in Human Gliomas.
Front. Oncol. 2012, 2, 193. [CrossRef] [PubMed]

Krex, D.; Klink, B.; Hartmann, C.; von Deimling, A.; Pietsch, T.; Simon, M.; Sabel, M.; Steinbach, J.P.; Heese, O.; Reifenberger, G.;
et al. German Glioma Network. Long-term survival with glioblastoma multiforme. Brain 2007, 130, 2596-2606.32. [CrossRef]
[PubMed]

von Deimling, A.; Korshunov, A.; Hartmann, C. The next generation of glioma biomarkers: MGMT methylation, BRAF fusions
and IDH1 mutations. Brain Pathol. 2011, 21, 74-87. [CrossRef]

Braccioli, L.; de Wit, E. CTCF: A Swiss-army knife for genome organization and transcription regulation. Essays Biochem. 2019, 63,
157-165.

Ghirlando, R.; Felsenfeld, G. CTCF: Making the right connections. Genes Dev. 2016, 30, 881-891. [CrossRef]

Bulger, M.; Groudine, M. Looping versus linking: Toward a model for long-distance gene activation. Genes Dev. 1999, 13,
2465-2477. [CrossRef]

Liao, D. Emerging Roles of the EBF Family of Transcription Factors in Tumor Suppression. Mol. Cancer Res. 2009, 7, 1893-1901.
[CrossRef]

Zardo, G.; Tiirikainen, M.L; Hong, C.; Misra, A.; Feuerstein, B.G.; Volik, S.; Collins, C.C.; Lamborn, K.R.; Bollen, A.; Pinkel, D.;
et al. Integrated genomic and epigenomic analyses pinpoint biallelic gene inactivation in tumors. Nat. Genet. 2002, 32, 453—458.
[CrossRef]

Parsons, D.W,; Jones, S.; Zhang, X,; Lin, ].C.-H.; Leary, R].; Angenendt, P.; Mankoo, P; Carter, H; Siu, I.-M.; Gallia, G.L.; et al. An
Integrated Genomic Analysis of Human Glioblastoma Multiforme. Science 2008, 321, 1807-1812. [CrossRef]

Rodger, E.J.; Chatterjee, A.; Stockwell, P.A.; Eccles, M.R. Characterization of DNA methylation changes in EBF3 and TBC1D16
associated with tumor progression and metastasis in multiple cancer types. Clin. Epigenet. 2019, 11, 114. [CrossRef] [PubMed]
Bennett, K.L.; Karpenko, M.; Lin, M.T,; Claus, R.; Arab, K.; Dyckhoff, G.; Plinkert, P; Herpel, E.; Smiraglia, D.; Plass, C. Frequently
methylated tumor suppressor genes in head and neck squamous cell carcinoma. Cancer Res. 2008, 68, 4494-4499. [CrossRef]
[PubMed]

Hawkins, N.J.; Lee, ].H.-F.; Wong, ].J.-L.; Kwok, C.-T.; Ward, R.L.; Hitchins, M.P. MGMT methylation is associated primarily with
the germline C > T SNP (rs16906252) in colorectal cancer and normal colonic mucosa. Mod. Pathol. 2009, 22, 1588-1599. [CrossRef]
Kim, J.; Min, S.Y.; Lee, H.E.; Kim, W.H. Aberrant DNA methylation and tumor suppressive activity of the EBF3 gene in gastric
carcinoma. Int. J. Cancer 2012, 130, 817-826. [CrossRef]


http://doi.org/10.1056/NEJM200011093431901
http://www.ncbi.nlm.nih.gov/pubmed/11070098
http://doi.org/10.1038/nrc1319
http://www.ncbi.nlm.nih.gov/pubmed/15057289
http://doi.org/10.1016/j.trecan.2020.02.010
http://doi.org/10.1016/S0021-9258(17)32544-9
http://doi.org/10.1158/1535-7163.MCT-13-0924
http://doi.org/10.3892/ijo.2015.3026
http://doi.org/10.1093/nar/19.22.6163
http://doi.org/10.1093/nar/22.22.4614
http://doi.org/10.1111/jnc.14262
http://doi.org/10.1158/0008-5472.CAN-12-4306
http://doi.org/10.1093/neuonc/nox183
http://doi.org/10.3390/cancers10020049
http://www.ncbi.nlm.nih.gov/pubmed/29439493
http://doi.org/10.1093/jnci/djq187
http://doi.org/10.3389/fonc.2012.00193
http://www.ncbi.nlm.nih.gov/pubmed/23267435
http://doi.org/10.1093/brain/awm204
http://www.ncbi.nlm.nih.gov/pubmed/17785346
http://doi.org/10.1111/j.1750-3639.2010.00454.x
http://doi.org/10.1101/gad.277863.116
http://doi.org/10.1101/gad.13.19.2465
http://doi.org/10.1158/1541-7786.MCR-09-0229
http://doi.org/10.1038/ng1007
http://doi.org/10.1126/science.1164382
http://doi.org/10.1186/s13148-019-0710-5
http://www.ncbi.nlm.nih.gov/pubmed/31383000
http://doi.org/10.1158/0008-5472.CAN-07-6509
http://www.ncbi.nlm.nih.gov/pubmed/18559491
http://doi.org/10.1038/modpathol.2009.130
http://doi.org/10.1002/ijc.26038

Int. . Mol. Sci. 2021, 22, 2492 22 of 24

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

58.

59.
60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

Pesole, G.; Liuni, S.; Grillo, G.; Ippedico, M.; Larizza, A.; Makalowski, W.; Saccone, C. UTRdb: A specialized database of 5" and 3’
untranslated regions of eukaryotic mRNAs. Nucleic Acids Res. 1999, 27, 188-191. [CrossRef]

Biswas, T.; Ramana, C.V.; Srinivasan, G.; Boldogh, I.; Hazra, TK.; Chen, Z.; Tano, K.; Thompson, E.B.; Mitra, S. Activation of
human O6-methylguanine-DNA methyltransferase gene by glucocorticoid hormone. Oncogene 1999, 18, 525-532. [CrossRef]
[PubMed]

Raghunath, A.; Sundarraj, K.; Nagarajan, R.; Arfuso, F,; Bian, J.; Kumar, A.P; Sethi, G.; Perumal, E. Antioxidant response elements:
Discovery, classes, regulation and potential applications. Redox Biol. 2018, 17, 297-314. [CrossRef] [PubMed]

Ma, Q. Role of Nrf2 in Oxidative Stress and Toxicity. Annu. Rev. Pharmacol. Toxicol. 2013, 53, 401-426. [CrossRef]

Niture, S.K,; Velu, C.S.; Smith, Q.R.; Bhat, G.; Srivenugopal, K.S. Increased expression of the MGMT repair protein mediated by
cysteine prodrugs and chemopreventative natural products in human lymphocytes and tumor cell lines. Carcinogenesis 2006, 28,
378-389. [CrossRef] [PubMed]

Niture, SK.; Rao, U.S,; Srivenugopal, K.S. Chemopreventative strategies targeting the MGMT repair protein: Augmented
expression in human lymphocytes and tumor cells by ethanolic and aqueous extracts of several Indian medicinal plants. Int. |.
Oncol. 2006, 29, 1269-1278. [CrossRef] [PubMed]

Paranjpe, A.; Bailey, N.I; Konduri, S.; Bobustuc, G.C.; Ali-Osman, F.; Yusuf, M.A.; Punganuru, S.R.; Madala, H.R,; Basak, D.;
Mostofa, A.; et al. New insights into estrogenic regulation of O6-methylguanine DNA-methyltransferase (MGMT) in human
breast cancer cells: Co-degradation of ER-& and MGMT proteins by fulvestrant or O6-benzylguanine indicates fresh avenues for
therapy. J. Biomed. Res. 2016, 30, 393—410. [CrossRef] [PubMed]

Ohtsuji, M.; Katsuoka, F.; Kobayashi, A.; Aburatani, H.; Hayes, ].D.; Yamamoto, M. Nrfl and Nrf2 play distinct roles inactivation
of antioxidant response element-dependent genes. J. Biol. Chem. 2008, 283, 33554-33562. [CrossRef]

Kiyama, T.; Chen, C.-K.; Wang, S.W.; Pan, P,; Ju, Z.; Wang, ].; Takada, S.; Klein, W.H.; Mao, C.-A. Essential roles of mitochondrial
biogenesis regulator Nrfl in retinal development and homeostasis. Mol. Neurodegener. 2018, 13, 1-23. [CrossRef]

Mattingly, K.A.; Ivanova, M.M.; Riggs, K.A.; Wickramasinghe, N.S.; Barch, M.].; Klinge, C.M. Estradiol Stimulates Transcription
of Nuclear Respiratory Factor-1 and Increases Mitochondrial Biogenesis. Mol. Endocrinol. 2008, 22, 609-622. [CrossRef] [PubMed]
Batut, P.; Dobin, A.; Plessy, C.; Carninci, P.; Gingeras, T.R. High-fidelity promoter profiling reveals widespread alternative
promoter usage and transposon-driven developmental gene expression. Genome Res. 2013, 23, 169-180. [CrossRef] [PubMed]
Jacox, E.; Gotea, V.; Ovcharenko, I; Elnitski, L. Tissue-Specific and Ubiquitous Expression Patterns from Alternative Promoters of
Human Genes. PLoS ONE 2010, 5, e12274. [CrossRef]

Ko, L.J.; Engel, ].D. DNA-binding specificities of the GATA transcription factor family. Mol. Cell. Biol. 1993, 13, 4011-4022.
[CrossRef] [PubMed]

Granok, H.; Leibovitch, B.A.; Shaffer, C.D.; Elgin, S.C. Chromatin. Gaga over GAGA factor. Curr. Biol. 1995, 5, 238-241. [CrossRef]
Tsai, S.-Y.; Chang, Y.-L.; Swamy, K.B.S.; Chiang, R.-L.; Huang, D.-H. GAGA factor, a positive regulator of global gene expression,
modulates transcriptional pausing and organization of upstream nucleosomes. Epigenetics Chromatin 2016, 9, 32. [CrossRef]
Grandori, C.; Cowley, S.M.; James, L.P; Eisenman, R.N. The Myc/Max/Mad Network and the Transcriptional Control of Cell
Behavior. Annu. Rev. Cell Dev. Biol. 2000, 16, 653—-699. [CrossRef]

Giardino Torchia, M.L.; Ashwell, J.D. Getting MAD at MYC. Proc. Natl. Acad. Sci. USA 2018, 115, 9821-9823. [CrossRef]
Grombacher, T.; Eichhorn, U.; Kaina, B. p53 is involved in regulation of the DNA repair gene O6-methylguanine-DNA methyl-
transferase (MGMT) by DNA damaging agents. Oncogene 1998, 17, 845-851. [CrossRef]

Bocangel, D.; Sengupta, S.; Mitra, S.; Bhakat, K.K. p53-Mediated down-regulation of the human DNA repair gene O6-
methylguanine-DNA methyltransferase (MGMT) via interaction with Sp1 transcription factor. AntiCancer. Res. 2009, 29,
3741-3750. [PubMed]

Harris, L.C.; Remack, ].S.; Houghton, P.J.; Brent, T.P. Wild-type p53 suppresses transcription of the human O6-methylguanine-
DNA methyltransferase gene. Cancer Res. 1996, 56, 2029-2032. [PubMed]

Srivenugopal, K.S.; Shou, J.; Mullapudi, S.R.; Lang, EE, Jr.; Rao, ].S.; Ali-Osman, F. Enforced expression of wild-type p53 curtails
the transcription of the Oé—methylguanine—DNA methyltransferase gene in human tumor cells and enhances their sensitivity to
alkylating agents. Clin. Cancer Res. 2001, 7, 1398-1409. [PubMed]

Ma, B.; Pan, Y; Zheng, J.; Levine, A.]J.; Nussinov, R. Sequence analysis of p53 response-elements suggests multiple binding modes
of the p53 tetramer to DNA targets. Nucleic Acids Res. 2007, 35, 2986-3001. [CrossRef] [PubMed]

Kim, S.; Yu, N.-K.; Kaang, B.-K. CTCF as a multifunctional protein in genome regulation and gene expression. Exp. Mol. Med.
2015, 47, e166. [CrossRef]

Song, S.H.; Kim, T.Y. CTCF, Cohesin, and Chromatin in Human Cancer. Genom. Inform. 2017, 15, 114-122. [CrossRef] [PubMed]
Wang, D.C.; Wang, W.; Zhang, L.; Wang, X. A tour of 3D genome with a focus on CTCF. Semin. Cell Dev. Biol. 2019, 90, 4-11.
[CrossRef]

Kim, TH.; Abdullaev, Z.K,; Smith, A.D.; Ching, K.A.; Loukinov, D.I,; Green, R.D.; Zhang, M.Q.; Lobanenkov, V.V.; Ren, B. Analysis
of the Vertebrate Insulator Protein CTCF-Binding Sites in the Human Genome. Cell 2007, 128, 1231-1245. [CrossRef]

Wang, H.; Maurano, M.T,; Qu, H.; Varley, K.E.; Gertz, ]J.; Pauli, F; Lee, K.; Canfield, T.; Weaver, M.; Sandstrom, R.; et al.
Widespread plasticity in CTCF occupancy linked to DNA methylation. Genome Res. 2012, 22, 1680-1688. [CrossRef]

Holwerda, S.J.; de Laat, W. CTCEF: The protein, the binding partners, the binding sites and their chromatin loops. Philos. Trans. R
Soc. Lond. B Biol. Sci. 2013, 368, 20120369. [CrossRef] [PubMed]


http://doi.org/10.1093/nar/27.1.188
http://doi.org/10.1038/sj.onc.1202320
http://www.ncbi.nlm.nih.gov/pubmed/9927209
http://doi.org/10.1016/j.redox.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29775961
http://doi.org/10.1146/annurev-pharmtox-011112-140320
http://doi.org/10.1093/carcin/bgl155
http://www.ncbi.nlm.nih.gov/pubmed/16950796
http://doi.org/10.3892/ijo.29.5.1269
http://www.ncbi.nlm.nih.gov/pubmed/17016661
http://doi.org/10.7555/jbr.30.20160040
http://www.ncbi.nlm.nih.gov/pubmed/27845303
http://doi.org/10.1074/jbc.M804597200
http://doi.org/10.1186/s13024-018-0287-z
http://doi.org/10.1210/me.2007-0029
http://www.ncbi.nlm.nih.gov/pubmed/18048642
http://doi.org/10.1101/gr.139618.112
http://www.ncbi.nlm.nih.gov/pubmed/22936248
http://doi.org/10.1371/journal.pone.0012274
http://doi.org/10.1128/MCB.13.7.4011
http://www.ncbi.nlm.nih.gov/pubmed/8321208
http://doi.org/10.1016/S0960-9822(95)00048-0
http://doi.org/10.1186/s13072-016-0082-4
http://doi.org/10.1146/annurev.cellbio.16.1.653
http://doi.org/10.1073/pnas.1813867115
http://doi.org/10.1038/sj.onc.1202000
http://www.ncbi.nlm.nih.gov/pubmed/19846904
http://www.ncbi.nlm.nih.gov/pubmed/8616846
http://www.ncbi.nlm.nih.gov/pubmed/11350911
http://doi.org/10.1093/nar/gkm192
http://www.ncbi.nlm.nih.gov/pubmed/17439973
http://doi.org/10.1038/emm.2015.33
http://doi.org/10.5808/GI.2017.15.4.114
http://www.ncbi.nlm.nih.gov/pubmed/29307136
http://doi.org/10.1016/j.semcdb.2018.07.020
http://doi.org/10.1016/j.cell.2006.12.048
http://doi.org/10.1101/gr.136101.111
http://doi.org/10.1098/rstb.2012.0369
http://www.ncbi.nlm.nih.gov/pubmed/23650640

Int. . Mol. Sci. 2021, 22, 2492 23 of 24

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.
95.

96.

Renda, M.; Baglivo, I.; Burgess-Beusse, B.; Esposito, S.; Fattorusso, R.; Felsenfeld, G.; Pedone, P.V. Critical DNA binding
interactions of the insulator protein CTCF: A small number of zinc fingers mediate strong binding, and a single finger-DNA
interaction controls binding at imprinted loci. J. Biol. Chem. 2007, 282, 33336-33345. [CrossRef]

Davalos-Salas, M.; Furlan-Magaril, M.; Gonzalez-Buendia, E.; Valdes-Quezada, C.; Ayala-Ortega, E.; Recillas-Targa, F. Gain of
DNA methylation is enhanced in the absence of CTCF at the human retinoblastoma gene promoter. BMC Cancer 2011, 11, 232.
[CrossRef]

Rodriguez, C.; Borgel, ].; Court, F; Cathala, G.; Forné, T.; Piette, ]. CTCF is a DNA methylation-sensitive positive regulator of the
INK/AREF locus. Biochem. Biophys. Res. Commun. 2010, 392, 129-134. [CrossRef]

Chen, EY.; Harris, L.C.; Remack, J.S.; Brent, T.P. Cytoplasmic sequestration of an O6-methylguanine-DNA methyltransferase
en-hancer binding protein in DNA repair-deficient human cells. Proc. Natl. Acad. Sci. USA 1997, 94, 4348-4353. [CrossRef]
[PubMed]

Flavahan, W.A ; Drier, Y.; Liau, B.B.; Gillespie, S.M.; Venteicher, A.S.; Stemmer-Rachamimov, A.O.; Suva, M.L.; Bernstein, B.E.
Insulator dysfunction and oncogene activation in IDH mutant gliomas. Nature 2016, 529, 110-114. [CrossRef] [PubMed]
Kirstein, A.; Schmid, T.E.; Combs, S.E. The Role of miRNA for the Treatment of MGMT Unmethylated Glioblastoma Multiforme.
Cancers 2020, 12, 1099. [CrossRef] [PubMed]

Slaby, O.; Lakomy, R.; Fadrus, P.; Hrstka, R.; Kren, L.; Lzicarova, E.; Smrcka, M.; Svoboda, M.; Dolezalova, H.; Novakova, J.;
et al. Mi-croRNA-181 family predicts response to concomitant chemoradiotherapy with temozolomide in glioblastoma patients.
Neoplasma 2010, 57, 264-269. [CrossRef] [PubMed]

Kushwaha, D.; Ramakrishnan, V.; Ng, K.; Steed, T.; Nguyen, T; Futalan, D.; Akers, ].C.; Sarkaria, J.; Jiang, T.; Chowdhury, D.; et al.
A genome-wide miRNA screen revealed miR-603 as a MGMT-regulating miRNA in glioblastomas. Oncotarget 2014, 5, 4026-4039.
[CrossRef] [PubMed]

Khalil, S.; Fabbri, E.; Santangelo, A.; Bezzerri, V.; Cantt, C.; Di Gennaro, G.; Finotti, A.; Ghimenton, C.; Eccher, A.; Dechecchi,
M.; et al. miRNA array screening reveals cooperative MGMT-regulation between miR-181d-5p and miR-409-3p in glioblastoma.
Oncotarget 2016, 7, 28195-28206. [CrossRef]

Gao, Y.T,; Chen, X.B.; Liu, H.L. Up-regulation of miR-370-3p restores glioblastoma multiforme sensitivity to temozolomide by
in-fluencing MGMT expression. Sci. Rep. 2016, 6, 32972. [CrossRef]

Slack, EJ.; Chinnaiyan, A.M. The Role of Non-coding RNAs in Oncology. Cell 2019, 179, 1033-1055. [CrossRef] [PubMed]

Saini, H.K,; Griffiths-Jones, S.; Enright, A.J]. Genomic analysis of human microRNA transcripts. Proc. Natl. Acad. Sci. USA 2007,
104, 17719-17724. [CrossRef] [PubMed]

Tafrihi, M.; Hasheminasab, E. MiRNAs: Biology, Biogenesis, their Web-based Tools, and Databases. MicroRNA 2019, 8, 4-27.
[CrossRef] [PubMed]

Rehmsmeier, M.; Steffen, P.; Hochsmann, M.; Giegerich, R. Fast and effective prediction of microRNA /target duplexes. RNA
2004, 10, 1507-1517. [CrossRef]

Nadaradjane, A.; Briand, J.; Bougras-Cartron, G.; Disdero, V.; Vallette, EM.; Frenel, ].S.; Cartron, P.F. miR-370-3p is a therapeutic
tool in anti-glioblastoma therapy but is not an intratumoral or cell-free circulating biomarker. Mol. Ther. Nucleic Acids 2018, 13,
642-650. [CrossRef] [PubMed]

Hermisson, M.; Klumpp, A.; Wick, W.; Wischhusen, J.; Nagel, G.; Roos, W.; Kaina, B.; Weller, M. O6-methylguanine DNA
methyltransferase and p53 status predict temozolomide sensitivity in human malignant glioma cells. J. Neurochem. 2006, 96,
766-776. [CrossRef]

Chen, H,; Li, X,; Li, W.; Zheng, H. miR-130a can predict response to temozolomide in patients with glioblastoma multiforme,
independently of O6-methylguanine-DNA methyltransferase. J. Transl. Med. 2015, 13, 69. [CrossRef]

Qiu, S,; Lin, S;; Hu, D.; Feng, Y.; Tan, Y.; Peng, Y. Interactions of miR-323/miR-326/miR-329 and miR-130a/miR-155/miR-210 as
prognostic indicators for clinical outcome of glioblastoma patients. J. Transl. Med. 2013, 11, 10. [CrossRef]

Ziebarth, ].D.; Bhattacharya, A.; Cui, Y. CTCFBSDB 2.0: A database for CTCF-binding sites and genome organization. Nucleic
Acids Res. 2013, 41, D188-D194. [CrossRef]

Bao, L.; Zhou, M.; Cui, Y. CTCFBSDB: A CTCF-binding site database for characterization of vertebrate genomic insulators. Nucleic
Acids Res. 2008, 36, D83-D87. [CrossRef]

Gardiner-Garden, M.; Frommer, M. CpG islands in vertebrate genomes. J. Mol. Biol. 1987, 196, 261-282. [CrossRef]
Hackenberg, M.; Barturen, G.; Carpena, P.; Luque-Escamilla, P.L.; Previti, C.; Oliver, J.L. Prediction of CpG-island function: CpG
clustering vs. sliding-window methods. BMC Genom. 2010, 11, 327. [CrossRef]

Marbach-Bar, N.; Bahat, A.; Ashkenazi, S.; Golan-Mashiach, M.; Haimov, O.; Wu, S.-Y.; Chiang, C.-M.; Puzio-Kuter, A.; Hirshfield,
K.M,; Levine, AJ; et al. DTIE, a novel core promoter element that directs start site selection in TATA-less genes. Nucleic Acids Res.
2016, 44, 1080-1094. [CrossRef]

ENCODE_project_consortium. The ENCODE (ENCyclopedia of DNA Elements). Project Sci. 2004, 306, 636—640.

Euskirchen, G.M.; Rozowsky, J.S.; Wei, C.-L.; Lee, WH.; Zhang, Z.D.; Hartman, S.; Emanuelsson, O.; Stolc, V.; Weissman, S.;
Gerstein, M.B.; et al. Mapping of transcription factor binding regions in mammalian cells by ChIP: Comparison of array- and
sequencing-based technologies. Genome Res. 2007, 17, 898-909. [CrossRef]

Sabo, PJ.; Kuehn, M.S.; Thurman, R.; E Johnson, B.; Johnson, E.M.; Cao, H.; Yu, M.; Rosenzweig, E.; Goldy, J.; Haydock, A.; et al.
Genome-scale mapping of DNase I sensitivity in vivo using tiling DNA microarrays. Nat. Methods 2006, 3, 511-518. [CrossRef]


http://doi.org/10.1074/jbc.M706213200
http://doi.org/10.1186/1471-2407-11-232
http://doi.org/10.1016/j.bbrc.2009.12.159
http://doi.org/10.1073/pnas.94.9.4348
http://www.ncbi.nlm.nih.gov/pubmed/9113992
http://doi.org/10.1038/nature16490
http://www.ncbi.nlm.nih.gov/pubmed/26700815
http://doi.org/10.3390/cancers12051099
http://www.ncbi.nlm.nih.gov/pubmed/32354046
http://doi.org/10.4149/neo_2010_03_264
http://www.ncbi.nlm.nih.gov/pubmed/20353279
http://doi.org/10.18632/oncotarget.1974
http://www.ncbi.nlm.nih.gov/pubmed/24994119
http://doi.org/10.18632/oncotarget.8618
http://doi.org/10.1038/srep32972
http://doi.org/10.1016/j.cell.2019.10.017
http://www.ncbi.nlm.nih.gov/pubmed/31730848
http://doi.org/10.1073/pnas.0703890104
http://www.ncbi.nlm.nih.gov/pubmed/17965236
http://doi.org/10.2174/2211536607666180827111633
http://www.ncbi.nlm.nih.gov/pubmed/30147022
http://doi.org/10.1261/rna.5248604
http://doi.org/10.1016/j.omtn.2018.09.007
http://www.ncbi.nlm.nih.gov/pubmed/30497054
http://doi.org/10.1111/j.1471-4159.2005.03583.x
http://doi.org/10.1186/s12967-015-0435-y
http://doi.org/10.1186/1479-5876-11-10
http://doi.org/10.1093/nar/gks1165
http://doi.org/10.1093/nar/gkm875
http://doi.org/10.1016/0022-2836(87)90689-9
http://doi.org/10.1186/1471-2164-11-327
http://doi.org/10.1093/nar/gkv1032
http://doi.org/10.1101/gr.5583007
http://doi.org/10.1038/nmeth890

Int. . Mol. Sci. 2021, 22, 2492 24 of 24

97.

98.

99.

100.

101.

102.

Trapnell, C.; Williams, B.A.; Pertea, G.; Mortazavi, A.; Kwan, G.; Van Baren, M.].; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript
assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 2010, 28, 511-515. [CrossRef] [PubMed]

Muller, R.Y,; Hammond, M.C.; Rio, D.C.; Lee, Y.J. An Efficient Method for Electroporation of Small Interfering RNAs into
ENCODE Project Tier 1 GM12878 and K562 Cell Lines. J. Biomol. Tech. 2015, 26, 142-149. [CrossRef] [PubMed]

Preuss, I.; Thust, R.; Kaina, B. Protective effect of O6-methylguanine-DNA methyltransferase (MGMT) on the cytotoxic and
re-combinogenic activity of different antineoplastic drugs. Int. J. Cancer 1996, 65, 506-512. [CrossRef]

Cai, S.; Xu, Y.; Cooper, R.].; Ferkowicz, M.].; Hartwell, ].R.; Pollok, K.E.; Kelley, M.R. Mitochondrial Targeting of Human
0O6-Methylguanine DNA Methyltransferase Protects against Cell Killing by Chemotherapeutic Alkylating Agents. Cancer Res.
2005, 65, 3319-3327. [CrossRef]

Griffiths-Jones, S.; Grocock, R.J.; van Dongen, S.; Bateman, A.; Enright, A.J. miRBase: microRNA sequences, targets, and gene
no-menclature. Nucleic Acids Res. 2006, 34, D140-D144. [CrossRef]

Miranda, K.C.; Huynh, T,; Tay, Y.; Ang, Y.S.; Tam, W.L.; Thomson, A.M.; Lim, B.; Rigoutsos, I. A pattern-based method for
the identifi-cation of MicroRNA binding sites and their corresponding heteroduplexes. Cell 2006, 126, 1203-1217. [CrossRef]
[PubMed]


http://doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/20436464
http://doi.org/10.7171/jbt.15-2604-003
http://www.ncbi.nlm.nih.gov/pubmed/26543439
http://doi.org/10.1002/(SICI)1097-0215(19960208)65:4&lt;506::AID-IJC19&gt;3.0.CO;2-7
http://doi.org/10.1158/0008-5472.CAN-04-3335
http://doi.org/10.1093/nar/gkj112
http://doi.org/10.1016/j.cell.2006.07.031
http://www.ncbi.nlm.nih.gov/pubmed/16990141

	Introduction 
	Results and Discussion 
	Recapitulation of MGMT Genomic Space and the mRNA 
	New Features of 3' Untranslated Region (UTR) of MGMT Transcript 
	New Regulatory Motifs in MGMT Promoter; ARE, ERE, and NRF1/NRF2 -Mediated Upregulation of MGMT Expression 
	Revised MGMT Promoter That Includes Alternate Promoters, CGI Status, and Other Promoter-Like Sequences in MGMT Genome 
	Recognition Motifs for GAF and MYC/MAD/MAX Switch within the MGMT Promoter 
	Identification of p53 Response Elements (PREs) in Intron 1 
	Presence of CTCF Recognition Motifs in the MGMT Promoter and Rest of the Gene: Evidence for CTCF as a Positive Regulator of MGMT Expression 
	Potential Involvement of RNA Regulatory Elements (Long Non-Coding RNA, Antisense RNA, Micro RNA) in the MGMT- EBF3 Region in the Regulation of MGMT Expression 

	Conclusions 
	Materials and Methods 
	Cell Culture 
	Western Blotting 
	siRNA and shRNA Transient Transfections and NRF2 Stable Transfection 
	Chromatin Immunoprecipitation (ChIP) Assay 
	Database Search 
	Regulatory Sequences and MGMT Alternative Promoters 
	Sequencing-Based Data from ENCODE and Bioinformatic Analysis of Non-Coding RNA Transcripts 
	Statistical Analysis 

	References

