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S-phase Specific Downregulation of
Human 0 °-Methylguanine DNA
Methyltransferase (MGMT) and its

Serendipitous Interactions with
PCNA and p21°*' Proteins in
Glioma Cells

Abstract

Whether the antimutagenic DNA repair protein MGMT works solo in human cells and if it has other cellular
functions is not known. Here, we show that human MGMT associates with PCNA and in turn, with the cell cycle
inhibitor, p21°P" in glioblastoma and other cancer cell lines. MGMT protein was shown to harbor a nearly perfect
PCNA-Interacting Protein (PIP box) motif. Isogenic p53-null H1299 cells were engineered to express the p21
protein by two different procedures. Reciprocal immunoprecipitation/western blotting, Far-western blotting, and
confocal microscopy confirmed the specific association of MGMT with PCNA and the ability of p21 to strongly
disrupt the MGMT-PCNA complexes in tumor cells. Alkylation DNA damage resulted in a greater colocalization of
MGMT and PCNA proteins, particularly in HCT116 cells deficient in p21 expression. p21 expression in isogenic cell
lines directly correlated with markedly higher levels of MGMT mRNA, protein, activity and greater resistance to
alkylating agents. In other experiments, four glioblastoma cell lines synchronized at the G1/S phase using either
double thymidine or thymidine-mimosine blocks and subsequent cycling consistently showed a loss of MGMT
protein at mid- to late S-phase, irrespective of the cell line, suggesting such a downregulation is fundamental to
cell cycle control. MGMT protein was also specifically degraded in extracts from S-phase cells and evidence
strongly suggested the involvement of PCNA-dependent CRL4 % ubiquitin-ligase in the reaction. Overall, these
data provide the first evidence for non-repair functions of MGMT in cell cycle and highlight the involvement of
PCNA in MGMT downregulation, with p21 attenuating the process.
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Abbreviations: MGMT, O°-methylguanine DNA methyltransferase; PCNA, prolifer-
ating nuclear antigen; His Tag, Hexahistidine tag; DAPI, 4,6-Diamidino-2-pheny-
lindole; IMGMT, recombinant MGMT protein; tet, tetracycline; IB, immunoblot;
WB, western blot; LV, lenti-viral transfection; AS, asynchronous cells; CS0, G1/S
synchronized cells before release for cycling; CS2, CS4 and CS8, synchronized cells 2, 4

Introduction
OG-Methylguanine DNA methyltransferase (MGMT) is a DNA

repair protein that stoichiometrically removes the mutagenic alkyl
adducts introduced at the O6-position of guanine and O4-of thymine
by various exogenous and endogenous agents [1]. This unique and
conserved direct reversal repair prevents the GC to AT transitions and
maintains the stability of human genome [2]. Unlike the other DNA
repair pathways, human MGMT works as a single protein to remove
the guanine O°-bound alkyl groups to cysteine145 at its active site
[3]. Because the alkyl groups are covalently linked to Cys145,
MGMT is self-inactivated after each reaction and the inactive protein
is degraded through the ubiquitin/proteasome pathway [4,5]. The

and 8 hours after release into cyclingg TMZ, temozolomide; BCNU, 1,3-bis
(2-chloroethyl)-1-nitrosourea; Conc, concentration; CRL4“2 PCNA-dependent
ubiquitin ligase; Ub, ubiquitin; IP, immunoprecipitation; PIP-box, PCNA interacting
protein motif.
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alkylation DNA damage introduced by the clinically used anticancer
alkylating agents is also targeted and scavenged by MGMT. These drugs
bearing a single (temozolomide) or two (chloroethylnitrosoureas)
electrophilic groups generate mutagenic lesions and cytotoxic G-C
interstrand crosslinks respectively to exert the antitumor effects.
Paradoxically, however, the human cancers express higher levels of
MGMT, and the resulting repair of alkyl lesions confers a high level of
tumor drug resistance and failure of chemotherapy [6]. Diverse groups of
MGMT inhibitors have emerged, and OG—benzylguanine, a
pseudo-substrate inhibitor has been extensively studied [7,8]. Therefore,
understanding the molecular aspects of MGMT function is highly
important from several angles ranging from the mechanism of DNA
repair, carcinogenesis, and cancer therapy.

The stoichiometric reaction mechanism of MGMT raises many
puzzling questions such as why human cells synthesize a protein for a
single repair event at a significant cost, why does it undergo several
posttranslational modifications [9-11], whether MGMT serves other
functions in the cell, and whether MGMT accomplishes the de-alkylation
all by itself 77 vivo or does it associate with accessory /replication proteins?
Although answers to these are unknown, evidence from our laboratory
and others suggests that MGMT specifically interacts with many cellular
proteins and may have other functions [12,13]. For example, using
MGMT-Sepharose affinity chromatography and tandem mass spectrom-
etry, we showed the specific interaction of MGMT with a diverse group of
proteins involved in DNA replication (ORC1, MCM helicases, PCNA,
DNA pol 8) and cell cycle progression (CDKs, p21“P" and ubiquitin
pathway components) [12]. A similar study by another group confirmed
the specific binding of MGMT with various regulatory proteins in human
glioma cells [13]. Recently, we showed a specific association and fine
interplay between human MGMT and estrogen receptor-at proteins and
their co-degradation after tumor cell treatments with either O-
©_benzylguanine or fulvestrant, their respective inhibitors [14]. A previous
study implied that the alkylated (inactivated) human MGMT is a
negative regulator of ER-mediated transcription following DNA
alkylation damage [15].

Previously, we reported briefly on MGMT binding with PCNA
[16] and the presence of MGMT in p21 <Pl_PCNA complexes [17].
Human PCNA is a homotrimeric protein that encircles the duplex
DNA forming a ring-shaped clamp and functions as a processivity
factor by tethering replicative DNA polymerases [18]. PCNA also
provides a molecular platform that facilitates the myriad
protein-protein and protein—-DNA interactions that occur at the
replication fork. Numerous PCNA-associated proteins such as the
FENI nuclease, DNA cytosine methyltransferase, and topoisomerase
IT compete for binding to a common surface on PCNA [19]. Many of
these partners contain a highly conserved PCNA-binding motif,
QXXhXXaa (where ‘h’ is a hydrophobic, ‘aa’ are aromatic and X is
any amino acid), referred to as a PCNA interacting protein (PIP) box
[18,19]. Besides being an essential part of DNA replication
machinery, PCNA also plays important roles in cell cycle regulation
(primarily in S-phase), translesion synthesis, long-patch base excision
repair and recombination [20].

All DNA repair pathways including nucleotide excision repair
(XP-A, XP-G), mismatch repair (MSH2, MSHO6), and PARP-1 are
associated with PCNA in some way or another [20]. While PCNA
exists in free and chromatin-bound states, the abundance of cellular
PCNA is strictly controlled by the cyclin-dependent kinase (CDK)
inhibitor p21 “P*N'" wwhich is an avid binder and sequestrator of the
former [21]. p21“P', which is activated by the p53 tumor suppressor,

plays essential roles in the DNA damage response by inducing cell
cycle arrest, direct inhibition of DNA replication and apoptotic
regulation. p21 interferes with PCNA-dependent DNA polymerase
activity, thereby inhibiting DNA replication, however, DNA repair
processes dependent on PCNA appear to be largely unaffected
[22,23]. Additionally, PCNA interfaces with the cell cycle by forming
PCNA-p21/CDK-cyclin quaternary complexes with both positive
and negative signaling roles in cell cycle progression. Furthermore,
PCNA is an integral component of the regulated and timely
destruction of proteins during the S-phase and facilitates the
formation of pre-replication complexes for the next cell cycle
[24,25]. In this process, PCNA assists with the recognition of target
proteins by CRL4 Cde2 ub-ligase [26,27]. No information is available
on the involvement of either PCNA or other cell cycle proteins in the
regulation of the one-step direct reversal reaction performed by
MGMT. Here we describe a detailed analysis of MGMT interaction
with PCNA and p21P" in isogenic cancer cell lines and demonstrate
a PCNA-dependent downregulation of MGMT protein in S-phase.

Materials and Methods

Cell Culture and Reagents

All cell lines were obtained within 6 months of time and were
authenticated by the original sources and investigators. The human
glioblastoma cell lines, SF188 (Univ. of California Brain Tumor Bank,
San Francisco, CA), GBM10 (Dr. Jann Sarkaria, Mayo Clinic, Rochester,
MN), and T98G (ATCC). Other cell lines, HT29 colon cancer, H1299
lung cancer All cell lines were from ATCC. The human medulloblas-
toma cell line UW228 was provided by Dr. Francis Ali-Osman (Duke
University, Durham, NC). All tumor cells were grown in Dulbecco's
Modified Eagle's Medium with 10% fetal bovine serum and antibiotics
at 37°C in 95% humidified air, and 5% CO,, Thymidine, mimosine
and all other chemicals were obtained from Sigma-Aldrich. Monoclonal
antibodies to MGMT were purchased from EMD Millipore. Other
antibodies were purchased as follows: actin, PCNA, p21 (Cell
Signaling), Ubiquitin (Santa Cruz Biotechnology).

Isogenic Cell Lines

Three different isogenic cell line pairs, with one member in each
group differing in p21 expression level, were used in this study. The
first model was a p2l-inducible cell line generated using the
tetracycline (Tet)-regulated vector system (H1299-p21) that repressed
p21 expression in the presence of Tet [28]. The plasmid constructs for
this conditional gene expression were from Clonetech Laboratories
(Mountain View, CA). Full-length ¢cDNA for human p2lcipl was
cloned into the HindIII-Spel sites of the pTET-SPLICE plasmid. The
p53-null H1299 cells were first transfected with the ‘regulatory plasmid’,
pUDHI15-1 and the clones selected in the presence of 450 pg/ml of
G418. These resulting clones were next transfected with the pTET-p21
‘response plasmid’ and selected against zeocin. The resistant clones were
screened for p21 expression and maintained in a medium containing Tet
(1 pg/ml). The second isogenic cell line was developed by stable
transfection of H1299 cells with p21 lentiviral particles (H1299-LV/
p21) obtained from the Vigene Biosciences (Rockville, MD).
Blasticidin was used for selecting the transfected cells and clones were
created. The third cell line model was the HCT116 colon cancer cells
proficient or deficient in p21 expression. HCT116 p21** and HCT116
p21~ cells [29] were kindly provided by Dr. Bert Vogelstein (Johns
Hopkins University, Baltimore, MD).
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Immunoprecipitation and Western Blotting

For IP, whole cell lysates were prepared in 50 mM Tris-HCl (pH 8.0),
150 mM NaCl, 1% glycerol, 1 mM EDTA, 1 X protease inhibitors,
0.5% NP-40 (IP buffer). The extracts were pre-cleaned with 10 pl of
protein A/G -Sepharose beads. Antibodies or normal IgG (isotype
control) were added at 1 pg and the samples mixed overnight at 4°C.
Protein A/G-Sepharose beads were (20 ul) added, and samples incubated
for another 2-3 h in a rotator. The immune complexes were pelleted by
centrifugation, washed three times with IP buffer and re-suspended in
reducing sample buffers. The samples were boiled for 2 min before
loading on 10% SDS-polyacrylamide gels. For direct western blots, the
cell pellets were sonicated in Pellets were then sonicated in a lysis buffer
containing 50mM Tris-HCI (pH 8.0),1% glycerol, 0.5 mM EDTA, 0.5
mM phenylmethylsulfonyl fluoride (PMSF), 2 mM benzamidine and 20
UM spermidine. Proteins were then electrophoretically transferred to
PVDF membranes, blocked with 5% non-fat dry milk in TBS containing
0.1% Tween 20 for 2 h. The membranes were then incubated with
appropriate primary antibodies followed by washing and exposure to
Peroxidase-labeled secondary antibodies. The signals on the western blots
were visualized by enhanced chemiluminescence and the band densities
quantitated using a Bio-Rad Versadoc imager.

Expression and Purification of Recombinant MGMT Protein
(rMGMT)

Hexa-histidine tagged human MGMT was expressed in E. coli
(JM109 strain) and the native protein was purified using Talon
affinity-chromatography as described by us previously [9].

Pull-Down Assays

For pull-down assays, the tMGMT or bovine serum albumin (as
control) (2 pg) was first bound with the Talon metal-affinity resin
(-15 pl) in a binding buffer (25 mM sodium phosphate pH 8.3, 250
mM NaCl, 1 mM PMSF, 2 mM benzamidine, 5% glycerol, 0.2 mM
EDTA, 0.1% Nonidet P-40), and washed with the same buffer. Cell
lysates were prepared in the above binding buffer + 0.2 mM
mercaptoethanol. Next, the clarified cell lysates were added to the
his-rMGMT-bound Talon resin and mixed on a rotator for 3 h. After
pelleting the resin and washing three times, the proteins bound to the
resin were eluted with 10 mM imidazole, and the supernatants were
mixed with SDS-sample buffer followed by western blotting using the
anti-His tag or anti-PCNA antibodies.

MGMT DNA Repair Activity Assay

Transfer of *H-labeled methyl groups from the 06-position of
guanine in the DNA to the MGMT protein was measured by an
established procedure in our laboratory [9].

RNA Isolation and Reverse Transcription Polymerase Chain
Reaction (RT-PCR)

Total RNA from HCT116 (p21*", p217) cells was isolated using
the TRIzol Reagent (Invitrogen). Equal amounts (0.1 pg) of RNA
were taken reverse-transcribed using Qiagen One-Step RT-PCR kit.
The primers used were: MGMT, forward 5> TGGAGCTGTCT
GGTTGTGAG 3’ and reverse 5> TGGAAAACATGCCGTTATCA
3’; GAPDH, forward 5° GAAGGTGAAGGTCGGAGTC 3’ and
reverse 5" GAAGATGGTGATGGGATTTC 3. The PCR products
were analyzed by electrophoresis on 1% agarose gels and visualized by
ethidium bromide staining.

Measurement of Interstrand DNA Crosslinking in Tumor Cells
BCNU-induced DNA crosslinking was quantitated by ethidium
bromide fluorescence assay as described previously [30]. Briefly, cells
were exposed to BCNU (100 uM) for 1 hour and then incubated in
drug-free media for up to 48 hours to allow DNA crosslinking and its
disappearance. DNA was isolated after SDS lysis, RNase and
proteinase K (1 mg/ml) treatments followed by ethanol precipitation.
To Equal amounts (2 pg) of DNA from control and drug-treated
cells, ethidium bromide (1pg/ml) was added in 20 mM potassium
phosphate and 2 mM EDTA, (pH 11.8) in the buffer. One set of
DNA samples were boiled for 5 min and cooled to room temperature.
Fluorescence of the native and denatured DNA was measured (305 nm
excitation and 585 nm emission) using a Perkin Elmer LS-50
spectrofluorometer. Crosslink index (CLI) was calculated from the
fluorescence readings by following a published method [30].

MTT Cytotoxicity Assays

For in vitro cytotoxicity assays, cells were seeded and cultured
overnight (7000 per well in 96-well microtiter plates) followed by
drug treatments. Then 10 pl of MTT [1-(4,5-Dimethylthiazo-
1-2-y1)-3,5-diphenylformazan;5 mg/ml] solution was added to each
well and incubation continued for 3 hours to allow the formation of
insoluble formazan. Supernatants were removed, dimethyl sulfoxide
was used to solubilize the formazan crystals and colorimetric
absorbance was measured using a plate reader at 570 nm. GraphPad
Prism 7 software was used for cytotoxicity analysis.

Cell Cycle Synchronization and Flow Cytometry

Three different cell synchronization methods were used, namely
double thymidine block (G1/S phase arrest), thymidine-mimosine
block (G1 phase arrest) and thymidine-nocodazole block (G2/M
phase arrest) using previously described procedures [31]. For double
thymidine block, cells were first treated with 2 mM thymidine in
culture medium for 18 h followed by a release period of 10 h in
thymidine-free media. Cells were then treated with 2 mM thymidine
for another 17 h to enrich the G1/S phase cells. The arrested cells
were then washed with DMEM and allowed to release from the G1
phase in fresh medium. Thymidine treatment in excess induces
imbalance in ANTP pools, which results in feedback-inhibition of
ribonucleotide reductase. In contrast to thymidine-induced -early
S-phase arrest, mimosine is a more effective cell synchronization
reagent that arrests >90% of cells at a tight G1-S phase border by
inhibiting the transition of the pre-replication complex to the
preinitiation complex [32]. The thymidine-mimosine block was
obtained by the following treatment sequence: thymidine (2 mM,
12-14 h), release (10-12 h), mimosine (400 uM, 12-14 h), and
subsequent release in drug-free medium. An orderly treatment with
thymidine (24 h) and nocodazole (100 ng/ml, 12 h) was also used to
synchronize cells at G2/M phase. For flow cytometry, cells were
trypsinized and the suspensions fixed in ethanol: PBS (70:30 v/v).
DNA labeling was performed with propidium iodide (50 pg/ml)
preceded by incubation with RNase A for 45 min at 37°C. Stained
cells were sorted and analyzed using a BD FACSVerse. FlowJo

(version 10) was used to analyze the histograms.

Chromatin Fractionation

Chromatin fractionation for analyzing the DNA-bound proteins
was performed by a previous method [33]. After synchronizing into
different cell cycle phases, cell pellets were collected and washed with
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PBS. Briefly, cell pellets were lysed with the cytoskeleton buffer (10 mM
PIPES pH 7.0, 300 mM sucrose, 100 mM NaCl, 1.5 mM MgCl,,
protease inhibitors, 0.5% Triton X-100) for 30 min and a small fraction
of this lysate was saved as a whole cell extract. The remaining extract was
centrifuged at 2000g and supernatant was collected (soluble fraction).
To obtain the chromatin fraction, pellets were again resuspended in
200 mM HCI and incubated at 4°C for 2h. The resulting
supernatant (chromatin-bound fraction) was neutralized with

Tris-HCI buffer (pH 7.5) before SDS-PAGE.

Far-Western Blotting

Purified recombinant MGMT and PCNA proteins (700 ng) were
electrophoresed on 10% SDS-polyacrylamide gels and transferred to
nitrocellulose membranes using 150 mM glycine-Tris buffer contain-
ing 5% methanol without SDS. To facilitate a native folding of the
immobilized proteins, the membranes were sequentially treated with
guanidine hydrochloride (6 M, 3 M, 1 M, 0.1 M and 0 M in a buffer
[100 mM NaCl, 20 mM Tris (pH 7.6), 0.5 mM EDTA, 10% glycerol,
0.1% Tween-20, 2% non-fat dry milk and 0.5 mM DTT] as described
previously [34]. Next, the washed membranes were incubated with
recombinant MGMT protein (100 pig/ml) in the same buffer (without
guanidine hydrochloride) for 3 h at room temperature. After washing,
the membranes were western blotted using MGMT antibodies.

Immunofluorescence Procedure

Cells were cultured on sterile coverslips and treated with
chemotherapy drugs as indicated. After 24 h, they were washed
with PBS and fixed in 4% paraformaldehyde. Permeabilization was
performed with ice-cold methanol followed by blocking in 5%
normal goat serum containing 0.3% Triton X-100 for 2 hours.
Incubation with primary (overnight) and fluorochrome-conjugated
secondary (1-2 h at room temperature in dark) antibodies were
performed in the presence of 1% BSA. Next, cells were washed in
PBS and stained with DAPI for 10 min, finally, the coverslips were
mounted on glass slides using Prolong Gold antifade reagent (Life
Technology/Molecular Probes). Images were visualized using a Nikon
Al MP+ multiphoton confocal microscope. The extent of protein
colocalization was quantitated by determining Pearson's correlation
coefficient using the Image] program.

Assay for MGMT Ubiquitination In Vitro

Cells were lysed in a buffer containing 50 mM Tris-HCI (pH 8.0),
1 mM DTT, a proteasome inhibitor (PS-341/Velcade, 10uM),
4 mM MgCl,, centrifuged for extract preparation. Reaction mixtures
containing His-tagged recombinant MGMT (0.5 pg), ubiquitin
(0.5 png) or in some cases, biotinylated ubiquitin (0.25 pg), MgCl,
(2.5 mM), ATP (2 mM) and cell extracts (75 pg protein, as a source
of endogenous ubiquitinating enzymes). After incubation at 37°C
for 30 min, the samples were boiled and subjected to SDS-PAGE
followed by western blotting with antibodies to MGMT or ubiquitin
or hexa-histidine or simply, the streptavidin-HRP to detect the
biotinylated polyubiquitin residues.

Statistical Analysis

All experiments were performed in triplicates and data presented as
mean+SD. Statistical comparisons were done in GraphPad Prism
using methods as appropriate (Anova / Student’s t-test). P values are
reported using a star system as follows: *, P < 0.05; **, P < 0.005; and
e, P < 0.0005.

Results

Presence of a Near Typical PCNA-Interaction Motif (PIP-box)
in Human MGMT Protein

Since our previous study indicated that PCNA may be an
interactive partner for human MGMT [16], efforts were made to
check for a PCNA binding domain in the MGMT protein
sequence. Most PCNA-binding proteins like p21, Cdcl, DNA
polymerases- and 9 interact with the interdomain connector loop
of PCNA through a motif of 8 amino acids called a PIP box, with
the consensus sequence Q-xx-(h)-x-x-(a)-(a), where “h” represents
moderately hydrophobic amino acid residues (e.g. leucine,
isoleucine, methionine, alanine), “a” represents residues with
highly hydrophobic, aromatic side chains (e.g. phenylalanine,
tyrosine) and “x” is any amino acid (Figure 1A4). In human
MGMT protein (GenBank, AAHO00824.1), we identified a
region from amino acids 61 to 70 containing all essential residues
confirming to a PIP box domain (QCTAWLNAYF) (Figure 1B).
While this sequence strictly adheres to a canonical PIP-box, it is
two residues longer with additional aspargine®” and alanine®®
residues flanked by two aromatic amino acids, tyrosine, and
phenylalanine respectively. Therefore, this sequence confirms to
a consensus but flexible PIP-box structure of Qxxh(xx),aa
[18,19]. Further, a bioinformatic Clustal Omega analysis
revealed that this PIP motif in MGMT amino acid sequence is
evolutionary conserved across the phyla ranging from yeast,
Drosophila, amphibians to humans (Figure 18). MGMT crystal
structure shows presence this region in interface helices, well
accessible for protein-protein interactions [35].

Evidence for Specific Interaction Between MGMT and PCNA
Proteins In Vitro and in Tumor Cells

To determine if MGMT physically interacts with PCNA, HT29
cell extracts were subjected to reciprocal co-immunoprecipitation
using anti-MGMT or anti-PCNA antibodies along with an isotype
control. As shown in, Figure 1C, western blotting with the opposing
antibodies revealed a significant association of MGMT with PCNA
and vice versa. The data imply that MGMT interacts with PCNA
through the canonical PIP-box domain. To validate the
protein-protein interaction between MGMT and PCNA, we used
pull-down assays using histidine-tagged recombinant MGMT
protein. The cobalt affinity resin (Talon) beads were coated with
His-tagged MGMT or BSA (as control) followed by their incubation
with HT29 cell lysates containing PCNA. As shown in Figure 1D, the
tMGMT protein was able to pull-down a significant amount of
PCNA from the cell lysates, suggesting a strong physical and specific
association of PCNA with MGMT.

Next, we demonstrated the association between MGMT and PCNA
in HT29 cells through confocal microscopic imaging (Figure 1E). For
this, the PCNA and MGMT proteins in permeabilized tumor cells were
stained with Alexa flour 594 (red) and Alexa 488 (green) respectively,
and the overlaid images are shown in last two panels. The images show
that these two proteins localized closely in the vicinity of each other as
evident from the strong merged yellow signals in the immunofluores-
cence photomicrographs (micrograph 4 in Figure 1E).

As an additional evidence to prove the direct interaction of
these protein partners, far-western blotting was performed. In this
procedure, purified PCNA was electrophoresed by SDS-PAGE at
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Figure 1. The PIP-box in MGMT protein and evidence for MGMT-PCNA interaction in human tumor cells. (A) Established PIP-box
sequence in different proteins and the consensus motif, where h -hydrophobic, a- aromatic and x — any amino acids are shown. (B)
Presence of a conserved PIP-motif in human MGMT and MGMT from other species. (C) HT29 cell extracts were immunoprecipitated with
antibodies to MGMT or PCNA followed by immunoblotting with reciprocal antibodies to show the protein-protein associations. Mouse
IgG (mlgG) was used as the isotype control. (D) Pull-down assays: Histidine-tagged recombinant MGMT (rMGMT) protein was incubated
with HT29 cell lysates, followed by addition of Talon metal affinity resin-beads, washing and immunoblotting with antibodies to
hexahistidine tag or PCNA; lanes, 1- 10% HT29 lysate input, 2-resin beads incubated with BSA, 3 -resin beads incubated with rMGMT, and
4-rMGMT and cell extracts mixed together. (E) Confocal microscopy showing a co-localization of endogenous MGMT with PCNA in HT29
cells. Permeabilized HT29 cells were treated with mouse monoclonal Ab to MGMT or polyclonal Abs to PCNA either alone or together and
stained with anti-mouse IgG-Alexa 594 or anti-rabbit IgG-Alexa 488 respectively. Merged yellow fluorescence shows the colocalization. (F)
Far-western analysis showing in vitro interaction of purified MGMT and PCNA proteins. rMGMT and rPCNA were electrophoresed,
blotted, renatured and the blot was incubated with rIMGMT protein followed by western blotting for MGMT.

0.7 and 1.4 pg levels and the protein immobilized on the blots  using MGMT antibodies. The far western blot (Figure 1F) shows that
were denatured and renatured to its native state. The blots were then MGMT antibodies recognized the dose-dependent complex formation
incubated with the IMGMT protein as the bait and western blotted — of PCNA with MGMT (at 36 kDa) on the nitrocellulose membrane.
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Figure 2. The spatiotemporal interplay between the MGMT, PCNA and p21cip1 proteins in three isogenic cell line pairs. (A) The first model
was a H1299 cell line with Tet-off inducible gene expression system for p21. The H1299-p21 cells were maintained in the presence or
absence of tet (1ug/ml) for 3 days, and the cell lysates were immunoprecipitated with antibodies to p21 or PCNA. Equal portions of
immune-complexes were western blotted and probed with antibodies to p21 or MGMT. A strong reduction in PCNA-associated MGMT is
evident after p21 expression. (B) In a second experiment, lysates from the tet-off p21 expression system (described above) were
immunoprecipitated with antibodies to the triad of proteins and immunoblotted to show the protein associations. These cells had a
slightly leaky p21 expression in the presence of tet but showed similar results. (C) The second isogenic cell line was the parent H1299 and
the same cell line with stable expression of p21 developed after lentiviral transduction. Immunoprecipitation followed by immunoblotting
for the partner proteins were performed as indicated. (D) The third pair, HCT116 cells proficient and deficient for p21 were similarly
subjected to IP and immunoblotting to show the interplay between these proteins. Note the presence of CDK2 too in the complexes.
Similar results were obtained in three independent experiments. In all cases, 10% of the cell lysates used for immunoprecipitations were
western blotted for 3-actin protein to verify the use of equivalent protein levels for IP.

Note that MGMT electrophoresed on the left lane migrated at 22 kDa, ~ Dynamic Interplay Between MGMT, PCNA, and p2I1 !
as expected. Collectively, the results in Figure 1 E-F demonstrate a  Proteins in Human Cancer Cells

clear physical interaction of human MGMT with PCNA both i% vitro
and in vivo.

Distinct spatiotemporal interactions of the DNA repair, replication
and cell cycle proteins with PCNA and p21 have been noted
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frequently in the literature [23,36]. In many of these cases, the CDK
inhibitor p21 plays a significant role in modulating the DNA repair
and short- and long-patch repair synthesis that follow the damage
processing [37]. The physical interaction of MGMT with PCNA
prompted us to investigate a possible interplay of these regulators with
p21, with which PCNA is known to bind avidly. For analyzing these
relationships, we used three different isogenic cell lines with or
without heightened p21 expression. The first model was a conditional
gene expression model in which the p21 was cloned in a tetracycline
(Tet)-regulated vector system (H1299-p21) that repressed p21
expression in the presence of Tet. H1299 Cells are p53-null and
this choice enabled us to stcudy MGMT- PCNA-p21 independent of
the p53 influence on p2l. This stably transfected cell line was
maintained in the presence of Tet (1pg/ml) during early log phase
and then cultured in the absence of Tet for successive 3 days to induce
p21 expression, another group cultured in Tet-containing media (null
or low p21) served as the control. The second isogenic pair was
engineered to overexpress the p21 protein stably through lentiviral
infection of a p21 cDNA construct (H1299-LV/p21). The
third model was the normal p21-proficient HCT116 cells
(HCT116.p21++) and its —deficient counterpart (HCT116.p21 )’
Reciprocal co-immunoprecipitation assays were performed to
determine the dynamic interactions between the MGMT, PCNA,
and p21 proteins in the three isogenic experimental models described
above. Specifically, the cell lysates from the isogenic cell line pairs
were immunoprecipitated using antibodies to MGMT or p21 or
PCNA, the immune-complexes were western blotted and
probed with antibodies to the self and the partner proteins
(Figure 2). Figure 24 shows a huge induction of p21 protein after
tet withdrawal in the conditional expression model; as expected, the
p21 induction was followed by sequestration of PCNA and a great
decrease in PCNA-associated MGMT. These results demonstrate
that p21can bind PCNA away from MGMT and can regulate the
amount of the DNA repair protein bound with the sliding clamp at a
given time. Figure 2B represents a second experiment in the same
conditional gene expression system (performed months later) and
shows an extended but essentially a similar result. A slightly higher
p21 expression seen in Figure 2B in the presence of tet (compared to
2A) indicates a slightly leaky gene expression, which is common after
passing and freezing these cells. The recombinant p21 and MGMT
proteins failed to form a complex (data not shown), suggesting a
direct interaction between these two proteins is unlikely. Therefore,
MGMT appears to interact with p21 through PCNA and the
presence of ternary complexes containing the MGMT-PCNA-p21
proteins explains the pattern of proteins pulled down in the immune
complexes in Figure 2. The overall MGMT content associated with
p21 was significantly higher in p21-overexpressing isogenic cells
(Figure 2B and C). The most important results from Figure 24-C is
that elevated p21 levels displace PCNA from MGMT, and perhaps
from other partners through a higher affinity to PCNA. Analysis of
these protein partners in the p21-deficient and —proficient HCT116
cells (Figure 2D) revealed similar results. Interestingly, p21-proficient
HCT116 cells had higher MGMT protein levels. p21-deficient cells
reproducibly showed lower MGMT protein levels. Again,
PCNA-associated MGMT was much less in p21°  cells. p21
overexpressing cell lines showed a slightly increased expression of
MGMT in all three isogenic models. Most importantly, a dramatic
change was observed in MGMT-PCNA interaction upon p21

overexpression. In the first model, p21 overexpression caused around

70% reduction (quantified by densitometry) in PCNA-associated
MGMT (Figure 2A). Second (80%) and third model (68%) also
showed a similar pattern. Another significant finding was the presence
of cell cycle kinases in MGMT immunoprecipitates, suggesting an
association and a possible modulation of cell cycle progression by
MGMT; this was shown to occur in all three isogenic cell line models
used. Collectively, these data point to a dynamic interaction, with
p21 strongly interfering with PCNA- MGMT association and
dissociating this partnership.

Regulatory Role of p21 in MGMT expression, DNA
Repair Activity and Decreased Drug-Induced DNA Interstrand
Crosslinking

Because our co-immunoprecipitation (Figure 24-D) and immu-
nofluorescence experiments showed an upregulation of MGMT in
p21 overexpressing cells, we validated this finding at both the
transcriptional and translational levels and performed RT-PCR and
western blotting. MGMT expression correlated positively with that of
p21 in all three isogenic models; approximately 30%-80% higher
levels of MGMT protein was present when p21 was induced or
expressed endogenously in tumor cells (Figure 34). RT-PCR
performed with HCT116 cells with or without p21 expression
(HCT116.p21" and HCT116.p21"") showed higher levels of
MGMT mRNA in HCT116.p21"" cells, suggesting an unexpected
involvement of p21 in the transcriptional regulation of MGMT
(Figure 3B).

To verify whether MGMT upregulation also correlates with its
DNA repair activity, the catalytic transfer of O6-methylguanine in
DNA to the MGMT protein was measured in the tumor cell extracts.
Cell lines with enforced p21 expression consistently showed higher
enzymatic activity (fold increase) of MGMT. A consistent and
marked increase (2.4 to 3.3 -fold) in MGMT activity was observed
when cells expressed p21 compared with their non-expressing
counterparts (Figure 3C). A higher MGMT content in tumor cells
is expected to diminish the levels of alkylation DNA damage and
hence the interstrand cross-linking of DNA induced by bifunctional
alkylating agents. This postulate was tested by treating HCT116 (p21
-proficient and -deficient) cells and H1299 cells with conditional p21
expression with BCNU, an anticancer alkylating agent well known to
induce G-C interstrand crosslinks in DNA [38]. An ethidium
bromide fluorescence assay, well established in our laboratory [30],
was used to determine the levels of cellular DNA cross-linking after
BCNU exposure, up to 48 h. p2l-proficient cells in this setting
showed a range of about 1.7 to 4-fold reduction in the net DNA
interstrand cross-links relative to their isogenic p21-deficient
counterparts (Figure 3D) thereby confirming a positive regulation
of MGMT DNA repair by p21 in human cancers.

p21 Expression Confers Decreased Cytotoxicity and to
Resistance to Alkylating Agents

To determine if p21-induced enhancement of DNA repair by
MGMT translates into increased survival of cancer cells after
alkylation damage, we performed the MTT cell survival assays. For
this, the isogenic cell lines described in previous sections were treated
with three different alkylating agents (BCNU, Melphalan, and TMZ)
and cisplatin. Cisplatin was tested in this setting because higher
MGMT expression has been previously shown to result in resistance
to the platinating agent [39]. Results from these assays revealed
remarkable differences in sensitivity towards cytotoxic drugs
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Figure 3. Regulatory role of p21 in MGMT expression, DNA repair activity, and drug resistance. (A) Levels of MGMT and p21 proteins in
isogenic cells with p21-deficient or enforced p21 expression were analyzed by western blotting. (B) RT-PCR analysis of MGMT mRNA in
HCT116.p21~ and HCT116.p21"" cell lines. (C) Quantitation of MGMT activity in three pairs of isogenic cell lines with or without
increased p21 expression. Data are the means of three independent experiments; bars, SD. * p, significant at P <0.05. (D) Kinetics and
extent of interstrand DNA cross-link induction by BCNU in isogenic cell lines with or without increased p21 expression. Cells were
exposed to BCNU (100 uM) for 1h and then incubated in drug-free media for hours specified. DNA was isolated and the extent of
interstrand crosslinking was determined by the ethidium bromide fluorescence assay as described in Methods. (E) p21-proficient cancer
cells display significant resistance to MGMT-targeted anticancer alkylating agents. p21-deficient and —proficient HCT116 cells and H1299
cells with and without stable expression of p21 were exposed to BCNU, cisplatin, Melphalan and TMZ for 72 h followed by MTT assays. (F)
ICs0 values for cell viability from the above data are shown as bar graphs.
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Figure 3. (continued).

(Figure 3E). Higher levels of p21 in tumor cells conferred significant
resistance to BCNU and TMZ. Comparison of ICs( values showed
around 2-4 fold increase in drug’s concentration required 50% cell
killing (bar graphs are shown in Figure 3F). Most significant
differences were observed in TMZ-induced cytotoxicity (3.8 fold
increased 1Csy in cells with enforced p21 expression). Interestingly,
p21 overexpressing cells also showed to some extent (1.6-1.8 fold) less
sensitivity towards Melphalan that predominantly generates N7—
guanine alkylations [40], which are not removed by MGMT.
Similarly, the p21 expression bestowed significant resistance to
cisplatin. These data suggest that p21 reduces the cytotoxicity to
MGMT-targeted alkylating agents. However, the CDK inhibitor,
through its involvement in the regulatory network of numerous other
DNA repair systems can also impact the cell killing by different classes
of anticancer drugs [37].

Co-Localization of MGMT with PCNA in p21-proficient and
—Deficient Cells Following Alkylation Damage

To explore whether PCNA and/ or p21 have roles in subcellular
distribution or localizing the MGMT to the sites of alkylation DNA
damage, the HCT116.p217 and HCT116.p21++ cells were treated
with the alkylating agents (BCNU, TMZ, and Melphalan) followed
by immunostaining for MGMT and PCNA proteins and multipho-
ton confocal microscopy. On treatment with BCNU (30uM) or
TMZ (250uM) at near IC50 doses for 24 hours, a significant change
in the subcellular localization of MGMT was evident. In the control
groups (both HCT116.p21 ~ and HCT1 16.p21 o cells), MGMT
was found to be distributed both in nucleus and cytoplasm (Figure 44
and B, top panel). In contrast, BCNU or TMZ-treated groups
sl}lc‘)iwed morg MGMT staining in the nuclear area (Figure 44 and B,
2 and 4 panels). This change in MGMT distribution was
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Figure 4. Alkylation DNA damage-induced distribution of MGMT protein and its co-localization with PCNA in p21-proficient and —deficient
HCT116 cells. (A) p21-deficient cells, (B) p21-proficient cells. Cells were treated with DNA-damaging agents (30 uM BCNU or 2 uM Melphalan or
250 uM TMZ for 24 h followed by fixation and permeabilization. Immunostaining was performed for both MGMT (green) and PCNA (red) using
the murine and polyclonal antibodies respectively and the Alexa—conjugated secondary antibodies followed by confocal microscopy as
described in the legend for Figure 1£. DNA was stained with DAPI to distinguish nuclear and cytoplasmic locations and co-localizations were
depicted as merged signals (yellow fluorescence). Single-cell images are shown for better visualization of MGMT, PCNA localizations, and their
physical interactions. (C) Pearson’s correlation coefficients (r) for the co-localization of MGMT and PCNA proteins in the above experiments were
done by using Imaged software. The correlation is based on the average of 5-10 independent cells, with standard deviations shown. The
correlation coefficient value (r) ranged from -1 (a perfect negative correlation) to 1 (a perfect positive correlation). MGMT molecules co-localized
with PCNA are likely to be targeted for degradation by CRL®%? as described in this report.
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Figure 4. (continued).

observed both in HCT116.p217 and HCTIIG.leH cells,

indicating the null effect of p21 on DNA damage-induced
translocation of MGMT. However, MGMT localization was not

altered in Melphalan-treated cells irrespective of p21 expression
(Figure 44 and B, 3™ panel), which was expected as the N7- alkyl
lesions inserted by this DNA damaging agent are not subjected to
MGMT-mediated repair. Another significant feature noted was the
spotted or punctate appearance of MGMT in damaged cells, implying
a selective distribution within the nuclei. A remarkable change in
MGMT-PCNA co-localization was also observed upon treatment
with BCNU and TMZ, but only in p2l-deficient cells
(HCT116.p217). In HCT116.p21"" cells, decreased levels of
MGMT protein co-localized with PCNA relative to a greater
merging in p21-deficient cells. The extent of colocalization in these
experiments was quantitated and compared (Pearson’s correlation
coefficient) using the Image] analysis (Figure 4C). At least five
different images were used to obtain an average correlation coefficient
values. Careful analysis of these co-localization data revealed that
though p21 showed no effect on nuclear translocation of MGMT
upon induction of DNA damage, however, it certainly interfered with
the MGMT-PCNA interaction, because the immunocytochemical
association of MGMT-PCNA was markedly less in p21- proficient
HCT116 cells. Taken together, the results suggest that following
DNA damage, PCNA binding with MGMT may have unspecified
functions and that p21 association is likely to downregulate such an
interplay. As discussed in sections to follow, increased PCNA
association in the absence of p21 may target the MGMT protein for
elimination by CRL4 42 and  this may explain the decreased
MGMT content in p21-deficient cells as well.

Specific Elimination of MGMT Protein During S-Phase of the
Cell Cycle in Human Glioblastoma Cells

Timely removal of DNA damage is highly integrated with accurate
DNA replication and cell cycle progression. Therefore, the repair
proteins often show cell cycle-specific expression patterns reflecting
their role in repairing different types of DNA damage [41,42].
MGMT transcription appears to be uniform during cell cycle
progression [41]. However, in view of association with p21 described
here, we hypothesized that MGMT may exhibit periodic oscillations
during the cell cycle. To quantitate MGMT levels during cell cycle

progression, we synchronized glioblastoma cell lines (SF188,
GBM10, and T98G) and the UW228 medulloblastoma cells, by
using three different methods, namely, double thymidine block,
thymidine/mimosine block, and thymidine/nocodazole block. Dou-
ble thymidine and thymidine/mimosine blocks arrested the cells at an
early S or G1/S, whereas thymidine/nocodazole block induced a G2/
M phase arrest. The synchronized cells were then suspended in fresh
media and allowed pass through the rest of cell cycle in unison. The
cells were collected at different times (4-16 h) during their recycling
to reflect the early, late S-phase and G2/M phase populations. The
cell lines used in these experiments showed slight differences in
progression rates and accumulation in various cell cycle phases as
revealed by flow cytometry; therefore, optimization was required for
collection times. In case of SF188 with double thymidine arrest
(Figure 5A4), cells released for 0, 2, 4 and 8 h represented the G1/8,
early S, late S and G2/M phases respectively. After confirming the
time points, we prepared cell lysates to analyze MGMT expression
level at different cell cycle phases by western blotting (Figure 5B). The
relative levels of MGMT were quantified by densitometry and
compared with the respective percent of the S-phase population
(Figure 5C). Known markers of cell cycle phases (cyclin E and cyclin
B1) were used to validate the synchronization protocols where cyclin
E appeared with the initiation of S-phase and remained high until
transition into G2/M phase. G2/M phase population mostly
expressed cyclin B1. A similar and more pronounced downregulation
of MGMT during the S-phase also occurred in UW228 cells after
synchronization by the thymidine-mimosine procedure (Figure 5D
and E). Also evident is the quick reappearance of MGMT at the G2/
M phase (Figure 5B, E, G). A dramatic loss of MGMT protein
corresponding to a huge S-phase cell population was also observed
after arresting theT98 glioblastoma cells (T98G) at G2/M arrest using
thymidine—nocodazole combination (Figure 5F and G). Confirma-
tion of the S-phase dependent elimination of MGMT protein was
also made in GBM10, another human glioblastoma cell line. Cell
synchronization and release profiles of the histograms following the
thymidine-mimosine block are shown in Figure 5H. A downregu-
lation of MGMT protein in the S-phase (labeled CS3 and CS4) is
again evident in Figure 5/. The bar diagram in Figure 5/ shows a
3-fold depletion of the DNA repair in S-phase cells occurred in
comparison with the asynchronous GBM-10 control cells.
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Figure 5. S-phase-specific degradation of MGMT protein in three human glioblastoma cell lines. In these experiments, GBM cells were first
synchronized in G1/S by double thymidine block or thymidine-mimosine block or G2/M phase by thymidine-nocodazole block as described in
Methods. The arrested population was released into cell cycle in a uniform manner. “AS” represents an asynchronous population whereas CS0 is the
arrested cells. CS2, CS4, and CS8 represent cells at Oh, 2h, 4h, and 8h after release into the cycle respectively. CS2-early S phase, CS4-late S phase, and
CS8-G2/M phase. In the thymidine-nocodazole block, the release times were extended to CS12 and CS16 hours. FACS analysis was performed at
times indicated to analyze the cell cycle phases. Cells from the AS, CS0 and at different release times were analyzed for expression of MGMT and cell
cycle phase markers by western blotting. (A) SF188 GBM cells were synchronized by double thymidine-block and subjected to FACS. (B) Protein levels
of MGMT, cyclin E (S-phase marker) and cyclin B (G2/M marker) in synchronized and released SF188 cells. (C) Comparison of normalized levels of
MGMT protein and respective percentages of S-phase cell population at the indicated time points after double thymidine block in three independent
experiments. (D) Cell cycle histograms of SF188 cells synchronized by thymidine-mimosine block and release. (E) Western blot analysis of MGMT in
SF-188 cells synchronized by thymidine-mimosine. (F) Stacked histograms showing the synchronized progression of SF188 cells after release from the
thymidine-nocodazole block at different time points indicated in the Figure. At Oh release (CS0), most cells were in G2/M phase and from there cells
progressed into subsequent phases; CS4-G1 phase, CS8-G1/S boundary, CS12-S phase, and CS16-again G2/M phase. (G) MGMT protein levels in
cells synchronized by thymidine-nocodazole block and released. (H) FACS analysis of GBM10 cells synchronized by thymidine-mimosine block and
release. (I) MGMT protein levels in synchronized and released GBM10 cells. (J) Relative MGMT protein levels and S-phase cell population in
thymidine-mimosine blocked and released GBM10 cells. (K) Cell cycle histograms of T98G cells synchronized at different cell cycle phases by double
thymidine block. (L) MGMT protein levels in T98G cells arrested by double thymidine block and released.
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Figure 5. (continued).

Collectively, the experiments performed in four brain tumor cell lines
(3 glioblastomas and 1medulloblastoma) using three different
synchronization procedures, all unequivocally and reproducibly
demonstrated a downregulation of MGMT as an S-phase-specific
event, suggesting a crucial function performed by this repair protein
during the cell cycle.

To elucidate the mechanisms of MGMT turnover during the
S-phase, the G1/S synchronized cells were exposed to the proteasomal
inhibitor MG132; we observed a significant stabilization of MGMT
in cells released into S-phase (Figure 6A4). The data suggested a role for
ubiquitination-dependent proteolysis in S-phase-specific elimination
of MGMT. To obtain further insight into how the MGMT
downregulation occurs, we explored the putative ubiquitin ligase
enzyme responsible for MGMT ubiquitination. It has been reported
that the sliding clamp processivity factor, PCNA cooperates with the
E3 ubiquitin ligase enzyme CRL4 Cd2 i the replication-coupled
destruction of critical cell cycle proteins during the S-phase [43]. In

human cells, several S-phase regulatory proteins such as Cdtl,
PR-SET7/SETS, p21, and DNA polymerase d subunit p12 have been
identified as CRL4Y? substrates [26,44,45]. The CRL4?
specifically adds ubiquitin moieties to the substrate proteins which
are chromatin-bound (not free in the cytosol) and complexed with
PCNA [43]. The PIP-box dependent association of PCNA with
their substrates in their DNA-bound state is a prime requirement
for ubiquitination by CRL4 4"
S-phase exit and maintenance of genomic integrity [35]. Presence of
a typical PIP box domain in the MGMT protein and the strong
evidence MGMT-PCNA interaction uncovered in this study

strongly suggested the possible involvement of PCNA and CRL4-
Cde2

ubiquitin-ligase that regulates the

ubiquitin ligase in the proteasomal digestion of MGMT. To
address this possibility, we performed cell synchronization assays to
characterize the cell cycle specific expression pattern of MGMT,
Cdt2, and PCNA proteins. SF188 cells were synchronized at G1/S
phase boundary through thymidine-mimosine block followed by the
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release of cells and collection of cell lysate at subsequent phases. Both
the chromatin-bound fractions and whole cell lysates were
immunoblotted to determine the abundance of these proteins and
chromatin occupancy. As shown in Figure 6B, chromatin localiza-
tion of MGMT was lowest in mid to late S phase whereas PCNA and
Cdt2 showed highest chromatin binding during the entire S- phase.
In contrast, no significant differences were observed in the levels of
PCNA and Cde2 in the whole cell lysates, demonstrating their
equivalent levels in the cytosol; however, the MGMT protein, as shown
in previous experiments (Figure 5 B, E, G, I), was downregulated
during mid to late S- phase (Figure 6B lower panel). These results
clearly indicate the involvement of CRL4Cdt2 in the
replication-coupled destruction of MGMT protein.

As a further proof, we probed the physical interaction between
MGMT and Cdr2 proteins during different cell cycle phases. For this,
the G1/S synchronized SF188 cells (labeled CSO in Figure 6C) and
cells released into subsequent cycling were lysed and subjected to
immunoprecipitation with MGMT antibody followed by western
blotting for Cdt2. As shown in Figure 6C, increased levels of Cdt2
were found to be associated with MGMT specifically at 2 and 4 h
release time points corresponding to the mid and late S-phases. This
evidence demonstrates that MGMT is indeed a substrate for the
CRL4“*? ubiquitin ligase, and the enzyme binds with MGMT only
during the S phase. To visualize the S-phase specific polyubiquitina-
tion of MGMT, we performed both in vivo and in vitro
ubiquitination assays using cell lysates collected from different cell
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cycle phases. For the in vitro assay, the histidine-tagged recombi-
nant MGMT protein was used as the substrate and the cell lysates
from different cell cycle phases served as the enzyme source. The
reaction samples were split into two and western blotted separately,
and probed with antibodies to MGMT or hexa-histidine tag. The
resulting immunoblots shown in Figure 6D reveal that the MGMT
underwent a high level of ubiquitination (as represented higher
MW protein bands and smear) in CS2 and CS4 extracts which
originated from cells enriched in the S-phase. Recognition of the
same protein bands by the anti-hexa histidine antibodies confirms
the higher MW forms of MGMT protein were ubiquitinylated
(Figure 6D lower panel).

Another in vitro experiment was done for the same purpose using
the biotinylated ubiquitin as one of the substrates with the
endogenous MGMT present in the cell extracts (from synchronized
and released cells) as the reactant. The reaction samples were again
electrophoresed and the resulting protein blots were probed with
streptavidin-linked HRP to detect the biotin-ub linkages or the
ubiquitin antibody. Here again, the extracts from cells enriched in
S-phase had the highest capacity to MGMT ubiquitination compared
to cells in G1/S or G2/M phases (Figure 6E). The data support our
conclusion that S-phase ubiquitination and subsequent proteasomal
digestion targets the MGMT protein.

To further verify the involvement of Cdt2 in MGMT poly-
ubiquitination, we immunodepleted the Cdt2 protein from the S
phase lysates (CS4) and performed the in vitro ubiquitination assays.
As shown in Figure 6F, immunodepletion of Cdt2 from cell lysates
led to a diminished polyubiquitination of MGMT (lane 4) relative to
the intense ubiquitin-conjugation observed with the Cdt2-proficient
(control, undepleted) S-phase lysates (lane 2). These results validate
and confirm that CRL4“*? is the ubiquitin ligase responsible for
MGMT-modification mid to late S-phase.

Discussion

As is common with other DNA metabolic proteins to bind with
PCNA, this study discovered a physical and functional interaction
between MGMT and PCNA for the first time. We also found the
association of the CDK inhibitor p21 <Pl in this triad, because p2lis
an inseparable companion of PCNA [21,46]. First, we identified the
presence of a canonical PIP box in the MGMT protein sequence

(amino acids 61-70), which was conserved in the DNA repair protein
across the higher order species. We confirmed a direct association
between MGMT and PCNA by using multiple lines of approaches
including pulldown assays, reciprocal co-immunoprecipitations,
far-western blot analysis, and confocal immunofluorescence imaging.
Three isogenic cell line pairs, with one member in each group,
differing in p21 expression levels were used to elucidate the
MGMT-PCNA interaction.

The cell cycle inhibitor p21 functions as an essential hub for
integrating accurate DNA replication with precise cell cycle
progression. With its ability to inhibit all CDKs, the p21 engineers
a G1 or G2-phase block to prevent the replication of damaged
genomes and enable DNA repair, if possible [29,47]. In this process,
p21 competitively binds with PCNA and blocks the interaction of
replication system with PCNA and thus stalling of replication forks
[47]. Results for our reciprocal co-immunoprecipitation assays
conducted in three isogenic cell line pairs conclusively showed that
p21 interferes with binding of MGMT with PCNA, wherein
increased p21 expression significantly attenuated the level (70 to
90%) of PCNA-associated MGMT. As expected, enforced expression
of p21 also resulted in the increased PCNA-p21 association. While a
direct binding of p21 with the MGMT was not detected, all
indications were that p21 interacts with MGMT via the PCNA in
ternary complexes. Binding of p21 to PCNA occurs at the
interdomain connector loop, which is also the region involved in
the binding of several PCNA-interacting proteins [23]. It is
possible that the PIP box sequence of MGMT, being longer by 2
residues, may bind PCNA with a decreased affinity (Figure 14 and
B), and, therefore, p21 may efficiently displace PCNA from
MGMT. Such a functional dislodgement of PARP-1, DNA
cytosine methyltransferase and other partners from PCNA by p21
is well known [22,48].

Our studies did not address the structural aspects of PCNA
binding with MGMT, however, looked at some functional aspects
dependent and independent of p21P'. Unlike other DNA repair
(BER, NER, MMR) pathways, removal of O6-alkylguanines by
MGMT does not involve a repair synthesis. In our experiments, the
addition of recombinant PCNA protein (0.1-1 pg) to the MGMT
assays did not affect the extent of DNA repair (not shown). Following
alkylation DNA damage, there was an increased co-localization of

Figure 6. Evidence for the involvement of CRLCdt2, a PCNA-dependent ub-ligase, and proteasome in S-phase downregulation of MGMT protein.
(A) Proteasome inhibition curtails MGMT degradation in S-phase cells. SF188 cells were synchronized by thymidine-mimosine block and
released into the cell cycle as described in the legend to Figure 6. AS, asynchronous, CS0, 0 h release and CS2 (2 h release, early S) CS4 (4 h, late
S), CS8 (8h, G2/M) phases. The cells were treated with proteasome inhibitor MG 132 during release from the G1/S block. (B) Inverse correlation of
MGMT with PCNA and CRLCdt2 proteins in the chromatin-bound fractions. PCNA is increasingly loaded on to chromatin during the S-phase and
PCNA-bound proteins in chromatin are essential substrates for CRLCdt2. Chromatin-bound proteins from the G1/S synchronized and released
SF188 cells were isolated as described in Methods and western blotted along with the whole cell extracts for comparison. A decrease in MGMT
correlated with increased PCNA and Cdt2 occupancy in the S-phase chromatin. (C) Evidence for the Interaction of MGMT with CDT2 during the
S-phase. SF188 cells were synchronized by thymidine-mimosine block and released into cycling in the time frame described above. Cell lysates
from the times specified were immunoprecipitated with ant-MGMT antibody followed by SDS-PAGE and immunoblotting with the anti-CDT2
antibody. Ten percent of the protein input used for IP were subjected to western blotting for actin to verify the use of equivalent protein levels for
IP. (D) Selective ubiquitination of MGMT during the S-phase. In vitro ubiquitination assays using the histidine-tagged recombinant MGMT and
unlabeled ubiquitin were performed as described in Methods. Extracts from the G1/S -arrested and -released SF188 cells served as the sources
of ubiguitin-conjugating enzymes. The reaction samples were electrophoresed and western blotted using antibodies to MGMT or hexahistidine
sequence. (E) In vitro ubiquitination assays similar to the ones described in Figure 6D was performed by using biotinylated ubiquitin instead of the
unlabeled ubiquitin. The resulting blots were probed with anti-ubiquitin antibodies or Streptavidin-linked HRP to obtain intense polyubiquitinated
bands. (F) Association of MGMT with CDT2 plays an essential role in S-phase ubiquitination of MGMT protein. Extracts from SF188 cells arrested
at G1/S and 4 h release (CS4) were prepared and CDT2 was immunodepleted as indicated. Extracts with or without CDT2 immunodepletion were
used as the enzyme source and rMGMT as the substrate for in vitro ubiquitination assays. The resulting blots were western blotted with
antibodies to ubiquitin, histidine-tag or CDT2. The reactions in lane 4 had the CDT2 immunodepleted extract. N=no, Y=yes.
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MGMT and PCNA proteins, particularly in p21-deficient HCT116
cells (Figure 4A4). For proteins involved in mismatch repair, NER, and
homologous recombination, all requiring a repair synthesis, such an
association has been interpreted to mean that PCNA recruits the
repair proteins to the damage sites and facilitate a repair process [49].
While an effective halting of DNA replication is known to occur by
PCNA sequestration by p21, many studies have confirmed that p21
does not interfere with post-repair DNA synthesis steps where PCNA
is involved in the short patch repair of gaps [37,49]. Although the
mechanistic consequences of PCNA binding on substrate loading and
catalytic rate for MGMT remains to be solved, many of our key
observations clearly point to a negative regulatory role for PCNA in
controlling MGMT function(s). First, higher levels of p21 that
reduce MGMT-PCNA association correlated directly with signifi-
cantly greater levels of mRNA, protein, and activity for MGMT in all
three isogenic cell lines tested (Figures 2 and 3). Second, there was an
increased co-localization of PCNA and MGMT in p21-deficient cells
that had lower levels of MGMT protein and activity (Figure 44).
Third, as discussed in the sections to follow, PCNA-bound MGMT
in chromatin was subjected to degradation via CRL4 Cdtz, an
ubiquitin-ligase active during the S-phase.

The mechanism of transcriptional upregulation of MGMT by p21
(Figure 3B) is currently unclear, however, may involve the
interactions with E2F transcription factors, Rb-protein and p300
acetyltransferase [50]. In line with a higher MGMT content, the
p21l-expressing cells were markedly resistant to the
O6-alkylguanine-generating alkylating agents and exhibited lower
levels of interstrand DNA crosslinks when challenged with BCNU
(Figure 3D, E, F). Consistent with this observation was the marked
sensitivity of p21-deficient tumor cells to the anticancer alkylating
agents (Figure 3E, F). Such an increased sensitivity of p21-deficient
HCT116 cells to many other anticancer drugs has been reported
previously [51]. These findings imply that p21-orchestrated cell cycle
arrest is likely to promote the repair of alkylation DNA damage,
consistent with the functions ascribed to G1 or G2 phase blockades.

The second part of this study, a logical extension, looking into the
cell cycle distribution of MGMT, which is largely considered to have
a repair function through all phases, revealed interesting features in
the cell cycle. Our studies provided the first and conclusive evidence
for an S-phase specific downregulation of the MGMT protein. Using
three different cell synchronization procedures, in four human brain
cancer cell lines, we observed a highly reproducible downregulation of
MGMT protein in mid to late S-phase.

A timed destruction of cyclins that mediate the cell cycle phase
transitions drives an orderly and invariant cell cycle progression. Two
families of E3 ubiquitin ligases, the Skp/cullin/F-box-containing, and
anaphase-promoting complex/cyclosome complexes, respectively are
largely responsible for G1 to S and G2 to M phase transitions [25]. In
contrast, the S-phase progression is driven by the CRL4“Y?, a cullin
4-based E3 ubiquitin ligase (CRL4) that associates with a substrate
recognition factor called the Cdt2, a WD40 repeat domain protein
[43,52]. The mechanism of CRL4“? substrate recognition is
unique in that the substrates must first interact with DNA-loaded
PCNA; the PCNA is loaded on DNA during both S phase and DNA
repair [52]. PCNA exists in the cell both as a free/detergent-soluble
protein, and a chromatin-bound /detergent-insoluble form which
encircling the DNA is directly involved in DNA synthesis and other
transactions. The target substrates of the CRL4“‘? E3 ubiquitin
ligase complex are known to have a PIP degron comprising a

consensus PCNA-interacting protein motif (PIP box) with additional
sequence requirements [43,52]. The substrates of CRL4 2 ipclude
the DNA replication initiation factor Cdtl, the cell cycle inhibitor
p21, the histone H4 Lys-20 methyltransferase Set8, Cdt2 itself and
p12, a subunit of DNA polymerase 6 [24,26,43,44]. The destruction
of the above regulators in S phase is crucial to ensure precise and
efficient genome duplication [25]. Thus, CDT1 is required in G1 for
rendering DNA replication origins competent for initiation in S phase
otherwise called replication licensing [53]. SET8 is the only enzyme
responsible for histone H4 lysine 20 monomethylation (H4K20mel)
and, like CDT1, is also required for origin licensing [44].
Degradation of p21 in early S phase stimulates CDK2 activity,
which, in turn, triggers key S phase events, including DNA
replication initiation and inhibition of origin licensing [24,26].
Failure to degrade these regulators during S-phase results in multiple
rounds of origin firing, leading to DNA re-replication and genome
instability [25].

Our studies unequivocally demonstrated the S-phase elimination
of MGMT protein. Compared to G1, the mid to late S-phase cells in
four glioma cell lines had 10 to 25% of MGMT content (Figure 6).
Like CDT1 and p21, the downregulation of MGMT was also
mediated by proteasomal degradation preceded by polyubiquitina-
tion. We also identified CRL4“%? as the probable ubiquitin ligase
that preferentially promotes ubiquitylation of chromatin- and
PCNA-bound MGMT (Figure 6B-F). The Involvement of CRL4-
€42 in MGMT ubiquitination is consistent with MGMT protein
harboring a PIP-box, co-immunoprecipitation of CRL4 Cdtz, immu-
nodepletion of CRL4“%? leading to loss of MGMT ubiquitination
(Figure 0).

Most CRL4 ““? substrates are toxic for S phase progression [43,52].
In analogy with the other regulatory proteins that are eliminated before
the onset of G2 phase by CRL4 ““? to maintain genomic stability, the
removal of MGMT at the same time supports the notion that the
presence of MGMT may harm the termination of genomic replication.
The results can also be interpreted to mean that MGMT performs an
unknown, perhaps an important function, in the cell cycle undil its
downregulation in the S-phase. Noteworthy in this context is the
targeting of thymine DNA glycosylase by CRL4 ““? during S-phase to
avoid competition with mismatch repair and prevent mutations [27].
Further studies are required to delineate the exact reason(s) for removal
of MGMT protein during the S-phase.

Our findings on MGMT are likely to have significant conse-
quences for cancer progression, therapy, and prevention. However,
further studies are required to unravel the details. For example,
MGMT overexpression in a large number of human cancers may
indicate an oncogenic role facilitating an increased proliferation. In
this context, whether the brain cancers with MGMT promoter
methylation are less invasive and aggressive is an important question
to explore. Any role of MGMT in modulating the CDK activities,
DNA synthesis, and cell cycle maintenance needs to be deciphered as
well. Since MGMT inhibitors are readily available, such an
understanding may help to create replication stress in gliomas and
other cancers. On the therapy front, such a replication distress could
be potentially exploited for improved antitumor efficacy by
combining the MGMT inhibitors with antimetabolites and other
drugs. Therefore, MGMT can be considered as a target not only for
alkylating agents but also other anticancer drugs. Furthermore, we
have shown that MGMT is inducible to some extent by certain
cysteine prodrugs and phytochemicals [54,55]; whether our current
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Figure 7. Schematic of the regulatory role of p21°P! on MGMT expression, MGMT-PCNA interaction and tumor drug resistance. MGMT is
a constitutively expressed repair protein thought to be active throughout the cell cycle. The transcription factors known to be involved in
MGMT expression are shown in panel B. Our findings showed that p21 (which harbors binding domains for both CDKs and PCNA) is a positive
regulator of MGMT expression enhancing its transcription and protein levels, and in turn, the glioma resistance to O®-alkylguanine-generating
anticancer drugs (Panel A). MGMT was also found to associate with PCNA in a process that led to its elimination by the CRL4A%%2, an
S-phase-specific ub-ligase. The ability to bind PCNA away from MGMT by p21 may contribute to an increased stability and content of MGMT

protein in tumor cells, as observed in this study.

findings bear any significance for MGMT-driven cancer prevention
strategies also merits attention.

The scheme presented in Figure 7 summarizes our salient findings.
p21 9P is a critical protein with binding domains for the CDKs and
PCNA. Besides inhibiting the CDKs, p21 also functions to
sequestrate PCNA during cell cycle arrest and thereby restrict the
DNA synthesis. Our results for the first time indicate that p21 has

multiple effects on MGMT, all working to enhance its DNA repair
activity to remove the mutagenic damage; while being a positive
regulator of MGMT expression, it reduces the PCNA-binding with
MGMT through a competition. Such interference may attenuate the
destruction of MGMT by preventing its ubiquitination by
CRL4Cdt2, an enzyme that couples ubiquitination to DNA-bound
PCNA. Through these mechanisms, an elevated p21 expression,


Image of Figure 7
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particularly, in response to DNA damage and during cell cycle
blockade, while facilitating the removal of alkylation damage, appears
to confer resistance to anticancer alkylating agents. Because MGMT
associates with p21 and the CDKs (Figure 2), it may have additional
roles in the cell cycle. Understanding these fundamental regulatory
networks that hugely influence the biochemistry of MGMT is critical
to its role in both oncogenesis and drug resistance. Such knowledge is
likely to provide new MGMT-targeted therapeutic strategies for
treatment of gliomas and other cancers.
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