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ABSTRACT
O6-methylguanine-DNA methyltransferase (MGMT) is a DNA repair enzyme involved in chemoresistance.
We have shown that MGMT abundance is regulated by canonical Wingless (Wnt) signaling and that
inhibition of Wnt signaling restores chemosensitivity in preclinical cancer models. These findings have
direct therapeutic implications for the treatment of cancers with high MGMT expression. KEYWORDS
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Cytotoxic chemotherapy remains the mainstay for the treat-
ment of advanced forms of cancers. Cytotoxic drugs have well
proven antitumorigenic effects but their efficiency is limited by
tissue toxicity, restricted pharmacokinetic effects, and by the
presence or development of cancer drug resistance.1 It is esti-
mated that 90% of patients with metastatic cancers fail to
respond to treatment as a result of cancer cells overcoming the
cytotoxicity triggered by chemotherapy.2 The cell killing activ-
ity of most chemotherapeutic drugs relies on modifications of
DNA that cause lesions during cell replication since rapidly
dividing tumor cells often have inadequate DNA repair mecha-
nisms. The failure to repair the altered DNA is sensed by the
cell apoptotic machinery with subsequent activation of apopto-
sis. This strategy renders cancer cells sensitive to chemother-
apy.2 One large group of DNA damaging antineoplastic agents
are collectively called DNA alkylators. These drugs alkylate
DNA at the guanosine base, resulting in base mispairing, DNA
breakage, and cell cycle arrest, followed by cell death through
induction of apoptosis. O6-methylguanine-DNA methyltrans-
ferase (MGMT) is a small evolutionary conserved DNA repair
enzyme that is expressed in normal tissues and has a funda-
mental role in cell physiology and maintenance of genome
integrity.3 MGMT protects against mutagenesis and malignant
transformation by efficiently removing O6-guanosine alkylation
adducts in a one-step reaction that restores the guanosine resi-
due in a DNA molecule to its normal form without causing
DNA strand breaks. Expression of MGMT in tumors provides
resistance to DNA alkylating agents, unless expression is lost
by gene promotor methylation or through direct inhibition of
protein activity by MGMT inhibitors. The enzymatic action of
MGMT is stoichiometric since one MGMT molecule is needed
to remove one alkyl group from DNA. During transfer of the
alkyl-group from O6-guanosine on DNA to a cysteine residue
in the protein, MGMT is irreversibly inactivated and subjected
to proteosomal degradation.4 This makes MGMT an ideal

candidate for the development of targeted drugs that would
restore chemosensitivity to DNA alkylators. Unfortunately,
although several inhibitors of MGMT have been developed
their systemic clinical use has been limited, mainly by potentia-
tion of the hematologic toxicity of DNA alkylators.5 As an
alternative approach to inhibit MGMT we therefore searched
for cellular regulators that can be used to reduce the expression
of MGMT and resensitize tumors to anticancer chemotherapy.
In our recent study, we used computational analysis on avail-
able patient tumor datasets and demonstrated that high
MGMT expression correlates with elevated activity of the
Wingless/b-catenin (Wnt/b-catenin) signaling pathway. Analy-
sis of tumor tissues and cell lines from glioma, medulloblas-
toma, neuroblastoma, and colon cancer revealed co-
localization of MGMT and active b-catenin, which was also
reflected in cell lines derived from these tumors.6 The canonical
Wnt signaling pathway is fundamental for both embryonic
development and adult stem cell maintenance, and mutations
or aberrant activation of key molecules controlling the activity
of this cascade are prevalent in several cancers of different ori-
gin.7 A crucial mediator of canonical Wnt signaling is b-cate-
nin, which when activated translocates from the cytoplasm into
the nucleus where it guides the binding of members of the T
cell factor/lymphoid enhancer factor (Tcf/Lef) family of tran-
scription factors to DNA.7 The activity of canonical Wnt/b-cat-
enin signaling is regulated by the destruction complex
consisting of Axin, adenomatous polyposis coli gene product
(APC), the glycogen synthase kinase-3 a/b (GSK-3) and casein
kinase 1 (CK1). In the absence of Wnt ligands, the 2 scaffolding
proteins APC and Axin bind b-catenin. The kinases GSK-3 and
CK1 then sequentially phosphorylate a set of conserved Ser and
Thr residues on b-catenin resulting in proteasomal degradation
of b-catenin7 (Fig. 1).

Using several molecular analysis assays we demonstrated
that b-catenin activates the expression of MGMT through
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direct interaction with Tcf/Lef transcriptional factor binding
sites located in the 5�-upstream regulatory region of the MGMT
gene. Overexpression or short hairpin-RNA (shRNA)-medi-
ated downregulation of b-catenin resulted in elevated or
blocked expression of MGMT, respectively, both in tumor cell
lines and preclinical cancer models (Fig. 1A).6 These combined
data strongly suggest that MGMT gene expression is regulated
by b-catenin.

A number of compounds that inhibit various key molecules
in the canonical Wnt signaling pathway have been described.8

However, none of these inhibitors are currently available for
clinical use, reflecting the importance of Wnt signaling in tissue
homeostasis, stem cell maintenance, and development.8 We
investigated the effects of Wnt inhibitors in combination with
the DNA alkylator temozolomide on cancer cell lines with high
expression of MGMT and demonstrated that these compounds
augmented the cytotoxic effect of DNA alkylators.6

Nonsteroidal anti-inflammatory drugs (NSAIDs) are a
group of compounds that dampen inflammation through
inhibition of cyclooxygenase-1 and -2. NSAIDs, and espe-
cially the selective cyclooxygenase-2 inhibitor celecoxib, are
known inhibitors of Wnt signaling.8 Among the compounds
we tested, celecoxib was equally effective as the more specific
Wnt inhibitors in suppressing MGMT expression. Celecoxib
is approved by the US Food and Drug Administration
(FDA) and European Medical Agency (EMEA) and has
proven antitumorigenic effects in preclinical models, reduc-
ing the incidence and severity of various human cancers.6,9,10

Importantly, celecoxib induced synergistic toxicity in tumor
cells both with DNA alkylators like temozolomide as with
other cytotoxic drugs used as first-line treatment of different
cancers.6 In preclinical in vivo tumor models the effect of
temozolomide was poor as a single treatment in tumors
expressing MGMT. Notably, treatment of mice with cele-
coxib reduced levels of MGMT within the tumor tissue and
this combination treatment induced significant suppression
of tumor growth.6 Taken together, our findings suggest that
Wnt inhibitors might be used to restore chemosensitivity to
DNA-alkylating drugs (Fig. 1B). Importantly, NSAIDs are
already clinically approved for various conditions and can
readily be tested in combination with DNA-alkylating drugs
in cancer patients with high expression of MGMT in their
tumors.
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Figure 1. Wnt inhibition resensitizes cancer cells to DNA alkylators through MGMT inhibition. (A) In cancer cells with active Wingless (Wnt) signaling, b-catenin translo-
cates to the cell nucleus and activates transcription of Wnt genes including O6-methylguanine-DNA methyltransferase (MGMT) through T cell factor/lymphoid enhancer
factor (Tcf/Lef) transcription factors. Abundant MGMT protein removes alkyl groups on DNA that were added by DNA alkylators, leading to chemoresistance. (B) Wnt
inhibitors (1) mediate phosphorylation of b-catenin (2) through the Wnt destruction complex. Phosphorylated b-catenin is ubiquitinated (3) and subjected to proteasomal
degradation (4). Transcription of MGMT is blocked and DNA alkylators (5) induce DNA damage in replicating tumor cells, resulting in cell cycle arrest and cell death. LEF,
lymphoid enhancer factor; MGMT, O6-methylguanine-DNA methyltransferase; TCF, T cell factor; Ub, ubiquitination; Wnt, Wingless.
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