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in elucidating all plausible pathways that drive a normal cell into the oncogenic pathway. Designing new strategies and protocols 
for treatment of the disease have been extensively studied yet unsuccessful due to the fact that the diagnosis happens at a very 
late stage of malignancy that leaves less scope for complete revival and high risk of relapse. Amongst the varied reasons of cancer 
development, mutations; either inherited in the germ line or arising from changes in DNA sequence of somatic tissues during 

the tumor suppressor gene (TSG) products. Over expressed protooncogenes over-ride cell senescence and silenced TSGs derail 
the control over cell division and genetic stability. TSGs controlling cell growth are critical; however, genes involving DNA repair 
systems hold an equally important value in maintaining the cellular integrity and growth. 
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recombination. Failure to accomplish these functions may lead to cancer and are associated with tumor prone phenotypes. MMR 
proteins coordinate a complex network of physical and functional interactions and are also involved in activation of cell-cycle check 

drugs. Inactivation of MMR genes by mutations or epigenetic silencing in hereditary and sporadic cancers is associated with mutator 
phenotype and inhibition of apoptosis. A deeper understanding of the molecular mechanism and functional interactions of MMR 
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occurring as a result of either replication errors or environmental insults. Mutations occur more frequently in precancerous and 
cancerous cells than normal cells that result in genomic instability which is a driving force for tumorigenesis. Tumorigenesis 
acquires many genetic alterations on a chromosome and/or gene or at the nucleotide level.
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Mutations in DNA have been implicated in degenerative processes such as aging, carcinogenesis, or genetic disorders [2]. A small 

accuracy is mediated by certain accessory proteins and post replication controls performed by DNA mismatch repair (MMR) 
mechanism. DNA damage that occur during replication may be simple incorporations of non-complementary bases leading to 

bases or the loss of a base by active oxygen species that risk DNA integrity [1]. Several exogenous DNA-damaging agents may form 
premutagenic lesions by reacting with DNA bases, altering its chemical structure and halting the activity of DNA polymerase.

Base 
excision repair (BER) proteins excise and replace damaged DNA bases, mainly arising from endogenous oxidative and hydrolytic 

chain, excision of the abasic residue and local DNA synthesis and ligation.  A few unusual enzymes reverse rather than excise DNA 
damage. removes methyl groups and other small alkyl groups from the 
O6 position of guanine. 
human cells use an elaborate assembly of gene products to carry out NER like the XPC complex, DDB complex, XPA, and RPA 

strand discrimination brought about by orientation of components of DNA replication complex such as PCNA. 
strand breaks
involves branch migration enzymes and resolvases, while non homologous end-joining recombination involves protein factors like 

biosynthesis by 100-1000-fold, complementing the intrinsic error-free and proofreading properties of replicative DNA polymerases 
and lowering the overall mutation rate to one error per 1010 nucleotides synthesized [5].

DNA repair mechanisms

Structural insights of MMR proteins

Origin and fate of mutations

-

be achieved by post replication recombinational repair or by a polymerase strand switch and is intrinsically error free [3]. TLS 
requires that a polymerase reads through the damaged base at the expense of replicational accuracy and is thus error prone in es-
sence.

MSH2 protein 
forms a heterodimer with either MSH6 or MSH3 (Mut S) depending on the type of lesion to be repaired (MSH6 is required for the 
correction of single-base mispairs, whereas both MSH3 and MSH6 may contribute to the correction of IDLs). A heterodimer of 
MLH1 and PMS2 (Mut L) coordinates the interplay between the mismatch recognition complex and other proteins necessary for 
MMR that include exonuclease 1 (EXO1), a helicase(s), proliferating cell nuclear antigen (PCNA), single-stranded DNA-binding 
protein (RPA) and DNA polymerases δ and ε. MLH1 may heterodimerize with two additional proteins, MLH3 and PMS1. PMS2 
is required for the correction of single-base mismatches and PMS2 and MLH3 both contribute to the correction of IDLs, whereas 
the role of PMS1 in MMR awaits further research. 
MMR also participates in transcription-coupled repair pathway, cell-cycle regulation and p53-dependent apoptotic response to a 
variety of DNA damage [6,7]. Alterations in the accurate mechanisms of MMR have profound consequences, from an increase of 
the mutation rate (mutator phenotype) to a pathogenic role in hereditary and sporadic cancer in humans [8].

ATP-binding site on one side and at the bound mispaired/unpaired DNA on the opposite side, immediately suggesting allosteric 

occupied by the mismatched DNA [9,10]. 
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domains constitute the backbone of each subunit and are involved in transmitting allosteric information of bound DNA co-factor 
to the ATPase domain [9,10].
In both structures, the same FXE motif in domain I, is involved in binding to the G: T mismatch and to the unpaired T. Only one 

MSH2-MSH6 and MSH2-MSH3 which suggests that MSH6 and MSH3 are involved in mismatched/misaligned DNA recognition. 

active site is shared between the two subunits across the dimer interface, to coordinate conformational changes of both monomers 
[9-11].
Mut L homologue has conserved C-terminal region that mediates constitutive dimerization and the N-terminal region undergoes 
ATP/ADP-regulated dimerization during MMR. Mut L is an elbow shaped two-domain monomer that resembles DNA gyrase and 
the chaperone HSP90. Upon binding to the non hydrolyzable ATP analogue, ADPnP, Mut L dimerizes and a large DNA binding 

nucleotide molecule. Upon ADPnP- dimerization, two potential interfaces for interaction with Mut S and Mut H are formed. 
Mut H structure has homology to type II restriction endonucleases. It has a shape of a two domain open clamp delimiting a DNA 

binding and hydrolysis [12].

Signalling complexes in DNA repair
sliding clamp), MSH2-MSH6 

fashion (sliding clamp), signalling to additional components of the MMR [13,14]. Signalling to the replicative polymerase may 
change the polymerase’s conformation and stops the forward processivity and activates the 3’-5’ exonuclease activity to remove the 

MLH1, MSH3 and MSH6 with the PCNA may link MMR to DNA replication by marking the newly synthesized DNA [5].

A second model (ATP-dependent translocation) is based on binding of Mut S to heteroduplex DNA. Mut S extrudes a DNA loop 

recognition of mismatched DNA by Mut Sα does not require ADP binding. ATP binding then stimulates dissociation of Mut Sα 
from the mismatch and ATP hydrolysis provides the energy for translocation of Mut Sα along the helix contour [15].

A third model is based on the sharp kinking of mismatched DNA and conformational changes of Mut S upon DNA binding (induced 

other MMR proteins such as Mut L and Mut H [9,10]. In the presence of Mut L and ATP, Mut S can activate Mut H-mediated 
cleavage in trans, i.e. the mismatch and the hemimethylated GATC site can reside on two separate DNA molecules [11]. In this 
model, the requirement of ATP is explained as a `proofreading’ means to verify mismatch recognition by Mut S, as ATP binding 

events, as only ATP binding by Mut S would allow productive interaction with Mut L [11].

Mut L dimer interacts with Mut S transmitter region: through this region, the conformational changes of concomitant ATP and 
mismatch DNA binding can be signalled to Mut L. In turn, Mut L can signal to Mut H via structural changes that depend on ATP 
hydrolysis [11].

Additional interactions of MMR
Proliferating cell nuclear antigen (PCNA) is an auxiliary factor for DNA polymerase δ and ε and is necessary for DNA replication. 
It is a doughnut-shaped heterodimer that is loaded onto DNA by replicative factor C (RFC) in an ATP-dependent process and acts 
as a sliding clamp that encircles template DNA and provides processivity to the associated DNA polymerase. PCNA is emerging as 
a key player linking early and late events during MMR and possibly mediating strand discrimination. PCNA was found to interact 

process may be regulated by DNA interactions between MMR proteins and PCNA and RPA [17]. Finally, DNA ligase I, seals the 
nick produced by DNA polymerase δ and PCNA [5].
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itself as highly elevated rates of subtle mutations (microsatellite instability; MSI) throughout the genome [18]. Although MMR-

in these cells may promote gene conversion and expose tumor suppressor genes in analogy to loss of heterozygosity, or allow 
chromosomal translocations to occur. Increased mutational inactivation of genes involved in DNA double-strand break repair 

mutations, conferring a growth advantage on the cells [19,20].

Microsatellites refer to long segments of non-transcribed DNA that are composed of a repeating mononucleotide or dinucleotide 

D5S346 and D17S250), the best known of which are BAT 25 and BAT 26 which consists of 25 and 26 adenine nucleotides in a 

regulation (E2F4, TCF-4), and DNA repair (MSH6, MSH3, MLH3, MED-1, RAD50, DNA-PKcs, BLM).

MMR defects cause cancer

Role of MMR in microsatellite instability

Lynch syndrome, an autosomal dominant disease predisposing to cancer of the colon, endometrium, stomach, ovary, urinary and 
biliary tracts [21]. Somatic mutations of MMR genes and epigenetic inactivation of MLH1 are also found in 12-15% of sporadic 
colorectal cancer cases and in a variable fraction of cancers of the endometrium, stomach and other sites. Due to unrepaired 
slippage intermediates originated during replication of simple repetitive sequences, tumors from HNPCC individuals and sporadic 
MMR-defective tumors manifest MSI [22].

are pathogenic because they disrupt critical protein-protein interactions during MMR. Several MLH1 missense mutations found 
in HNPCC kindred’s cluster in the C-terminal region of the protein and impair the interaction with PMS2 [23].

Epigenetic inactivation mainly the DNA promoter methylation of DNA repair genes in cancer has been reported in several DNA 
repair pathways. It has been shown that methylation in the promoter region of MLH1 correlates with decreased activity of the gene. 

cancers, sporadic colorectal carcinoma (CRC), ovarian tumors (OC), NSCLC, oral squamous cell carcinoma (SCC), neck SCC, and 
acute myeloid leukemia (AML) [24-33]. Other MMR genes are also controlled by promoter methylation. MSH2 is methylated in 

MSH6 methylation 
occurs in CRC and MSH3 methylation was found in sporadic CRC [38]. In conclusion, methylation of the gene MLH1 may have 
considerable importance in cancer development and as a prognostic factor and the genes MSH2, MSH3 and MSH6 are interesting 
candidates as well.

epithelial tumors including the stomach, endometrium, and ovary. MSI among endometrial cancers varies from 17% to 32% in 
sporadic cancers while the frequency increases to more than 75% of those tumors associated with HNPCC [42]. For ovarian 

are associated with a better survival and a reduced likelihood of metastasis. Several studies have reported that the MSI+ phenotype 

Role of MMR in genetic polymorphisms

with another. SNPs can be used to measure admixture in populations and may be utilized to map genes that could account for the 
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MSH2
MSH2 MSH2 mutations that have 
been analyzed, about 80% lead to premature termination of the MSH2 gene product. Single-base substitutions directly resulting 
in a stop codon account for one-fourth of the truncating mutations, whereas half are due to small insertions or deletions, causing 

Germline mutations of MMR genes

Polymorphisms in MMR genes may primarily be associated with CRC. A number of MMR SNPS have been evaluated in CRC and 
MLH1 I219V polymorphism, located in exon 8 at 

nucleotide position 655 (A>G), was shown to be associated with an increased risk for childhood acute lymphoblastic leukemia 

MSH2 gene, in exon 6, at nucleotide position 
MSH2 SNP, IVS12-6T>C has 

been associated with acute myeloid leukemia, non-Hodgkin lymphoma, familial and sporadic CRCs, high-grade dysplasia and 
MSH6 G39E, located in exon 1, (116G>A) was shown to 

be associated with increased risk of both colon and rectal cancers [53]. One of the most studied MMR polymorphisms is MLH1 

MLH1 MLH1 functions result in increased risk to MSS, but not 
MSI-H CRCs [54]. 

MLH1
mutations of MLH1 have been described in the patients with HNPCC, representing 55% of the mutations reported so far. A cluster 
of MLH1 mutations has been found in the region spanning exons 15 and 16. Most of the MLH1

MSH6
of MSH6 germline mutations has been evaluated in various population-based series of colorectal cancer, including sporadic cases, 
familial non-HNPCC cases, as well as classical HNPCC cases, early-onset colorectal cancers and tumors with low levels of MSI 

MSH3
role of MSH3 PMS1 locus consists of 13 exons 

PMS1 mutation is a rare event in 
MLH3, a 1429-amino acid protein, mapped to chromosome 14q24.3, a region showing frequent 

LOH in sporadic CRC [58]. Future studies are required to assess the role of MLH3 in the progression of colorectal carcinogenesis.

PMS2 genomic locus encompasses 33 kb on chromosome 7p22, consists of 14 exons, and encodes an 862-amino acid protein. 
A non-expressed pseudogene has been described in the region of PMS2 and polymorphisms in this region may be mistaken for 

PMS2 in familial colorectal cancer is highly questionable, except in the Turcot’s variant of the disease.

Role of MMR in platinum resistance
Platinum compounds such as cisplatin, carboplatin and oxaliplatin are non-classic alkylating agents frequently used in the treatment 
of cancer of the ovary, testis, bladder, head and neck, cervix, lung, bone and nervous system [60]. Unfortunately, resistance has 

Increased DNA repair activity is an important factor in acquired platinum resistance in cancer cells. In the case of platinum 
resistance, the DNA repair system is diverted to the repair of platinum-induced damage intended to kill tumor cells. Platinum 
adducts are repaired by a process of ‘cutting, removing, and replacing’ that involves many proteins in the NER pathway [61,62].

A functional MMR system is required for the detection of damaged DNA created by cisplatin and carboplatin. MMR proteins can 
bind to DNA-adducts created by platinum drugs and repair the DNA conferring damage thus conferring sensitivity to treatment 

lost MMR function or that lack expression of MLH1 or MSH2 become resistant to DNA-damaging platinum compounds due to 
futile repair [64].

MMR and other DNA transactions
In addition to a direct role in MMR, mammalian MMR proteins are involved in several DNA transactions, including transcription- 
coupled repair (TCR), base excision repair (BER) and recombination and meiosis. NER is involved in the removal of UV light-
induced pyrimidine dimers to adduct generated by benzo[a]pyrene and cisplatin [1]. TCR is a NER pathway that preferentially 



Journal of Proteomics and Genomics
 

6

Annex Publishers | www.annexpublishers.com                    
 
                             Volume 1 | Issue 1  

DNA mismatch repair defects are common in several cancers as inferred from the occurrence of MSI. MSI analysis and/or 

detection of a MMR defect may provide an important piece of information to guide the clinical management of the patients. 

induction of apoptosis [75]. Increased knowledge of the MMR system and its connection to other biologic pathways is essential for 
better understanding of the fundamental mechanisms of cancer development and to identify targets for preventive and therapeutic 
interventions.

MMR has entered the centre stage of cancer research and molecular medicine with discoveries of its role in the pathogenesis 
of HNPCC and resistance to alklylating agents and other anti-neoplastic drugs. Inactivation of MMR either due to germline 
mutations or hypermethylation of MLH1 promoter is closely associated with cancer predisposoition. MMR proteins are engaged 
in a complex network of molecular interactions that extends to proteins that participate in recombination, transcription-coupled 
repair and base excision repair. MMR proteins repair ephemeral DNA lesion, mismatch formed by chemically normal bases. 

Clinical implications

Conclusions and future perspective

corrects lesions in the transcription template strand of RNA polymerase II-transcribed genes [65.] Although the mechanistic 
MSH2 and NER proteins have 

been detected in yeast [66]. MSH2 contributes to the recognition of a stalled RNA polymerase on the transcription template strand 
at sites of DNA damage. Also, MSH2-MSH6 heterodimer can bind to some lesions repaired by NER. MMR proteins may function 

both environmental and endogenous oxidative DNA lesions.

BRCA1 and BRCA2 are responsible for the majority of the cases of hereditary predisposition to 
BRCA1 interacts directly with MSH2, 

MSH3 and MSH6 and indirectly with MLH1 and PMS2 in addition to ATM, BLM and RAD50-MRE11-NBS1 to form BASC 
(BRCA1 MSH2-MSH6, provide a DNA damage recognition signal 
required for the BRCA1 and BRCA2 dependent TCR [68].

MLH1 provides a link between MMR and BER. BER repairs endogenous oxidative lesions caused by reactive oxygen species and 
exogenous lesions such as alkylation of purines and formation of adducts [69]. BER acts on mismatches via the action of mismatch 

component of BASC, was shown to directly interact with MLH1 [71]. It has been hypothesized that MSH4-MSH5 and MLH1-
MLH3 complexes promote the formation and stabilization of Holliday junctions and their preferential resolution into cross-overs 
rather than non cross-overs [72].

cells in which a defect in MMR is propelling them to malignancy. Novel radio and chemotherapeutic strategies will have to take 
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