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The mechanisms that concern DNA repair have been studied in the last years due to their consequences in cellular homeostasis.
The diverse and damaging stimuli that affect DNA integrity, such as changes in the genetic sequence and modifications in gene
expression, can disrupt the steady state of the cell and have serious repercussions to pathways that regulate apoptosis, senescence,
and cancer. These altered pathways not only modify cellular and organism longevity, but quality of life (“health-span”). The DNA
mismatch repair system (MMR) is highly conserved between species; its role is paramount in the preservation of DNA integrity,
placing it as a necessary focal point in the study of pathways that prolong lifespan, aging, and disease. Here, we review different
insights concerning the malfunction or absence of the DNA-MMR and its impact on cellular homeostasis. In particular, we will
focus on DNA-MMR mechanisms regulated by known repair proteins MSH2, MSH6, PMS2, and MHL1, among others.

1. Introduction

Throughout their lives, organisms are exposed to many
different environmental and internal stimuli that affect or
modify their functionality. Aging has been considered an
important phenomenon that is promoted or altered by
these factors. The aging theory, proposed by Harman [1],
establishes that unrepaired oxidative damage to biomolecules
caused by free radicals and accumulated during an organ-
ism’s lifetime, might bring on the aging process. Based on
in vitro and in vivo analysis, it has been established that
cellular metabolic pathways, like mitochondrial respiration,
generates oxidants that can induce biomolecules oxidation
[2]. Prolonged exposure to pollutants, metals, toxic com-
pounds, and ionizing radiation, can also induce degenerative
processes associated with premature aging [3, 4]. When
oxidative damage occurs, in particular DNA damage, it
creates a cascade of events that may contribute to aging
and disease [5]. However, cells have different mechanisms
to maintain DNA biochemical integrity and stability. One
of them is the base excision repair (BER) system, a cellular
mechanism that repairs damaged bases in the DNA sequence

originating from deamination, oxidation, and alkylation.
Nucleotide excision repair (NER) is another DNA repair
mechanism which differs from BER. While BER repairs
individual damaged bases, the NER system corrects larger
portions of DNA damage by removing the strand section
that contains a major nucleotide lesion [6–8]. Both BER
and NER systems are constantly active in the cell, repairing
DNA damage as it is detected. However, there are other
mechanisms that are activated during specific cellular stages,
such as DNA mismatch repair system (MMR).

2. DNA Mismatch Repair Proteins

DNA MMR is an evolutionarily conserved process that
corrects base mismatches generated during DNA replica-
tion that have escaped the proofreading process [9]. This
is accomplished through the interaction of protein het-
erodimers with the DNA sequence containing the mismatch.
Other dimers (e.g., MutL or MutH) are then recruited
and interact with the DNA to initiate the repair signaling.
When DNA structural integrity is compromised, specific
genes and proteins are activated. One of such groups is
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the MutS family of proteins, integrated by MSH2, MSH3,
and MSH6. These proteins are highly conserved between
species and were originally found in Escherichia coli [10];
they have received great attention in recent years due to
their relationship with several degenerative and pathologic
diseases in humans. MSH proteins recognize errors in
the genome sequence during replication, preventing the
duplication of the damaged strand and repairing single
strand breaks [11, 12]. MSH2 either binds to MSH6 in the
presence of base mispairing and other mismatches forming
the MutSα heterodimer (MSH2-MSH6), or it binds to MSH3
in the presence of base deletions, generating the MutSβ
heterodimer (MSH2-MSH3) [13, 14] (Figures 1(a) and
1(b)). The MutSα heterodimer then binds to the altered
region and recruits the MutL family proteins, such as MLH1
and PMS2 (as a MutLα heterodimer). MLH1 and PMS2 in
turn engage the enzymes needed for the DNA mismatch
repair (Figure 1(c)). The DNA-MMR complex initiates the
signaling process to replace the DNA altered region through
the action of DNA polymerase δ and DNA ligase I [15, 16]
(Figure 1(d)). The mechanism that recruits MMR proteins is
ATP dependent [17].

Additionally, the activity of the two MutS dimers at the
DNA mismatch site is dependent on interactions with the
proliferating cell nuclear antigen (PCNA) [18, 19], which
is an important cofactor that participates in both DNA
replication and repair mechanisms. PCNA interacts with the
MutSα dimer through its MSH6 domain and the MutSβ
dimer binds with it at a region near the domain of MSH3
[20] (Figure 1(C)). When the basic human MMR system was
reconstituted, the components purified were recombinant
MutSα or MutSβ, MutLα, Exonuclease I (EXOI), PCNA,
replication factor C (RFC, which loads PCNA onto DNA),
the single-strand binding factor replication protein A (RPA),
polymerase δ, and DNA ligase I [21, 22]. In this system,
the 5′-to-3′ mismatch-directed strand excision required only
MutSα, EXOI, and RPA, whereas processing of substrates
carrying a 3′ nick required also MutLα, PCNA, and RFC [23].

3. Experimental Models Related
with DNA MMR Deficiency

MSH2 deficiency has been associated with frame-shift muta-
tions known as microsatellite regions. These are specific DNA
regions of tandem repeated units from one to six nucleotides.
Microsatellites are found in centromeres, telomeres, promot-
ers, and transcribed genes segments, causing DNA instability
by inserting their repeated units and expanding the genomic
sequence. This change in the original DNA sequence due
to microsatellites can induce mutations within the genetic
sequence, when mismatch bases are not corrected and copied
to during DNA replication. Hence, microsatellite instability
(MSI) has been widely used as a biochemical marker in
clinical and laboratory tests for aging-related diseases and
malignancies [24, 25].

MMR pathways have been studied in recent years because
of their medical importance in several degenerative and
pathological diseases in humans [26]. A positive correlation

between MMR proteins deficiency, MSI and the malfunction
of different processes, and regulatory mechanisms in cells has
been established [27, 28].

4. DNA MMR System and Cell Cycle
Arrest Process

Post-replicative DNA-MMR systems are critical during the
response against diverse damaging stimuli that affect DNA
fidelity, such as oxidative stress, xenobiotics, radiation, and so
forth [28]. It has been corroborated that MSH2 participates
in cell cycle arrest and apoptosis by different pathways,
depending on the extent of DNA damage. Experiments
conducted in msh2−/− nontumor human lymphoblastoid
cell lines have shown that the MMR system promotes G2/M
arrest after UV-B induced DNA damage, and that a defi-
ciency in MSH2 leads to a decrease in the induction of G2/M
cell cycle checkpoint following this type of radiation. MSH2
proficient human lymphoblastoid cell lines cells also increase
cell cycle checkpoint proteins levels such as CHK1, CDC25C,
and CDC2, when compared with MSH2-deficient cells,
after UV-B radiation treatment [29]. These proteins, when
phosphorylated at specific amino acidic residues (Ser345,
Ser216, Tyr15, and Thr14), regulate cell cycle control and
inhibit cells from dividing until the DNA alterations are
corrected, in accordance with MMR system’s capacity to
induce arrest in proliferative cells [30, 31]. In another
study, it was shown that MSH2 deficient nonmalignant
mouse fibroblasts were partially resistant to UV-B-induced
apoptosis and showed reduced S-Phase accumulation; when
msh2 was modified by a point mutation that affected its
expression, it was unable to participate in UV-B-induced
apoptosis [32].

It has also been shown that UV-B induced DNA damage
increases MSH6 protein levels in a p53 nondependent
pathway. But in msh6−/− primary mouse embryonic fibrob-
lasts cells repair response to this type of damage was
found to be significantly less sensitive to UV-B radiation
cytotoxic effects as explained by a reduction in MSH6 protein
levels. Therefore, MSH6 deficient cells were significantly
less sensitive to the UV-B radiation cytotoxic effects and
underwent significantly less apoptosis following irradiation
than MSH6 proficient cells, thus indicating that UV-B-
induced apoptosis was partially dependent on MSH6 levels
[33]. These experiments suggest that MSH2 modulates both
cell cycle regulation and apoptosis through independent and
uncoupled mechanisms.

MMR proteins are also able to repair DNA through
homologous recombination, a mechanism that repairs
double-strand breaks using perfectly matched nucleotide
sequences between two DNA strands. Both genomic and
mitochondrial DNA sequences are exchanged through break-
ing and rejoining by specific protein complexes. The effi-
ciency of homologous recombination depends on the length
of uninterrupted sequence identity, as well as on the per-
centage of sequence identity within the region of homology
[34]. These experiments suggest that MSH2 modulates both
cell cycle regulation and apoptosis, through independent and
uncoupled mechanisms.
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Figure 1: General DNA repair mechanisms mediated through MMR proteins MSH2, MSH6, and MSH3. Depending on the specific type of
lesion in the genomic sequence, MSH protein family can initiate repair signaling pathways for maintaining genome integrity and fidelity.
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5. MMR Deficiency Associated with
Aging and Senescence

When deficient DNA repair pathways, such as MMR system,
do not detect altered DNA sequences, cell signaling pathways,
as well as cell homeostasis, become unstable because DNA
fidelity is compromised. Recent data have established a rela-
tionship between damaging stimuli, DNA lesions, and aging,
with the absence or decrease in DNA repair systems [35].
It has been determined that MSH2 and MLH1 respond to
oxidative DNA damage induced by UV-A radiation [36], and
that MSH2 malfunction promotes degenerative conditions
that increase with age and affect cell cycle and viability.

MMR efficiency has been studied in the detection of
DNA-induced damage through cytotoxic compounds, such
as cisplatin, used for chemotherapy in cancer patients,
and it has been suggested that MSH2, besides its repair
function, is able to induce programmed cell death, reducing
abnormal cells in organisms. MSH2’s role in signaling DNA
damage-induced apoptosis has been recently demonstrated
by Negureanu and Salsbury, along with confirmation that
MMR defects alone can trigger tumorigenesis [37]. Stage
II-III colorectal cancer patients, whose tumors retain DNA
MMR activity, have shown benefits and better prognosis
when 5-fluorouracil, a cytotoxic compound that induces
DNA damage, is used; but patients with tumors that lost
MMR activity do not [38]. In another study, MSH2 activity
was tested on Trypanosoma cruzi and Trypanosoma brucei
msh2-mutant strains, and it was shown that MMR system
can also repair DNA lesions caused by oxidative stress [39].
Mutant NER-deficient XP-A fibroblasts were shown to have
an increase in CG > TT transitions in methylated CpG
islands as a result of prolonged oxidative stress, compared
with control fibroblasts with an active NER system [40].
Estes and collaborators [41] using a Caenorhabditis elegans
msh2 knock-out model demonstrated that both fertility and
survival rate were severely compromised; the life expectancy
of these mutants also decreased significantly due to irre-
versible physiological damage. In another animal model,
using CD-1 female mice, physiological stress related to breed-
ing, methylation levels increased in msh2 promoter region
associated to age, ending ultimately in the accumulation of
DNA damage markers due to MSH2 reduced expression [42].
All the previous evidence supports the idea that proficiency
of MMR-system protects the cells from the early tumor
occurrence.

Besides apoptosis, premature senescence has been pro-
posed as another way in which cellular homeostasis is
maintained. Damaged cells that undergo senescence do
not proliferate and therefore the cellular damage can be
stopped. However, studies that correlate MMR systems with
the phenomenon of senescence are few. Some experiments
conducted in young and senescent colonic and human
embryonic lung fibroblast cell lines (CCD-18Co and IMR90,
respectively) showed that MMR activity was significantly
reduced in the senescent phenotype. In particular, MSH2 and
MSH6 proteins were markedly downregulated in senescent
cells. However, purified MSH2 and MSH6 extracts that were
added to senescent cells led to the restoration of MMR

activity. Semiquantitative RT-PCR analyses also showed that
MSH2 mRNA levels were reduced in senescent cells from
the same fibroblast cell lines mentioned before [43]. This
evidence suggests that MMR system activity decreases during
the senescent state, which could be interesting while studding
other processes related to the aging process [44].

6. Telomere Shortening and Senescence
Related with MMR Deficiency

Classic replicative senescence involves cell cycle arrest due to
telomere shortening. Telomeres are protective structures at
the ends of chromosomes that consist of tandem TTAGGG
repeats bound to a protein complex known as shelterin
[45]. Mouse embryonic fibroblasts (MEFs) deficient in msh2
expression showed a significant increase in chromosome
aneuploidy, centrosome amplification, and defective mitotic
spindle organization and unequal chromosome segregation
[46]. Studies conducted in several models demonstrate
that MMR system can regulate telomere maintenance and,
therefore, alter cell senescence. In msh2 knock-out mouse
tissues and primary MEFs there was no apparent change
in telomerase activity, telomere length, or recombination
at telomeres. However, msh2 knockout MEFs presented
chromosome ending without detectable telomeric DNA
which correlated with an increase in chromosome end-to-
end fusions [47]. Interestingly, it was reported that mutations
in MMR proteins in yeast, particulary MSH2, rescued
telomerase-deficient strains survival, apparently by allowing
telomere stabilization through an independent telomerase
mechanism known as “alternating lengthening of telom-
eres” (ALT), which uses recombination-based pathways to
maintain telomere length [48]. However, when this was
studied in a mammalian in vivo model, by generating
double mutant mice for telomerase and PMS2 (a MutL
homolog), the previously proposed role for MMR genes
in controlling telomere recombination and telomere length
was not observed [49]. Similar results were reported in
experiments with human colorectal, endometrial, and ovar-
ian tumors, with or without MMR activity, indicating that
in mammals the ALT mechanism is not essential during
telomere maintenance [47, 49]; nevertheless MMR may be
important in detecting DNA damage induced by radiation,
cytotoxic compounds, and oxidative stress, and depending
on the damage extent, might be linked to cellular fate
determination, leading either to apoptosis or to senescence,
and therefore is important during tumorogenesis [50].

7. Pathologies Related to MMR
System Failure in Humans

As discussed above, the MMR system is responsible for
preserving DNA integrity and stability upon exposure to
different damaging stimuli. If the MMR system fails, cell
structure and functions will probably be affected, resulting in
immortalization, malignant transformation, tumorigenesis,
and/or degenerative diseases. One of such diseases is the
Muir-Torre syndrome, a rare autosomal dominant disorder,
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which is characterized by the predisposition to both seba-
ceous neoplasms and internal malignancies. This condition
is caused by an inherited germ-line mutation in one allele of
MMR genes msh2 and mlh1, leading to MMR deficiency. This
condition causes MSI which in turn leads to DNA mutations
[51–53].

Approximately 15% of colorectal cancers display MSI in
one or more MMR genes: mlh1, msh2, msh6, or pms2 [54].
Lynch syndrome, also called non-polyposis colorectal cancer
and the most common form of inherited colorectal cancer, is
a good example of a malignant disease associated to MSI. It
develops in 60% of the patients with MMR gene mutations,
commonly before 50 years of age [51, 55]. Muir-Torre, as
well as Lynch syndrome, is a condition caused by decreased
DNA-MMR activity. Both diseases are characterized by high
levels of MSI, supporting the fact that microsatellites are
considered excellent markers to detect failures in DNA
integrity maintenance [56].

The Ontario Familial Colorectal Cancer Registry is a
population-based study of Lynch syndrome occurrence in
relation to age, sex, and mutated genes [57]. This study
indicated that the cumulative risk for colorectal cancer rose
in patients of 70 years old or more, compared with the
risk found in patients between 30 to 50 years old. This
increase of cumulative risk was correlated with an increase in
MSH2 and MLH1 mutations in 70 years patients. The male
patients in this particular study presented more mutations
in the mlh1 gene compared with the female patients in all
3 age-dependent groups. However, female patients showed
increased mutation levels in the msh2 gene compared with
the male patients, once again in all 3 age-dependent groups.
These observations suggest that when genes responsible for
maintaining DNA integrity, such as msh2 and mlh1, are
mutated, and their capacity to repair DNA decreases, the
accumulation of mutations and strand breaks may lead to
aging and disease. In other words, when the organisms fail
to maintain their homeostasis, they become susceptible to
aging and degenerative diseases. Although some of these
mutations may be inherited, exposure to toxic and damaging
insults like ROS, chemicals, and radiation can abruptly alter
or accelerate their formation.

Cell-microorganism interactions can further generate
failure of MMR system activity. One example is the mucosa-
associated bacteria that significantly contribute to the colonic
environment in humans. Enteropathogenic Escherichia coli
(EPEC) carry the eae gene, which encodes the bacterial
adhesion protein intimin; this protein enables bacteria to
attach to the intestinal epithelium by using a type III
secretion system which translocates effector proteins into
host cells. These bacteria can influence molecular pathways
involved in colorectal tumorigenesis. The ability of EPEC
to downregulate DNA-MMR proteins such as MSH2 and
MLH1 demonstrates that environmental factors can increase
tumorigenesis in colonic epithelial cells [58]. Other tumori-
genic processes resulting from MMR system failure are
melanoma and breast cancer. MSI and mutations in MMR
genes contribute significantly to both conditions in human
patients, confirming MMR potential role in carcinoma
susceptibility [59, 60]. Another gene associated with MMR

defects that has been extensively studied is the tumor-
suppressor gene BRCA1 [61] related to breast cancer. BRCA1
encodes a protein that repairs damaged DNA and initiates
the apoptotic process. Errors in BRCA1 expression result in
unrepaired DNA [62]. Such mutations cause uncontrollable
cell growth resulting in tumor formation. In experimental
trials, the role of the BRCA1 protein in modulating a 6-
thioguanine (6-TG) induced MMR damage response was
studied, using an isogenic human breast cancer cell line
model, including a BRCA1 mutated cell line (HCC1937).
The results showed that the tumor cells were more resistant
to chemotherapeutic drugs, like 6-thioguanine, as mani-
fested by a reduced G2/M arrest and decreased apoptosis
[63]. In this context, BRCA1-mutant cells are more resistant
to damage by this drug, than BRCA1-positive cells. This
might suggest a probable mechanism by which the MMR
system may regulate cell cycle and apoptosis, in correlation
with the functionality of tumor suppressing genes like
BRCA1 [64].

8. The Use of MMR to Study Aging:
The Bats Example

As mentioned before, the accumulation of DNA damage
is known to induce alterations in the cell’s mechanisms
and structure that might lead to aging; and since DNA-
MMR system is highly conserved between species, our group
decided to determine the importance of this system during
the aging process in a different animal model. Bats (class:
Mammalia, order: Chiroptera) are an interesting model due
to their high longevity and particular resistance to adverse
environmental factors [65], and therefore, the levels of MMR
proteins MSH2 and MLH1, as well as microsatellite markers
were quantified, in liver, lung, and brain of young, adult, and
old bats, both female and male. Individuals of two different
wild bats species were used: Myotis velifer and Desmodus
rotundus. Catalase, glutathione peroxidase, and superoxide
dismutase were also analyzed to determine if the antioxidant
protection negatively correlated with DNA damage [66]. The
first species, the cave Myotis, is an insectivorous bat that has
an average lifespan of 8 to 12 years (11.3 years in the field)
based on mark-recapture studies and an average adult weight
of 10.1 g [67] which migrates to higher altitudes to mate and
hibernate [68, 69]. On the other hand, the vampire bat D.
rotundus has an average lifespan of 12 to 20 years [70] and
an average adult weight of 32.2 g [67]. Vampire bats feed on
the blood of stock animals and do not undergo hibernation
[71, 72]. The study conducted determined that M. velifer
(the short lived species) presented decreased levels of MSH2
and MLH1 with increased MSI (Figure 2(a)) and reduced
antioxidant activity as these insectivorous bats became older.
However, in the case of D. rotundus (the long lived species),
there was a reduced MSI in the vampire bats from adult to old
age, compared with the young control bats, which correlated
with reduced levels of MSH2 and MLH1 (Figure 2(b)) along
with improved antioxidant activities in the old bats that
matched the activities seen in the adult groups from the
other species [66]. An important feature of this study was
the demonstration that the analysis of MMR deficiency and
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Figure 2: Comparisons between MLH1 levels and microsatellite instability. The figure shows the correlations between MSI and MLH1
protein levels, found in the female (F) and male (M) bat lung samples. The correlations were performed considering the relative optical
densities (RODs) obtained from the densitometries of the PCR products from DNA microsatellite sequences (MS3EO2 for M. velifer and
DESMO1 for D. rotundus), and the MLH1 protein levels were determined by Western Blot analysis in both species. Young bats were given
the arbitrary value of one, in order to compare them with the other age groups. Each age group consisted of 5 invidious (n = 5) either
male or female bats. One-way ANOVA tests, followed by Tukey-Kramer variance analyses, were used to compare among groups, by sex and
age. A 0.05 level of probability was used as a minimum criterion of significance in all analyses. The figures correspond to: (a) Myotis velifer
(MS3EO2 versus MLH1) and (b) Desmodus rotundus (DESMO1 versus MLH1).

the variations of MSI are an excellent model that can be used
in aging studies to correlate Harman’s theory of aging with
processes related to DNA damage.

9. Final Considerations

Although most of the studies related to the MMR deficiency
and genomic alterations are associated with carcinogenic
processes, there is a high prospective in using these tools for
aging and senescence studies. Studying MMR impairment
could also be used to correlate cancer and aging. It is
known that cancer predisposition is more frequent when
DNA repair is deteriorated in the elderly, which correlates
with DNA damage accumulation (e.g., MSI) throughout
lifetime, and it might explain the origin of these diseases
as proposed by Harman [1, 73]. However, mutations in
MMR proteins have been related with other malignancies
found not only in elderly patients, but also in children,
such as haematological malignancies, brain tumors, Lynch
syndrome, and neurofibromatosis [74, 75]. Therefore it
would be important to determine which of these malignant
conditions are exclusively age-dependent processes or solely
DNA damage/mutation-dependent. Another issue to con-
sider is the interaction with other proteins complexes that
could assist in the MMR system. It was recently determined
in msh2-knockout mouse embryonic fibroblasts, HEK, and
HeLa cell lines that MSH2 is also in charge of the recruitment
of the ATR protein, which is in charge, along with ATM
protein, of the DNA damage response signaling, frequently

associated with cell death by apoptosis. According to this
study ATR is recruited by two different pathways: one of
which is mediated by RPA (replication protein A) and relays
a signal to the Chk1 protein, whereas the other pathway
depends on MSH2 and is responsible for Chk2 activation
[76]. Further investigations could be benefited from exper-
iments based on correlations between MMR deficiencies,
DNA damage markers in new models such as bats, since
they have prolonged longevities that might increase our
understanding of MSH2 pathways, revealing new processes
that regulate cellular homeostasis by maintaining DNA
integrity.
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