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Abstract

DNA mismatch repair (MMR) maintains genome stability primarily by repairing DNA

replication-associated mispairs. Because loss of MMR function increases the mutation frequency

genome-wide, defects in this pathway predispose affected individuals to cancer. The genes

encoding essential eukaryotic MMR activities have been identified, as the recombinant proteins

repair 'naked' heteroduplex DNA in vitro. However, the reconstituted system is inactive on

nucleosome-containing heteroduplex DNA, and it is not understood how MMR occurs in vivo.

Recent studies suggest that chromatin organization, nucleosome assembly/disassembly factors and

histone modifications regulate MMR in eukaryotic cells, but the complexity and importance of the

interaction between MMR and chromatin remodeling has only recently begun to be appreciated.

This article reviews recent progress in understanding the mechanism of eukaryotic MMR in the

context of chromatin structure and dynamics, considers the implications of these recent findings

and discusses unresolved questions and challenges in understanding eukaryotic MMR.
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Introduction

DNA mismatch repair (MMR) is a highly conserved genome-maintenance system present in

all species from Escherichia coli to humans. The primary function of MMR is to ensure

replication fidelity by strand-specifically removing misincorporated bases and insertion-

deletion mispairs in newly synthesized DNA. Mutation or hypermethylation of key MMR

genes causes elevated mutation frequencies and leads to an increased incidence of certain

types of cancer including hereditary non-polyposis colorectal cancer (HNPCC), also called

Lynch syndrome [1–6]. Previous studies have identified essential genes and protein

activities involved in MMR, including MutS family and MutL family proteins (Table 1). In

eukaryotic cells, the minimal activities essential for MMR include mismatch recognition
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proteins MutSα (MSH2–MSH6) and MutSβ (MSH2-hMSH3), MutLα (MLH1-PMS2 in

humans and Mlh1-Pms1 in yeast), proliferating cell nuclear antigen (PCNA), exonuclease 1

(EXO1), replication protein A (RPA), replication factor C (RFC), DNA polymerase δ, and

DNA ligase I [2–4, 6–8].

In vitro studies have established that MMR is targeted specifically to the nicked (newly

synthesized) DNA strand [9, 10]. It is generally accepted that MMR is initiated by binding

of MutSα or MutSβ to a mispair (either a base-base mismatch or a small insertion-deletion

loop-out). This reaction triggers concerted interactions between MutSα, MutLα, PCNA and

RPA, facilitating communications between two distal sites (i.e., the mismatch and a strand

break) and leading to recruitment of EXO1 to a pre-existing or MutLα-generated nick [11]

5' to the mismatch. EXO1 then excises nascent DNA from the nick toward and beyond the

mismatch to generate a single-strand gap, which is filled by polymerase δ using the

continuous (parental) DNA strand as template. Finally, the nick is ligated by DNA ligase I

(Figure 1). These MMR proteins can efficiently process “naked” heteroduplex DNA [12–

14]; however, they fail to repair DNA mismatches in the context of chromatin [15, 16]. One

possible explanation for this result assumes, as proposed in one of the prevailing models for

human MMR, that MutSα must slide from the DNA mismatch to an upstream nick [17, 18],

and that nucleosomes physically interfere with the ability of MutSα to slide on heteroduplex

DNA. These observations suggest that additional factors perform this role in vivo. In other

words, the current in vitro model does not apply to how MMR occurs in eukaryotic cells.

Importantly, emerging evidence suggests that chromatin remodeling/modification factors

interact with both MMR proteins and the DNA replication machinery, and that epigenetic

marks on histones play a role during initiation of MMR in vivo [15, 19–23]. Here, these new

developments in the field of eukaryotic MMR and their implications for cancer

susceptibility and therapy are described and discussed. For other recent important findings,

including discovery of the potential role of ribonucleotides as a strand discrimination signal

for MMR in the leading strand during DNA replication [24, 25], readers are referred to

excellent recent reviews by Williams & Kunkel in this issue [26] and Jiricny [27].

Role of chromatin remodeling and assembly factors in MMR

The idea that chromatin structure modulates MMR [28] and the local or regional mutation

rate is not new [29]. For example, a heterotrimeric remodeling complex called RFX that

regulates transcription by facilitating histone acetylation [30] also stimulates MMR in vitro

[31], although a similar role in vivo has not been verified. In addition, it has been reported

that hMutSα can disassemble nucleosomes on heteroduplex DNA, and this activity is

enhanced by histone H3 acetylation [32]. Nevertheless, fully-modified nucleosomes from

HeLa cells, which presumably carry an intact HeLa cell histone code, including H3

acetylation, inhibit MMR in vitro [15]. Therefore, the hMutSα nucleosome disassembly

activity, if present, is insufficient to support MMR on chromatin, and additional factors that

allow MMR to proceed in the context of chromatin have yet to be identified.

Kadyrova et al. [19] recently showed that chromatin assembly factor 1 (CAF-I), also thought

to be a histone chaperone, is required during cell-free MMR to facilitate nick-dependent

nucleosome assembly. Furthermore, hMutSα suppresses CAF-1-catalyzed nucleosome
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assembly in a mismatch-dependent manner, and nucleosome deposition by CAF-1 following

mismatch removal protects the nascent DNA strand from excessive degradation by the

MMR machinery. Schopf et al. [23] also demonstrated that CAF-1-catalyzed chromatin

assembly occurs more slowly on heteroduplex than on homoduplex DNA. Although the

detailed mechanism is not known, PCNA is thought to coordinate MMR with nucleosome

loading [23], interacting with both the hMSH6 subunit of hMutSα [33–35] and CAF-1 [23].

Interestingly, hMutSα and CAF-1 also interact with each other [23]. It is possible that in the

presence of a mispair, PCNA recruits hMutSα to the mismatch to promote MMR [36], and

after mismatches are removed, PCNA interacts with CAF-1, triggering nucleosome

assembly in nascent DNA, limiting the extent of DNA excision by the MMR machinery [19,

23]. Although evidence is lacking to support the idea, ubiquitylation, phosphorylation, or

acetylation of PCNA might control the balance between its two roles, as reported for DNA

polymerases during translesion DNA synthesis [37].

Role of histone modifications in MMR in vivo

Many chromatin modifying/remodeling factors contain a Pro-Trp-Trp-Pro (PWWP) domain,

a member of the ‘Royal Family’ which also consists of Tudor, chromodomain and MBT

domains [38]. The common feature of the “Royal Family” members is their ability to

interact with methylated lysine/arginine residues in histones or other proteins through an

aromatic cage [39–41]. The hMSH6 subunit of hMutSα possesses a PWWP domain [42],

suggesting that it interacts with histone(s). Recent studies provide evidence to support this

idea, showing that hMSH6 is a 'reader' for trimethylated Lys36 of histone H3 (H3K36me3)

[43, 44]. Surprisingly, hMutSα without the hMSH6 PWWP domain is active in MMR in

vitro and forms a “normal” DNA-protein co-crystal [45] as observed for other MutS family

proteins lacking a PWWP motif [46–48]. The physiological function of the hMSH6 PWWP

domain and its interaction with H3K36me3 were only recently discovered [15].

Using a biochemical and cellular approach, Li et al. provided evidence that the H3K36me3-

hMSH6 PWWP interaction, although dispensable in vitro, is required for MMR in vivo [15].

They showed that both H3K36me3 and the hMSH6 PWWP domain are essential for

localization of hMutSα to chromatin, a process that varies through the cell cycle according

to the abundance of H3K36me3, This is easy to rationalize, because H3K36me3 peaks in

late G1/early S and is essentially depleted in late S/G2, effectively increasing the efficiency

of MMR when MMR is needed during the cell cycle to repair replication-associated

misincorporation mispairs. Cells defective in H3K36 trimethyltransferase SETD2, despite

being MMR-proficient in vitro, display a mutator phenotype, as if they were functionally

MMR-deficient. These observations strongly suggest that the H3K36me3 histone mark plays

a critical role in MMR in vivo. We now understand that H3K36me3 effectively recruits

hMutSα to chromatin through its interaction with the hMSH6 PWWP domain, immediately

before DNA replication initiates.

A working model for the role of H3K36me3 in MMR is presented in Figure 2. First, before

cells enter S phase, SETD2 converts H3K36me2 to H3K36me3 [49]. Then, trimethylated

H3K36 recruits hMutSα onto chromatin through its interaction with the hMSH6 PWWP

domain. DNA replication initiates and nucleosomes are disassembled ahead of the

Li Page 3

DNA Repair (Amst). Author manuscript; available in PMC 2015 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



replication fork, which also disrupts the H3K36me3-hMSH6 PWWP interaction, leading to

release of hMutSα from histone octamers. hMutSα then readily binds to temporarily

histone-free nascent DNA through its strong DNA binding activity and/or by interacting

with PCNA via the hMSH6 PCNA-interaction protein (PIP) box. hMutSα, which possesses

an ATP-dependent sliding activity [18, 50–52], then slides along the nucleosome-free DNA

to locate mispairs generated during DNA replication. When hMutSα binds a mismatch,

downstream MMR events ensue, such that mispaired bases are removed before mismatch-

containing nascent DNA is wrapped into a nucleosome. The precise timing and sequence of

events are critical, precisely because nucleosomes inhibit MMR [16, 19, 23]. The discovery

of the relationship between H3K36me3 histone and the precise kinetics of MMR has been

an important step in understanding how the histone code contributes to high replication

fidelity in eukaryotic cells, by enhancing MMR efficiency when cells need it the most.

As with many new discoveries, this discovery has led to more questions, some of which

remain unanswered at present. First, is SETD2/H3K36me3 a useful biomarker for cancer

susceptibility, and might its presence correlate with microsatellite instability (MSI) in

MMR-proficient cells (i.e., cells that lack mutations in MMR genes)? Could errors in the

histone code explain the MSI-positive tumors, including some in HNPCC families, that do

not have detectable mutations in nor hypermethylation of MMR genes [53]? Consistent with

this, tumor cell lines depleted of SETD2/H3K36me3 are MMR-proficient in vitro, but

display MSI [15], suggesting that loss of SETD2/H3K36me3 is responsible for the MSI

phenotype in MMR-proficient tumors. In addition, a small number of gastric cancer [54],

lung cancer [55, 56], leukemia [57] and renal cell carcinomas are defective in SETD2 [58–

61], suggesting that SETD2-deficiency might lead to genome instability and a cancer

phenotype because of its negative impact on the efficiency of MMR. Additional studies are

needed to determine if this is indeed the case.

It is also worth noting that the abundance of H3K36me3 is tightly regulated by a series of

histone methyltransferases (e.g., SETD2, SETD3, SETMAR, NSD1, NSD2, NSD3, ASH1L,

and SMYD2) and histone demethylases (e.g., KDM2A, KDM2B, KDM4A, KDM4B,

KDM4C and NO66) [62, 63]. Defects in any one of these histone methyltransferases or

histone demethylases could alter the balance of H3K36 metabolism, the effects of which

remain unknown. To establish whether H3K36me3 is a useful biomarker for MSI without

MMR gene mutations, future studies should investigate the correlation between: 1) MSI-

positive cancers, MMR status and abundance of H3K36me3; and 2) defects in H3K36me3

metabolism, MMR status and genome instability.

Second, does the local abundance of H3K36me3 influence local mutation rate? It is well

recognized that some genes are more susceptible to mutations than others. For example, p53

is a mutation-prone genetic region, and >50% of human cancers carry base substitution or

deletion mutations in p53 [64]. In most cases, the exact mechanism(s) that contribute to

local mutation frequency are not understood. However, if the local concentration of hMutSα

influences MMR efficiency, and the latter is influenced by H3K36me3 abundance, then a

low level of H3K36me3 could potentially lead to an increase in local mutation rate. This

hypothesis can be examined by precisely quantifying H3K36me3 in individual nucleosomes,

with equally precise measurement of replication-associated mutations in cells with or
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without H3K36me3. Adding to the complexity, the distribution of H3K36me3 and the

mutation spectrum could vary significantly in different types of cells and tissues. By

analyzing the correlation between these factors, we may gain significant insight into the

etiology of specific cancers, helping achieve the promise of "personalized" medicine, where

cancer treatment is optimized for success in each cancer patient.

Third, how is hMutSβ recruited to chromatin/DNA? Human cells possess at least two

mismatch recognition proteins, i.e., hMutSα (hMSH2–hMSH6) and hMutSβ (hMSH2–

hMSH3). Unlike hMSH6, hMSH3 does not contain a PWWP domain. Is hMutSβ recruited

by a different histone modification? Recent studies suggest this may be the case. For

example, although yeast MutSα (yMutSα) does not contain a PWWP domain, it is localized

to replicating chromatin in a mismatch-independent manner [21], possibly before DNA

replication initiates. If this indicates that yMutSα recognizes and is recruited by a histone

mark, then, by analogy, it is possible that hMutSβ also interacts specifically with a histone

mark. Recently, Kadyrova et al. [20] showed that H3K56 acetylation (H3K56ac) regulates

gross chromosomal rearrangements, base substitutions, 1-bp insertions/deletions, and

complex mutations in Saccharomyces cerevisiae in a cell-cycle dependent manner. H3K56

is abundantly acetylated by Rtt109 during S phase, and deacetylated by Hst3 and Hst4 in

G2/M. Strains defective in hst3 and hst4 exhibit a mutator phenotype similar to that of an

msh2-deficient strain [20], suggesting that H3K56ac is involved in MMR in vivo. Additional

studies are needed to establish the whether H3K56ac in fact recruits non-PWWP-containing

MutS complexes (including hMutSβ, yMutSα and yMutSβ) to chromatin in a cell-cycle

dependent manner.

It is worth noting that eukaryotic MSH3 and MSH6 contain a PCNA interacting protein

(PIP) box [33, 34], which until now, was thought to play a major role in recruiting MutSα

and MutSβ to DNA [21, 35]. However, deletion of the PIP box only moderately (~10–15%)

reduces MMR activity in yeast [21, 65] and does not abolish formation of hMSH6 foci in

human cells [35]; therefore, it is likely that eukaryotic MutS proteins are initially recruited to

chromatin through a histone mark, after which the PIP box helps localize the chromatin-

bound proteins to newly-formed mispairs via interactions with PCNA. Further investigations

are needed to explore this and other possibilities, including whether MutS proteins are

independently recruited by histone marks and PCNA.

The MutS-MutL interaction and MMR initiation in vivo

It is generally accepted that mismatch-bound MutS recruits MutL to the protein-DNA

complex, and that every MutL molecule on DNA is associated with a MutS protein [66, 67].

However, this idea was brought into question, with the discovery by Hombauer et al. that

yMutLα (Mlh1-Pms1 complex) and yMutSα rarely colocalize during DNA replication, and

that the number of mispaired bases correlates with the number of yMutLα foci, but not with

the number of yMutSα foci in yeast cells [21]. These observations led to a new model for

the interaction between MutSα and MutLα (Figure 3A). In this model (referred to as the

Kolodner-Hombauer model), mismatch recognition by MutSα recruits multiple molecules of

MutLα to the mismatch, which activates the MutLα endonuclease [11] and EXO1, causing

DNA excision to initiate at an upstream nick. It is interesting to note that this model, which
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does not postulate that MutSα slides away from the mismatch, is inconsistent with other

current models for initiation of MMR.

At least three previous models have been proposed to explain how MutS triggers DNA

excision at a distant strand break after binding a mismatch (Figure 3B). Both the

translocation model and the sliding model suggest that MutS loads at a mismatch and then

moves away from the mismatch in an ATP-dependent manner, although the two models

differ in precise stoichiometry at the mismatch and other details [17, 18, 66, 68, 69]. In

contrast, the stationary model argues that MutS remains bound to a mismatch, and that the

interaction between MutS, MutL and other MMR factors induces bending or looping of the

DNA, bringing the mismatch and the nick into physical proximity [70, 71]. Data presented

by Hombauer et al. [21] do not support active sliding of MutS on the DNA during initiation

of MMR, as proposed in the translocation and sliding models. In fact, given the complicated

nature of the DNA replication fork, it is difficult to imagine how MutS family proteins could

freely slide along the DNA. While the Kolodner-Hombauer model and the stationary model

propose a similar interaction between the mismatch and MutS proteins, they differ

concerning the interaction between MutS family and MutL family proteins, and how this

interaction triggers downstream events. It is hoped that future investigations will address this

important question and resolve discrepancies in these three models for eukaryotic MMR.

New challenges in MMR and implications for cancer therapy

It is known that H3K36me3 promotes transcription elongation in actively transcribed genes

by preventing RNA polymerase II from initiating transcription at cryptic promoters [72].

This raises the following questions. Do transcription and MMR compete with each other for

the same histone mark? If they do, how is the competition regulated to avoid disruption of

one or both processes? Does H3K36me3 recruit hMutSα to directly or indirectly participate

in the transcription-coupled nucleotide excision repair (TC-NER) [73] that preferentially

repairs bulky DNA lesions in the transcribed strand of actively transcribed genome regions

[74]? Recent whole genome sequencing studies have identified histone H3.3K27M and

H3.3G34R/V amino acid substitutions as the driver mutations for pediatric glioblastoma [75,

76]. Given that these mutations lead to significant decrease in H3K36me3 levels on the same

and nearby nucleosomes [77–79], and that H3.3 is mainly deposited in actively transcribed

genomic region [72, 80], hMutSα, which has been shown to be involved in TC-NER [81], is

likely recruited to transcriptional domains for TC-NER through H3.3K36me3. However, the

molecular mechanism by which hMutSα participates in the repair process remains to be

investigated.

It is well established that MMR can trigger apoptosis in response to DNA damage induced

by chemotherapeutic drugs, such as temozolomide and cisplatin [82]. Thus, MMR is an

important target for cancer therapy. However, because MMR-deficient tumor cells are

highly resistant to chemotherapeutic drugs, chemotherapy is dangerous and not a preferred

treatment for patients with MSI-positive cancers. With the discovery that histone

modifications regulate MMR, there may be promising new options for treating some MSI-

positive cancers. This is especially important for leukemia patients, for whom chemotherapy

is the only option. It is worth mentioning that many tumors lose hMSH2 or hMLH1
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expression due to histone deacetylation because of the hypoxic microenvironment of the

tumor [83–86]. Interestingly, the hypoxia-induced chromatin hypoacetylation and MMR

deficiency can be reversed by inhibitors of histone deacetylase, such as trichostatin A [83,

86]. Thus, chemotherapeutic efficacy can be restored by normalizing the histone code,

which in turn rescues the MMR dysfunction. This is an important area for future study,

especially because it could ultimately provide new ways to manage difficult to treat cancers.

In all cases, the molecular defect responsible for MMR-deficiency should be identified,

before the course of treatment for MSI-positive cancers is selected.

Perspectives

MMR is an important mutation avoidance system found in all organisms from bacteria to

man. In eukaryotic cells, chromatin structure modulates all DNA metabolic processes,

including DNA replication and transcription; thus, the recent discovery that chromatin

structure and the histone code play a role in coordinating MMR, DNA replication and

transcription in eukaryotic cells is neither surprising nor unexpected. Looking to the future,

this aspect of eukaryotic DNA metabolism and MMR warrants additional study and

investigation. Such studies might identify new components or factors that influence MMR

efficiency and/or timing, including histone/chromatin modifications and factors that catalyze

or target such modifications. It is also possible that new roles for MMR will be discovered

and that new complexities of the interaction between MMR, DNA replication and DNA

transcription will emerge.
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MMR mismatch repair

MSI microsatellite instability

HNPCC hereditary non-polyposis colorectal cancer

PCNA proliferating cellular nuclear antigen

RPA replication protein A

RFC replication factor C

EXO1 exonuclease 1

H3K36me3 histone H3 lysine 36 trimethylation

TC-NER transcription-coupled nucleotide excision repair
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Figure 1. Eukaryotic DNA mismatch repair
In eukaryotic cells, MMR is nick-directed and targeted to the newly-synthesized DNA

strand. MMR begins with mismatch recognition by MutSα or MutSβ (not shown), which

triggers concerted interactions/communications between MutSα, MutLα, PCNA and RPA,

leading to the recruitment of EXO1 at a nearby nick. EXO1 then excises from the nick to the

mismatch to generate a single-stranded DNA gap, which is filled by DNA polymerase (pol)

δ in the presence of PCNA, RFC and RPA, followed by ligase I-catalyzed nick ligation. The

image was reproduced from [87].
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Figure 2. Recruitment of hMutSα to replicating chromatin
SETD2 converts H3K36me2 to H3K36me3, which interacts with the hMSH6 PWWP

domain to localize hMutSα to chromatin before DNA replication initiates. During DNA

replication, nucleosomes are disassembled and the H3K36me3-PWWP interaction is

disrupted, releasing hMutSα from nucleosomes. hMutSα readily binds to nascent DNA

independent of PCNA, and recognizes newly-formed mismatches to initiate MMR. This

image was reproduced from Ref. [15] with permission.
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Figure 3. Competing MMR models
(A) The Kolodner-Hombauer MMR model (modified from Ref. [21]. Mismatch-bound

MutSα recruits multiple molecules of MutLα to heteroduplex DNA; MutLα distributes

bidirectionally from the mismatch, which activates the MutLα endonuclease, recruits EXO1

to either a pre-existing or a MutLα-generated nick, and initiates DNA excision. (B) The

moving and stationary models (modified from Ref. [4]). In the stationary model (right),

MutS remains bound at the mismatch. Interactions between MutS, MutL and other MMR

components induce DNA bending or looping, bringing the mismatch and the nick together.

There are two 'moving' models: the translocation model (left) and the sliding model

(middle), in which MutS binds to the mismatch and then moves away from the mismatch in

a search for the strand discrimination signal (i.e., a nick). In the translocation model, MutS

creates a DNA loop as it moves from the mismatch to the nick, where it recruits EXO1 to

initiate DNA excision. In the sliding model (middle), ADP-bound MutS encounters the

mismatch, which triggers ADP to ATP exchange and promotes bi-directional sliding away

from the mismatch, so that the mismatch is available for binding by a second incoming

MutS protein. Mismatch excision begins when MutS reaches a strand break.
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