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1. ABSTRACT

The DNA mismatch repair (MMR) pathway is
one of the most critical genome surveillance systems for
governing faithful transmission of genetic information
during DNA replication. The functional necessity of this
pathway in humans is partially reflected by the tight link
between MMR gene mutations and the development of
hereditary nonpolyposis colorectal cancer. Increasing
evidence has suggested a broad involvement of MMR
proteins in various aspects of DNA metabolism beyond the
scope of DNA mismatch correction, such as in the processes
of DNA damage response and homologous recombination.
Though evidence is presently lacking for potential
functional involvement of hMSH4 and hMSHS5 in MMR,
these two proteins are thought to play roles in meiotic and
mitotic DNA double strand break (DSB) repair and DNA
damage responses in human cells.
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2. INTRODUCTION

The mammalian homologues of bacterial MutS
protein represent key components of the DNA mismatch
repair (MMR) pathway (for a recent review, see Ref. 1).
The MMR system plays essential roles in the maintenance
of genetic integrity during DNA replication, thus ensuring
faithful transmission of genetic codes from parental cells to
subsequent generations.  Consistent with our current
understanding of the functional roles of MMR in genome
surveillance, mutations in a number of MMR genes have
been causally linked to the predisposition of cancer
developments in both humans and mice (2, 3). Hereditary
nonpolyposis colorectal cancer (HNPCC) or Lynch
syndrome is the most prominent form of disorders in human
patients with MMR gene mutations. Most, if not all, MMR
deficient tumors display a unique form of genomic
alteration — microsatellite instability (MSI) (2, 3). In fact,
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the identification of the first human MMR gene MutS
homologue 2 (hMSH2) in 1993 and the realization that
mutations in this gene were tightly linked to the
pathogenesis of HNPCC have triggered and expedited
extensive research in the field through the years (4-7).
These studies not only produced ample evidence to
substantiate the essential roles of the MMR pathway in the
maintenance of genomic stability, but also revealed their
involvement in an array of diverse cellular functions beyond
the scope of DNA mismatch repair (1). For instance, it is
presently known that many components of the MMR
pathway are functionally required in the process of DNA
damage signaling and meiotic homologous recombination
(8-10).

Among all MMR components, members of MutS
family of proteins (MSH) play critical conserved functions
during the initiation phase of mismatch recognition and
DNA recombination (1). To date, there are five MSH
proteins identified in human cells, whose functional
necessity in the process of MMR has been unambiguously
established for MutS homologous proteins hMSH2,
hMSH3, and hMSH6 (4, 5, 11, 12). The hMSH2-hMSH6
heterodimer recognizes both single-base mismatches and
small insertion/deletion loops, whereas the second
heterodimer composed of hMSH2 and hMSH3 recognizes
small insertion/deletion loops (13-15). Most recently, the
substrate specificities of these two heterodimers have also
been recapitulated using purified human proteins in an in
vitro reconstituted 5’-specific MMR assay system (16).

Despite also being MutS homologous proteins,
experimental evidence has not been forthcoming to
substantiate the potential involvement of the other two
MutS homologous proteins hMSH4 and hMSHS in the
process of MMR in human cells. Rather, a number of
studies performed in lower eukaryotes and mammals have
established a meiotic requirement for MSH4 and MSHS5
during prophase I (17-23). It is important to note that this
meiotic requirement is hardly unique for MSH4 and MSHS;
several other MMR proteins are also functionally required
for the successful execution of meiosis (2). Thus, it is not
surprising  that the current emerging evidence,
predominantly obtained from gene expression analysis, has
leaned to support the idea that MSHS and/or MSH4 might
also be involved in mitotic processes beyond the scope of
meiosis (24-32). The functional roles of MSH4 and MSHS5
in meiotic processes of various organisms have been
comprehensively reviewed in several recent articles (9, 10);
therefore the following discussion will be mainly focused
on the human hMSH4 and hMSHS5 genes with a particular
emphasis on the potential functional diversity of these two
MutS family genes in humans.

3. HUMAN hMSH4 AND hMSH5 GENES AND THEIR
VARIANTS

Retrospectively, the identification of six MutS
homologues in Saccharomyces cerevisiae and the
realization that a significant proportion of HNPCC families
have no mutations in any known MMR genes have
eminently set the stage in searching for additional MMR
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genes in humans. As a result, two additional human MutS-
like genes, hMSH4 and hMSHS, were subsequently cloned a
few years later after the identification and characterization
of hMSH3, hMSH?2, and hMSH6 — genes that are presently
known to be involved in MMR in humans (4, 11, 12). The
existence of highly conserved regions in the MutS family of
proteins has warranted the use of a degenerate PCR
approach to identify hMSH4 from human cDNA
preparations (33). The human AMSH4 gene contains 20
exons and spans approximately 116-kb on chromosome
1p31 (29, 33). With a 2808-bp putative open reading frame
(ORF), the hMSH4 gene encodes a protein that is 936 amino
acids in length, with a predicted molecular mass of 104.8
kDa. The multiple alternatively spliced transcripts of the
human ZMSH4 gene have been noted recently (29, 34), of
which only one hMSH4 splicing variant (hMSH4sv),
resulting from the skipping of the entire exon 19, has been
functionally analyzed (29). The exon 19-skipping results in
a frameshift of 7 codons followed by a stop codon in exon
20, leading to the production of an 850-amino acid-
truncated protein that contains most of the highly conserved
sequence motifs of MutS homologues except for the
carboxyl terminal helix-turn-helix motif (29). Both hMSH4
and hMSH4sv transcripts can be readily detected in testis
but are less prominent in the thymus, ovary, colon,
pancreas, and brain, whereas only low levels of h(MSH4 are
expressed in the heart, liver, and placenta (29). Also of
importance is another hMSH4 exon-skipping variant
(AhMSH4), in which the entire exon 6 is omitted, leading to
an in-frame deletion of hMSH4 aa273-330 (34). The
potential functional implications of these two hMSH4
splicing variants will be discussed in the following section.

The rapid advance of the expressed sequence tag
(EST) database has expedited the identification of the last
MutS-like gene, h”MSHS, in humans (26-28). The AMSHS5
gene contains 26 exons, including two alternative
overlapping initial exons, and spans approximately 25-kb
within the MHC class III region on human chromosome
6p21.3 (26). The hMSHS5 gene harbors a 2505-bp ORF and
encodes an 834-amino acid protein with a predicted
molecular mass of 92.9 kDa (26-28). In contrast to the
limited expression profile of hMSH4 in humans, the full-length
hMSHS transcripts are virtually detectable in all tissues
examined with the most abundant expression in testis. Other
organs that display noticeable hMSHS expression include the
thymus, skeletal muscle, bone marrow, spinal cord, brain,
trachea, ovary, and lymph node (26-28). The wide tissue
distribution pattern of hMSHS has also been noted through RT-
PCR analysis and human EST database mining (30; UniGene
EST Profile Viewer). The seemingly unparalleled expression
profiles of these two genes have raised a likely scenario that
hMSHS could possess certain functions that may be
independent of hMSH4. In fact, roles of hMSHS in the
generation of immunoglobulin and T-cell receptor as well as
in the process of DNA damage response and repair have
already been postulated (27, 28, 31). Though the extent of
concordance between the levels of mRNAs and proteins is
largely undetermined in human tissues, both hMSH4 and
hMSHS5 proteins can be detected from immunoprecipitates
of 293T and HeLa cell extracts (F. Zhu and C. Her,
unpublished observation).
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The hMSH5 gene also produces multiple
alternative transcripts, of which four hMSHS variants that
maintain the reading frame have been archived in NCBI
sequence database (hMSHS5a, hMSHS5b, hMSHS5c, and
hMSHS5d; UniGene database) and hMSHSc appears to be
identical to that of the originally described human hMSHS.
Referenced by the deduced amino acid sequence of h(MSHS,
it is evident that hMSHS5a encodes an 851-amino acid
protein containing a 17-amino acid insertion between
codons 179 and 180, owing to the retention of the last 51-bp
of hMSHS5 intron 6 (30), whereas hMSHS5b harbors one
extra amino acid residue in between codons 654 and 655
(apparently due to the retention of the last 3 nucleotides of
hMSHS intron 20; 26). hMSHSd represents the shortest
hMSHS5 variant. Although it contains both the 17-amino
acid insertion and the one extra amino acid residue
described above, hMSH5d lacks 30 amino acid residues
corresponding to codons 744 to 773.

Although the existence of different hMSHS5
variant transcripts keenly supports the possibility that
hMSHS5 may encode multiple products, a full appreciation
of the functional aspects of these potential protein isoforms
requires a further experimental examination of each of the
hMSHS5 variants; to this end it is necessary to determine
whether hMSHS variants are the result of sequence
variations within corresponding introns and/or regulated by
a yet-to-be-defined mechanism. In essence, the biological
necessity of these hMSHS5 variants in human cells has to be
explored through a better understanding of their tissue
distribution patterns and a thorough deciphering of h(MSHS
functional domains, particularly those encoded by exons
involved in alternative splicing of the gene. Ultimately, that
information should make it possible to correlate the
different splicing patterns (exon inclusion or exclusion)
with the potentially diverse functional properties associated
with the corresponding protein variants. However, at
present, only hMSHS5a (hMSHS5sv) has been experimentally
analyzed (30). The expression profile of hMSHS5a appears
to be distinguishable from that of hMSHS; in particular the
expression of this splicing variant, but not h(MSHS, is absent
or below the detection limit in the brain, heart, and skeletal
muscle (30). Furthermore, the expression of hMSHS5a
displays a large variation in tumor cell lines with breast and
lung carcinomas showing the most abundant expression
(30). Though experimental evidence is presently lacking to
suggest any potential tissue-specific regulation for the other
two hMSHS splicing variants, the apparently distinct tissue
distribution patterns of hMSHS5 and hMSHS5a have
underscored the need to perform similar analysis for all
hMSHS splicing variants to gain a better understanding of
the functions associated with the human AMSHS gene.

In addition to the existence of multiple
alternatively spliced transcripts, the potentially diverse
functions involved with the AMSH4 and hMSHS5 genes are
also reflected by the fact that both genes are associated with
many coding region single nucleotide polymorphisms
(SNPs), of which many are non-synonymous. There are at
least seven non-synonymous SNPs that have been identified
for each of these two genes — their corresponding single
amino acid changes include hMSH4 A60V, A90T, A97T,
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E162K, 1365V, Y589C, S914N; hMSHS5 P29S, L85F,
Y202C, V206F, R351G, L377F, P786S (NCBI SNP
database). However, the allele frequencies, haplotypes, and
functional implications of most, if not all, SNPs are largely
undetermined; in fact only one non-synonymous SNP,
hMSHS5 C85T, has been recently characterized as a common
genetic polymorphism with an allele frequency of 11.6% in
an American Caucasian population of 99 individuals (30)
and 17% in a Chinese population of 279 individuals (D. Lin
and C. Her, unpublished observations). It is conceivable
that some of the non-synonymous SNPs could result in
subtle changes of protein functions, for which a brief
perspective is provided in the next section.

4. BIOCHEMICAL PROPERTIES AND PROTEIN
INTERACTING PARTNERS

Being MutS family members, hMSH4 and
hMSHS proteins contain the conserved sequence motifs that
have been described for all MutS homologous proteins,
which include an ATP binding domain and a helix-turn-
helix structural motif located at the carboxyl terminal half
of MutS homologous proteins (26, 33). However, neither
hMSH4 nor hMSHS interacts with the other human MutS
homologous proteins that are known to function in DNA
mismatch repair (28). Rather the mammalian MSH4 and
MSHS interact with each other leading to the formation of a
unique hetero-complex (27, 28, 30, 35, 36). Similar to other
MutS family of proteins, the hMSH4-hMSHS hetero-
complex is capable of catalyzing ATP hydrolysis, of which
the ATPase activity was significantly stimulated in the
presence of DNA molecules containing a branch-immobile
Holliday junction structure (37). The observation that
purified recombinant hMSH4-hMSHS hetero-complex can
specifically bind to the core of the Holliday junction
structure has implicated a direct role of hMSH4-hMSHS in
the processing of recombination intermediate structures
during repair of DNA DSBs (37).

It is interesting to note that both amino and
carboxyl terminal regions (the first 109 and the last 103
amino acid residues) of hMSHS5 are involved in protein
interaction through the formation of a composite hMSH4-
interacting domain, whereas only the last 93 amino acid
residues of hMSH4 is required for mediating protein
interaction with hMSHS5 (30), suggesting an asymmetric
structural partition of hMSH4 and hMSHS in the hetero-
complex formation. In addition, several lines of evidence
have shown that MSH4 could mediate homotypic
interactions (32, 35, 38), in which the homodimerization
domain of hMSH4 has been recently mapped to the N-
terminal region composed of amino acid residues 148-387
(32). The physical separation of hMSH4 interaction
domains that are responsible for mediating homotypic and
heterotypic protein interactions has suggested the feasibility
of forming a multimeric hMSH4-hMSHS5 protein complex
in human cells. Obviously, a more complete understanding
of the functional roles of hMSH4-hMSHS5 during
homologous recombination requires a detailed structural
characterization of relevant protein complexes together with
DNA recombination intermediate structures.
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The relatively broad expression patterns of
hMSHS, and to a lesser extent hMSH4, have long argued
for their potential mitotic functions; the seemingly
differential expression patterns of these two genes in
various human tissues also raise a possibility that hMSH4
and hMSHS might also function independently in humans
(26-29, 33). One plausible scenario is that, through
interaction with different protein partners, hMSH4 and
hMSHS5 might be involved with multiple cellular processes,
of which the formation of hMSH4-hMSHS5 hetero-complex
may be only required for a limited array of functions. It has
been demonstrated previously that hMSH4 physically
interacts with hMLH1 as well as its binding partner h(MLH3
(39-41), in which the N-terminal region of hMSH4 has been
implicated in mediating interaction with an hMLHI1
proteolytic degradation product but not the full-length
hMLH1 (39). Yeast two-hybrid and biochemical studies
have also suggested that hMSH4 interacts with VBPI,
hRad51, and hDMC1 (29, 42). It has been shown most
recently that hMSHS interacts with the non-receptor
tyrosine kinase c-Abl, which leads to hMSHS5 tyrosine
phosphorylation in response to ionizing radiation induced
DNA DSBs (31). Interestingly, hRad51 can also be found
in the purified protein complex containing both hMSHS and
c-Abl (31; W. Yi and C. Her, unpublished observations).
However, it is presently unknown whether these proteins
are parts of the same and/or several different protein
complexes in human cells. In this context, it would be of
great interest to know whether these interacting protein
partners have any effects on the interaction between hMSH4
and hMSHS.

Recent studies have demonstrated that the
formation of hMSH4-hMSHS protein complex dictates the
subsequent recruitment of GPS2 (32); the latter is initially
identified as an intracellular signaling protein that has also
been implicated in mediating cellular DNA damage
responses (43-45). The fact that GPS2 only interacts with
the interaction interface of hMSH4-hMSHS hetero-complex
suggests that the GPS2 associated cellular pathway could be
involved in coupling the downstream molecular events to
the specific functions of hMSH4-hMSHS5 hetero-complex.
Of particular pertinence to this association is the
coexistence of GPS2 and histone deacetylase 3 (HDAC3) in
the same protein complex (46). A growing body of
evidence in recent years has underscored the functional
requirement of histone acetylases and deacetylases in DSB
repair (47-51), in which the dynamic interplay between
DSB-induced histone acetylation and deacetylation may
control the way that a DSB could be sensed and repaired
(52). It is interesting to note that in mammalian cells the
deacetylation of histone H4 (K5, K8, K12, K16) requires
HDAC3 (53), and histone H4 becomes significantly
deacetylated at K5 and K8 lysine residues during HR repair
of DNA DSB (50). These observations are compatible with
the hypothesis that hMSH4-hMSHS5 plays an important role
in the repair of DNA DSBs, in which the localized histone
H4 modifications coordinate with the repair processes.

It has been shown that the formation of hMSH4-
hMSHS hetero-complex can be regulated through
competitive protein interaction and post-translational
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modification (29, 31). It has been noted that the interaction
between hMSH4 and VBP1 could negatively regulate the
formation of hMSH4-hMSHS hetero-complex (29), which
is in agreement with the observation that during early stages
of mouse testis development GPS2 up-regulation
accompanies the down-regulation of VBP1 immediately
prior to, or at the onset of, the first meiotic wave (32).
Although the precise functional role of hMSH4-VBP1
interaction is currently unknown, the involvement of VBP1
in the process of microtubule assembly has led to a
postulated role for hMSH4 in chromosome segregation
through microtubule manipulation (29). It has been
recognized recently that, in response to ionizing radiation,
hMSHS5 undergoes c-Abl dependent  tyrosine
phosphorylation, and consequently this posttranslational
modification leads to the dissociation of hMSH4-hMSHS5
hetero-complex (31). Since the formation of hMSH4-
hMSHS hetero-complex is required for interaction with
GPS2 — possibly in complex with HDACS3, it is conceivable
that tyrosine phosphorylation of hMSHS5 could result in a
dynamic transformation of the hMSH4-hMSHS associated
protein complex, which might be functionally required
during the progression of DNA DSB repair.

Apparently, more work is needed for a better
understanding of the mechanistic basis underlying the
interplay between various hMSH4-hMSHS5 interacting
protein partners and the functional effects of dynamic
reconfiguration of the hMSH4-hMSHS complex on DNA
DBS repair. In this regard, the existence of multiple
hMSH4 and hMSHS splicing variants and various non-
synonymous SNPs will certainly pose a daunting task in the
endeavor to gain an in-depth appreciation of their functions.
For instance, the protein encoded by the splicing variant
hMSH4sv is unable to interact with hMSHS5, but it is
capable of mediating interaction with VBP1 (29).
Furthermore, the other known hMSH4 splicing variant,
AhMSH4, is expected to be “defective” in homotypic
interaction since it lacks the entire exon 6 that encodes part
of the hMSH4 homodimerization domain (32, 34). On the
contrary, the hMSHS splicing variant (hMSHS5sv) displayed
equivalent capacity as hMSHS to interact with hMSH4 (30).
In addition, subtle effects of hMSH5 P29S on hMSH4
interaction and on c-Abl tyrosine kinase activation have also
been explored recently (30, 31). Situated within the
interacting domain for both hMSH4 and c-Abl, the P29S
alteration causes a moderate reduction of protein interaction
with hMSH4, and to some extent enhances c-Abl kinase
activation (30, 31). Given the essential role of Msh5 in
ovarian development in mice (21, 22), it is worthy of note
that the AMSHS5 C85T (P29S) allele was enriched in a small
ovarian cancer patient population (30). It is highly plausible
that functional effects similar to those observed for hMSHS5
P29S could also be conferred by other hMSHS5 and/or
hMSH4 non-synonymous SNPs. It should not be a surprise
that different combinations of these SNPs might associate
with an array of subtle functional alterations; that, to a
certain extent, could also affect the dynamic interplay
among hMSH4-hMSHS associated proteins and subsequent
downstream events. Indeed, a recent study has suggested
the co-segregation of two hMSHS SNPs (L85F and P786S)
on the same allele in humans (T. Behrens, personal
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communication), and hMSHS protein containing these two
single amino acid alterations displays significantly
compromised ability to interact with hMSH4 (C. Her and T.
Behrens, unpublished observations), which is most likely
due to the fact that these two alterations are located within
the composite hMSH4-interacting domain on hMSHS (30).
It is expected that a highly coordinated action of hMSH4
and hMSHS is pivotal for their function in the processes of
both meiotic and mitotic DNA DSB repair and damage
response. Therefore, a detailed understanding of diverse
functional effects of hMSH4 and hMSHS variants will
provide a necessary foundation for the establishment of
functional links between gene mutations, genetic instability,
and subsequent cancer predisposition.

5. SUMMARY

Although the precise molecular mechanisms
involved with MSH4 and MSHS5 in the process of meiosis
are completely undefined, these two MutS homologues are
frequently referred to as meiosis-specific proteins based on
the fact that there is no evidence to support their
involvement in DNA mismatch repair. However, emerging
experimental evidence in recent years has supported the
idea that the human hMSH4 and hMSHS proteins have
evolved to possess additional functions beyond the scope of
meiosis.  This view is particularly supported by the
observation that both hMSH4 and hMSHS are expressed in
non-meiotic tissues, in which hMSHS displays a much
broader tissue distribution pattern. In addition, most, if not
all, of the identified hMSH4-hMSHS interacting protein
partners possess mitotic functions including DNA DSB
repair and DNA damage response.

The functional disparity of various interacting
proteins is consistent with the belief that hMSH4 and
hMSHS might be involved with multiple cellular processes
through interactions with different protein partners. The
seemingly ubiquitous expression profile of hMSHS has also
suggested that hMSHS could function in the absence of
hMSH4. Taken together, in addition to their important roles
in meiotic homologous recombination, the current available
experimental evidence has also implicated the involvement
of hMSH4 and hMSHS in the process of DNA DSB repair
and cellular response to DNA damage. Having identified
the major pieces of a puzzle, we are facing a great challenge
in our attempt to define the exact temporal and spatial
relationships of hMSH4-hMSHS associated proteins and
their corresponding meiotic and mitotic functions.
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