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Abstract
The MutS (MSH) and MutL (MLH) homologs are conserved proteins that function in mismatch
repair (MMR) and meiosis. We examined mRNA and protein expression of hMLH3 compared to
other human MSH and MLH in a panel of human tissues and the HeLa cell line. Quantitative PCR
suggests that MSH and MLH transcripts are expressed ubiquitously. hMLH3 mRNA is present at
low levels in numerous tissues. Protein expression appears to correlate with a threshold of mRNA
expression with hMLH3 present at high levels in testis. In addition, we have found and mapped
interactions between hMLH1 and hMLH3 with hMSH3. These data are consistent with yeast
studies and suggest a role for hMLH3 in meiosis as well as hMSH2-hMSH3 repair processes and
little if any role in Hereditary Non-Polyposis Colorectal Cancer (HNPCC).
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INTRODUCTION
Hereditary Nonpolyposis Colorectal Cancer (HNPCC) is a dominant cancer predisposition
syndrome 1. The genetic basis for HNPCC has been traced to mutations in the human
mismatch repair (MMR) genes hMSH2, hMSH6, hMLH1, hPMS2 (for review see: 2. There
have been seven studies that have examined a functional role for hMLH3 in HNPCC 3–9.
Five of these studies were inconclusive or negative 3–5, 7, 8 and two were either unable to
show that the putative mutations segregated with the disease and/or identified atypical
cancer susceptibility families 6, 9. In contrast, data from knockout mice may supports a
minor role, if any, for hMLH3 in the development of cancer 10. A single “hPMS1 family”
was later found to harbor an hMSH2 mutation 11.

Biochemical studies have demonstrated that the MutS homologs (MSH) perform lesion
recognition while the MutL homologs (MLH/PMS) coordinate downstream repair events.
The eukaryotic MSH and MLH proteins function as heterodimers. hMSH2 forms two
heterodimers: hMSH2-hMSH6 and hMSH2-hMSH3 2. hMLH1 appears to form three
heterodimers: hMLH1-hPMS2, hMLH1-hPMS1, and hMLH1-hMLH3 2. The MSH and
MLH heterodimeric proteins display overlapping as well as specific functions in MMR,
although no role for the hMLH1-hPMS1 heterodimer has been identified 12, 13. In addition,
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MMR has been shown to play a significant role in suppressing recombination between
divergent DNA sequences (homeologous recombination; 14, 15.

The hMSH2-hMSH6 and hMSH2-hMSH3 heterodimers recognize an overlapping set of
single basepair mismatches and insertion deletion loops 16, while a third unrelated MSH
heterodimer, hMSH4-hMSH5, uniquely recognizes Holliday Junctions and is expressed only
during meiosis 17, 18. Whether there is specificity between MSH heterodimer and MLH
heterodimer interaction/function is largely unknown. Genetic evidence in S. cerevisiae
suggests Pms1 (the hPMS2 homolog) is epistatic to Msh6. In contrast, Mlh3 exhibited a low
but significant increase in mutation rate that were epistatic to Msh3 19. Extrapolated to the
human system, these data would suggest that hMLH1-hPMS2 functions with hMSH2-
hMSH6, while hMLH1-hMLH3 may function with hMSH2-hMSH3, although these
connections have not been rigorously established. The MMR connections are confounded by
the observation that MSH4, MSH5, MLH1 and MLH3 are required for accurate meiotic
chromosome segregation 6, 20–22; suggesting a specific interaction between the hMSH4-
hMSH5 and hMLH1-hMLH3 heterodimers during meiosis that is independent of MMR.

The tissue specificity of HNPCC is puzzling since the MMR proteins appear to be
ubiquitously expressed 6, 23, 24. Qualitative studies examining a small subset of tissues have
demonstrated that MSH and MLH mRNA expression is highest in the testis 6, 17, 23, 24.
Limited data on the protein expression of hMSH2 and hMLH1 appears consistent with the
mRNA data 25. However, it is also clear that hMSH3 and hMSH6 require hMSH2 for their
stability, while hPMS1 and hPMS2 require hMLH1 for their stability 13, 26. In contrast, the
stability of hMLH3 protein appears to be independent of hMLH1 expression 27. Other
studies have shown that the hMSH2-hMSH6 heterodimer is approximately 6–10 fold more
abundant than the hMSH2-hMSH3 heterodimer while the hMLH1-hPMS2 heterodimer is
approximately 10-fold more abundant than the hMLH1-hPMS1 heterodimer and 60-fold
more abundant then the hMLH1-hMLH3 heterodimer 13, 26, 27

To further understand the role of hMLH3 in MMR and meiosis, we examined quantitative
mRNA expression in a large panel of human tissues. Protein expression analysis in a smaller
overlapping panel of tissues was correlated with mRNA expression. To identify tissues in
which genomic instability via homeologous recombination might be relevant, we compared
the expression of the MSH and MLH genes/proteins to the hRAD51 recombinase. Finally,
an interaction between hMLH1 and hMLH3 with hMSH3 is detailed. Our results provide
further support for an interaction between hMSH2-hMSH3 with hMLH1-hMLH3: a minor
MMR pathway with little if any HNPCC association(s).

MATERIALS AND METHODS
Cloning of the Human MMR genes

The cloning of hMSH2, hMSH3, hMSH4, hMSH5, hMSH6, hMLH1, and hPMS2 has been
previously described 17, 28, 29. hPMS1 and hMLH3 were cloned based on GENBANK
Accession numbers U13695 and AB039667, respectively (see Supplemental methods).

Quantitative Real Time PCR
ABI Taqman Gene Expression Assays (Applied Biosystems) include the primers and probes
for the human mismatch repair genes. 18S rRNA primers and probes were used as an
endogenous control for variation between samples (Applied Biosystems). The endogenous
control was validated for each of the human tissue RNA samples tested (data not shown).
All gene specific primers/probes spanned introns (except 18S rRNA which contains no
introns).
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Reverse transcription was performed with 10µg of human total RNA (Master Panel II,
Clontech) and random hexamer primers using the High Capacity cDNA Archive Kit
(Applied Biosystems). The consistency and precision of reverse transcription between tissue
mRNA samples was internally corrected by including 3×106 copies of luciferase RNA in the
reverse transcription reaction. The intra-assay coefficient of variation for luciferase RNA
ranged between 0.3% – 1.5% and inter-assay variance was 1.1% indicating that the reverse
transcription step did not vary significantly between experiments. The cDNA was purified
by Qiaquick PCR purification kit (Qiagen).

Real Time PCR Standards were derived from pET29a DNA clones 18S rRNA, hMSH2,
hMSH3, hMSH4, hMSH5, hMSH6, hMLH1, hMLH3, hPMS1, hPMS2, and hRAD51. The
standards covered a range of 7 logs (30 − 3×107 copies) and the correlation coefficient (R2)
for each standard curve was >0.99. Copy number was determined by comparison to the
luciferase cDNA standards 30. Reactions were performed in triplicate and threshold cycles
(Ct value) were determined with the ABI Prism 7900HT Sequence Detection System
software (SDS v2.2). All qPCR products were verified by sequencing (data not shown).

For mRNA quantitation we used the SDS v2.2 software (Applied Biosystems) to construct
standard curves for the target and endogenous control. Copy numbers for each were
extrapolated from the standard curve generated by the software. Statistical analysis was
performed by Microsoft Excel 2003.

Western Analysis
Western analysis was performed using polyclonal antibodies: hMSH2 Ab-3 (Calbiochem),
hMSH3 (BD Transduction Laboratories), hMLH1 (BD Biosciences), and hPMS2 C-20
(Santa Cruz Biotechnology). Polyclonal antibodies were raised against full-length hRAD51
and hMSH5 and the C-terminus of hMLH3 (amino acids 2425–4362). All antibodies except
anti-actin were conjugated to HRP using the SureLINK HRP conjugation kit (KPL).
Validation of protein specificity was performed by protein/peptide competition that included
1–1000 nM of protein/peptide with the antibody. Specific protein/peptide competition was
observed with the hMSH2, hMLH1, hPMS2, hMLH3, and hRAD51 antisera (data not
shown), which were included in subsequent Western analysis. Human tissues were obtained
from ProSci and were derived from autopsy material. Hela cell protein extracts were
prepared as previously described.

GST-IVTT Interaction Assay
The GST interaction assay was performed to determine protein-protein interactions. The
reactions were performed as described 28 except that all Glutathione S-transferase (GST)
fusion constructs were transformed into BLR(DE3)pLysS (Novagen) cells to enhance
protein expression. The GST-fusion protein (see Supplemental methods) was quantified by
comparison to a known quantity of BSA following separation by SDS-PAGE using a Gel-
Doc Imager (BioRad). The IVTT reaction used 1µg of the appropriate DNA construct in a
TNT coupled reticulocyte lysate system (Promega) with 35S-methionine. Multiple banding
patters below the full-length protein are the result of cryptic internal start and stop sites in
the DNA substrate 28. Labeled proteins were quantified as described 28, equivalent molar
quantities of each IVTT reaction were added to a large molar excess of the GST-fusion
protein, and binding reactions resolved by 10% SDS-PAGE. The gel was dried and
quantified by PhosphorImager (Molecular Dynamics). Semi-quantitative analysis (Intrel) has
been previously described and includes subtraction of non-specific binding with the GST
moiety alone 28, 31.
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RESULTS
mRNA expression of human MutS homologs and hRAD51

We examined the mRNA expression of human MSH and MLH/PMS genes and compared
them to the expression of hRAD51. We examined total RNA isolated from numerous human
tissues as well as the HeLa cell line. Because none of these tissue samples was
microdissected, gene expression must be considered in the tissue as a whole. For example, in
microdissected colon samples the expression of hMSH2 appears confined to the lower third
of a crypt with little expression in the surrounding matrix 32. These results have suggested
that hMSH2 expression is retained in undifferentiated crypt stem cells and is lost upon
cellular differentiation 32.

The quantified mRNA expression of the MMR genes hMSH2, hMSH3, and hMSH6 are
shown in Figure 1, A, B, and E. These three genes are ubiquitously expressed in human
tissues, but the level of expression appeared to vary by at least an order of magnitude
between tissues. For example, 1.4 × 108 copies of hMSH2 mRNA were detected in 1µg of
RNA isolated from human testis. Yet less than 107 copies were measured in 1µg of RNA
from human adrenal gland (Figure 1A). hMSH2 and hMSH6 mRNA were most abundant in
RNA from testis and HeLa cells (Figure 1, A and E). High levels of DNA repair proteins are
commonly found in testis samples 33. We note relatively high average levels of hMSH3 in
colon tissues. However, the significant standard of deviation undermines any useful
conclusions.

In contrast, hMSH2 mRNA expression appeared moderately high with low standard of
deviation in RNA from tissues of the nervous system, including brain (7×107), fetal brain
(8.2×107), and spinal cord (4.5×107; Figure 1A). Although the hMSH2-hMSH6 heterodimer
is generally more abundant than the hMSH2-hMSH3 heterodimer, the elevation of hMSH3
mRNA above hMSH6 mRNA in these neural tissues may suggest that the hMSH2-hMSH3
heterodimer is more abundant than the hMSH2-hMSH6 heterodimer (Figure 1B and 1E).

The expression of hMSH4 and hMSH5 was confined to testis tissues and is consistent with
its exclusive role in meiosis (Figure 1, C and D; 17. The hMSH4-hMSH5 heterodimer binds
uniquely to Holliday Junctions and progenitor Holliday Junctions and plays no known role
in MMR 18. The hMSH4 and hMSH5 expression data appears to provide a useful baseline
for the comparison of background mRNA expression. For example, there appear to be just
over 1×107 copies of hMSH5 and <0.5×107 copies of hMSH4 per µg of total colon mRNA.
Yet no expression of either proteins has been observed in any microdissected colon tissues
17; data not shown). These results suggest that ~1×107 mRNA copies may likely be a lower
limit of accurate mRNA detection in tissues, regardless of the copy number accuracy limits
determined for the qPCR analysis.

hRAD51 is an essential gene required for homologous recombination repair of DNA double-
stranded breaks (DSBs) and is an essential gene in dividing mammalian cells 34. We found
hRAD51 mRNA was elevated in human testis similar to the MMR genes (Figure 1F). The
expression of hRAD51 mRNA also appeared greater in immune system tissues, including
bone marrow and thymus. Both of these tissues may maintain increased DSB recombination
during maturation of immune cell types 35. Taken as a whole we conclude that hMSH2,
hMSH3 and hMSH6 appear to be expressed ubiquitously while hMSH4, hMSH5 and to
some extent hRAD51 appear confined to specific tissues. These latter genes provide an
internal control for significant mRNA copy number and tissue specificity.
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mRNA expression of hMLH1, hMLH3, hPMS1, and hPMS2
We examined the expression of the MLH/PMS genes (Figure 2). hMLH1 and hPMS2
mRNA expression was greatest in testis tissue and HeLa cells (Figure 2A and 2B). The
hMLH1 protein is the common component of the three human MLH/PMS heterodimers:
hMLH1-hPMS1, hMLH1-hPMS2, and hMLH1-hMLH3. Thus it is not surprising that the
expression of hMLH1 mRNA appears to be equal or greater than its partners in all the
human tissues tested (compare Figure 2A to 2B, 2C, and 2D). Similar to hMSH2 and
hMSH3, the mRNA expression of hMLH1, hPMS1, and hPMS2 appears to be modestly
elevated in RNA from nervous system tissues, including brain, fetal brain, and spinal cord
(Figure 2A, 2B, and 2D).

Previous studies have suggested that hMLH3 is expressed at lower levels compared hMLH1,
hPMS1, and hPMS2 27. Our results appear consistent with this conclusion and show that
hMLH3 mRNA from multiple human tissues is strikingly reduced compared to the mRNA
of the other human MLHs (compare Figure 2C to 2A, 2B, and 2D). hMLH3 mRNA appears
to be most abundant in RNA isolated from human colon, heart, testis, and thyroid tissues
(Figure 2C); although the mRNA copy number barely exceeds a 107/µg significance limit
established for hMSH4, hMSH5, and hRAD51. The general pattern of hMLH3 mRNA
expression does not resemble the mRNA pattern for MSH proteins that function in MMR
(hMSH2, hMSH3, and hMSH6) (Figure 1A, 1B, and1 E) or the MSH proteins that are
specific to meiosis (hMSH4 and hMSH5) (Figure 1C and 1D).

Protein expression of the hMSH and hMLH homologs
Protein expression of hMSH2, hMSH6, hMLH1, hMLH3, hPMS2, and hRAD51 was
evaluated by Western analysis using antisera with demonstrated specificity to their antigens
(Figure 3). Protein samples were from multiple human tissues, including brain, colon, heart,
prostate, spinal cord, testis, thymus, thyroid and HeLa cells. We also probed a blot
containing breast, ovary, skin, small intestine, spleen, testis, and the HeLa cell line for
hRAD51 protein expression. With the exception of HeLa cells, all the tissue samples were
derived from non-microdissected autopsy material. We detected the hMSH2, hMSH6,
hMLH1, hMLH3, hPMS2, and hRAD51 proteins in HeLa cells. This observation provided a
useful control that largely correlated with the mRNA quantitation.

Tissue expression of these proteins varied significantly. If one assumes that a minimum of
107 mRNA copies/µg total RNA results in significant protein expression, then the
expression analysis suggested that we should observe the hMSH2, hMSH6, hMLH1,
hMLH3, hPMS2, and hRAD51 proteins in testis tissues. Yet we only detected hMSH2,
hMLH1, hMLH3 and hRAD51. These results suggest that mRNA analysis may predict
protein expression for a subset of the MSH and MLH genes. Alternatively, the protein half-
life of MMR proteins such as hMSH2 appears to be approximately 3 hr with degradation
mediated by the ubiquitin-proteosome pathway 36. These results suggest that the timing and
preparation of tissue may influence Western analysis. While hMLH3 mRNA expression
appeared very low in all human tissues, hMLH3 protein expression was detected at low
levels in human colon, heart, and thyroid and high levels in human testis. These results
appear to mirror the qPCR observations. We also observe significant hMLH3 expression in
thymus tissues, which appears contrary to the qPCR results. Together these results suggest
that the tissue Western analysis is a qualitative measure of protein expression that is
significantly affected by sample source and quality. The general trend(s) of mRNA
expression appear similar to the Western analysis. Protein expression in HeLa cells appears
to be the most accurate predictor since the samples were derived from fresh cell
preparations. Another limitation of whole tissue Western analysis is that a small fraction of
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the total cellular components may be responsible for gene and protein expression (see
microdissection discussion above).

Interactions between the human MutS homologs with hMLH3
The relatively elevated mRNA levels of hPMS1 appeared at odds with its immaterial role in
MMR, meiosis, or cell survival 12, 13, 19. Moreover, the low levels of hMLH3 mRNA and
protein expression appeared inconsistent with any role in MMR, while its elevated level of
expression in testis would appear to predict a role in meiosis 6, 10. These disparities
prompted us to examine the protein interactions between the human MutS homologues and
hMLH3.

Both hMLH3 and hMLH1 were in vitro transcribed and translated (IVTT) in the presence
of 35S-Methionine. To make the analysis semi-quantitative, equimolar quantities of 35S-
labeled proteins were then incubated with a substantial molar excess of GST-fusion hMSH2,
hMSH3, hMSH6, hMSH4, and hMSH5 proteins and precipitated with glutathione beads 28.
The GST-hMLH1 protein was included as a positive control for interaction(s) with IVTT-
hMLH3, and GST-hPMS1 served as a positive control for interaction with IVTT-hMLH1.
Interactions between MSH and MLH/PMS were quantified as a relative interaction
compared to these known interaction partners (Intrel) and has been previously described 28,
29.

Previous studies demonstrated that hMLH3 interacts with hMLH1 37. However, its
interaction(s) with other MMR proteins is unknown. We found that IVTT-hMLH3
quantitatively interacted with GST-hMSH3 (Figure 4A) that appeared equal to its interaction
with GST-hMLH1 (Figure 4A). In addition, IVTT-hMLH1 was found to interact with GST-
hMSH3 that appeared equal to its interaction with GST-hPMS2 (Figure 4B). Little or no
interaction of IVTT-hMLH3 or IVTT-hMLH1 with GST-hMSH2, hMSH6, hMSH4, or
hMSH5 was observed (Figure 4). This data is consistent with the hypothesis that the
hMLH1-hMLH3 heterodimer may interact with the hMSH2-hMSH3 heterodimer through
contacts with hMSH3.

We mapped the peptide domains of hMLH1 that interacted with hMSH3 (Figures 5A and
5B). A variety of hMLH1truncation mutants were engineered and expressed by IVTT. These
truncated 35S-labeled IVTT hMLH1 peptides were tested for their ability to be precipitated
with GST-hMSH3 (Figure 5A). Deletion of the carboxyl terminal 256 amino acids of
hMLH1 eliminated precipitation with GST-hMSH3 (Figure 5A, Lane 3). However, the
carboxyl terminal 250 amino acids of hMLH1 were not sufficient to be precipitated by GST-
hMSH3 (Figure 5A, Lane 5). Expansion of the hMLH1 carboxyl terminal peptide to 375 or
506 amino acids resulted in efficient precipitation by GST-hMSH3 (Figure 5A, Lane 7 and
Lane 4, respectively). Internal fragments of the hMLH1 peptides, amino acids 506–756 and
253–675, were not precipitated by GST-hMSH3 (Figure 5A, Lane 6). Taken together, this
data suggests that the 382–756 amino acid C-terminal domain of hMLH1 mediates
interaction with hMSH3 (Figures 5A and 6).

The regions of hMSH3 necessary for interaction with hMLH1 were mapped by a similar
peptide truncation method (Figure 5B). Deletion of the carboxyl terminal 520 amino acids
from hMSH3 had no effect on precipitation by GST-hMLH1 (Figure 5B, Lane 2 and 3).
Moreover, the amino terminal 250 amino acids of hMSH3 were efficiently precipitated by
GST-hMLH1 (Figure 5B, Lane 6), while an internal fragment of hMSH3 containing amino
acids 75–297 was modestly precipitated by GST-hMLH1 (Figure 5B, Lane 7). Interestingly
this region in hMSH3 may make contacts with the DNA and includes part of the N-terminal
hMSH2 interaction domain 29, 38, 39. We conclude that the minimal interaction domain of

Charbonneau et al. Page 6

Cancer Biol Ther. Author manuscript; available in PMC 2010 December 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



hMSH3 with hMLH1 resides within the first 250 amino acids and perhaps is confined to
amino acids 75–250 (Figure 6).

Unfortunately, the detailed regions required for interaction between hMLH3 and hMSH3
could not be identified. This appeared largely due to expression and instability issues
associated with GST-hMLH3 as well as several truncated IVTT-hMLH3 peptides (data not
shown). These results underline the difficulties in biochemical characterization of hMLH3
and the hMLH1-hMLH3 heterodimer.

DISCUSSION
Previous work has suggested a minor role for hMLH3 in MMR 27. In those studies the
hMLH3 protein was introduced at levels that appeared to be comparable or greater than its
heterodimeric partner hMLH1. However, we found that in most cells and tissues where
hMLH3 gene/protein may be detected, it appears to be at least 10-fold less abundant than
hMLH1 (Figure 1 and 3), a result that is also consistent with the high variability but
generally low levels of hMLH3 protein found by Cannavo et al., 27.

We tested the interaction(s) between the human MSH and MLH proteins using a GST/IVTT
precipitation assay. These studies identified novel interactions between hMLH1 and hMLH3
with hMSH3 (Figure 4). Protein and peptide stability issues inhibited our ability to map the
interaction regions between hMLH3 and hMSH3. However, we determined that the
interaction region between hMSH3 with hMLH1 was confined to the N-terminal region of
hMSH3 and the C-terminal region of hMLH1 (Figure 6). These observations would appear
consistent with an interaction between the hMSH2-hMSH3 heterodimer and the hMLH1-
hMLH3 heterodimer. Interestingly, a role for hMLH3 in the repair of hMSH2-hMSH3
mediated insertion-deletion loop-type mismatches was eliminated by Cannavo et al., based
on the reduced repair of a Δ2 mismatch compared to a G/T or Δ1 mismatch 27. However, the
normal 10-fold reduction in the expression of hMSH2-hMSH3 compared to hMSH2-
hMSH6 in the 293T cells used for the analysis could account for the reduced repair activity
of a Δ2 mismatch. Studies with purified MMR proteins to address this issue is complicated
by well-known stability issues associated with the hMLH1-hMLH3 heterodimer.

Both hMLH1 and hMLH3 appear to function in meiosis. However, the homologous
chromosome segregation defects observed in Mlh1 and Mlh3 deficient mice does not require
Msh3 40, 41. These observations suggest that the interaction between hMLH1 and hMLH3
with hMSH3 is unlikely to be a significant contributor to the meiosis I defects in Mlh1 and
Mlh3 deficient mice. Interestingly, mouse Msh2 and Msh3 appear to localize with Mlh3 on
repetitive sequences within the Y chromosome and centromeres independently of Mlh1 42.
Together with our interaction data, these observations suggest that MLH3 may form a stable
complex with the MSH2-MSH3 heterodimer on or near repetitive sequences during meiosis.
The functional consequences of this interaction remain enigmatic.

The C-terminal portion of hMLH1 was required for interaction with hMSH3 (Figure 6). This
region covers amino acids 382–756 of the protein and includes the interaction region(s) for
hPMS1, hPMS2, and hMLH3 28, 37. Since the interaction region between hMLH1 with
hMSH3 extends beyond the consensus MLH interaction region(s) it is possible that the
formation of MLH heterodimers does not compete with the interaction of hMLH1 with
hMSH3. The region of hMSH3 required for interaction with hMLH1 was confined to the N-
terminus (Figure 6). It spans amino acids 1–250 in hMSH3 and overlaps the region required
for interaction with hMSH2 29. Based on structural analysis of MutS and hMSH2-hMSH6
this region is equivalent to Domain I 38, 39, 43, 44. Studies of MutS and the yeast MSH6 have
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suggested that the N-terminal region may be disordered in solution and is ordered by its
interaction with a mismatch or other proteins such as PCNA 39, 44.

HNPCC families are at increased risk to developing cancer in specific types of tissues. The
tissue specificity is particularly puzzling since MMR genes appear to be ubiquitously
expressed. The limited tissue availability restricted our ability to examine the mRNA
expression levels of all HNPCC tissues. However one tissue, brain, although rarely
associated with HNPCC, appeared to express elevated levels of several MSH and MLH
mRNAs, particularly hPMS2. We could not confirm this expression pattern by Western
analysis of brain autopsy tissue. However, a phenotypic variant of HNPCC, Tucot’s
Syndome (TS), appears primarily caused by homozygous germline mutations in hPMS2 45.
Among one of its characteristics is the development of exceedingly early onset brain tumors
46, 47. If hPMS2 is truly expressed at higher levels in these tissues, it may help to explain
the brain tumor risk in these patients.

There is no evidence for an association between hMSH3 and HNPCC. This observation
suggests that hMSH2-hMSH3 repair processes play little if any role in tumorigenesis and is
consistent with mutational analysis in yeast and mice 19, 48. An interaction specificity
between the hMSH2-hMSH3 heterodimer and the hMLH1-hMLH3 heterodimer in MMR
processes would correspondingly suggest little or no role for hMLH3 in HNPCC; also
consistent with yeast studies 19. This conclusion should be tempered with the possibility of
an as yet undetected interaction between the hMSH2-hMSH6 heterodimer and the hMLH1-
hMLH3 heterodimer. However, the dramatically reduced expression of hMLH3 compared to
the other human MutL homologs would still suggest a significantly reduced role for this
gene in HNPCC and tumorigenesis 27. Based on both mRNA and protein expression, it
would appear that hMLH3 functions primarily in meiotic tissues (testis) consistent with the
conclusions of yeast and mouse genetic studies 19.

The elevated expression of hRAD51 in colon tissues may reveal an increased role of
homeologous recombination in the absence of MMR genes 14. Such low fidelity
chromosomal recombination events could additionally contribute to the mutator phenotype
in MMR-deficient cells during tumorigenesis. If such homeologous recombination processes
were active, then there should be some well-defined signatures associated with
chromosomal rearrangements in these tumors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. mRNA expression of MSH and hRAD51 DNA repair genes in multiple tissues
Quantitative representation of (A) hMSH2, (B) hMSH3, (C) hMSH4, (D) hMSH5, (E)
hMSH6, and (F) hRAD51 mRNA in human tissues and HeLa cells. Copy number was
determined by qPCR with gene specific primer sets and total RNA reversed transcribed to
cDNA. The charts represent an average of three separate experiments and quantities are
displayed in 107 copies/µg of total RNA.
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Fig. 2. mRNA expression of MLH DNA repair genes in multiple tissues
Quantitative representation of (A) hMLH1, (B) hPMS1, (C) hMLH3, and (D) hPMS2
mRNA in human tissues and HeLa cells. Copy number was determined by qPCR with gene
specific primer sets and total RNA reversed transcribed to cDNA. The charts represent an
average of three separate experiments and quantities are displayed in 107 copies/µg of total
RNA.
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Fig. 3. Western analysis of DNA repair protein expression in multiple tissues
Blots of 15µg total protein from multiple human tissue types were probed with antibodies
specific for (Top) hMLH3, hMSH6, hMSH2, hPMS2, and hMLH1 with GAPDH as a
loading control; and (Bottom) hRAD51 with actin as a loading control.
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Fig. 4. hMLH1 and hMLH3 interact with hMSH3
A GST interaction assay was used to identify interactions between MSH and MLH proteins.
The MSH proteins were tagged with an N-terminal GST and hMLH1 and hMLH3 were in
vitro transcribed/translated in the presence of 35S-methionine. (A) hMLH3 interaction with
hMLH1 is a positive control. Interactions of other MSH proteins with hMLH3 are relative to
the hMLH3 interaction with hMLH1 (Intrel-hMLH1). Phosphorimager analysis was used for
quantitation. Interaction with GST-alone is subtracted as background. hMLH1 specifically
interacts with hMSH3, but not other MSH proteins. (B) hMLH1 interaction with hPMS1 is a
positive control and the reference interaction with other MSH proteins (Intrel-hPMS2).
hMLH1 interacts with hMSH3 but not hMSH2, hMSH6, hMSH4, or hMSH5.
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Fig. 5. Region of hMLH1 required for interaction with hMSH3
(A) The region of hMLH1 required for its interaction with hMSH3 was determined via the
GST interaction assay. Deletion constructs of hMLH1 were in vitro transcribed/translated
and tested for interaction to GST-hMSH3. The interaction between hPMS1 and hMLH1 is a
positive control and the reference for all other interactions(Intrel-hMLH1). Phosphorimager
analysis was used for quantitation. The minimal region of hMLH1 required for interaction
with hMSH3 consisted of amino acids 382–756 (lane 7). (B) The GST interaction assay was
used to define the region of hMSH3 required for interaction with hMLH1. hMLH1 was
tested against in vitro transcribed/translated deletion constructs of hMSH3. The interaction
between hMLH1 and in vitro transcribed/translated hMLH3 served as a positive control and
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reference for all other interactions (Intrel-hMSH3). Phosphorimager analysis was used for
quantitation. hMSH3 amino acids 1–250 is the minimal region required for interaction with
hMLH1 (lane 6).
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Fig. 6. Diagram of the interaction regions of MSH and MLH proteins
Based on Schmutte et. al. 31. The C-terminus of hMLH1 is required for interaction with the
N-terminus of hMSH3 (yellow rectangle and lines). This region of hMLH1 is also required
for its interaction with hEXOI and heterodimer formation with hMLH3, hPMS1, and
hPMS2 28, 31, 37. In addition, the N-terminal region of hMSH3 required for interaction with
hMLH1 includes the interaction regions of hMSH3 with hMSH2 and hEXOI 29, 31.
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