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Defects in human DNA mismatch repair have been reported to underlie a variety of hereditary and sporadic
cancer cases. We characterized the structure of the MSH6 promoter region to examine the mechanisms of
transcriptional regulation of the MSH6 gene. The 5�-flanking region of the MSH6 gene was found to contain
seven functional Sp1 transcription factor binding sites that each bind Sp1 and Sp3 and contribute to promoter
activity. Transcription did not appear to require a TATA box and resulted in multiple start sites, including two
major start sites and at least nine minor start sites. Three common polymorphisms were identified in the
promoter region (�557 T3G, �448 G3A, and �159 C3T): the latter two were always associated, and each
of these functionally inactivated a different Sp1 site. The polymorphic allele �448 A �159 T was demonstrated
to be a common Caucasian polymorphism found in 16% of Caucasians and resulted in a five-Sp1-site promoter
that had 50% less promoter activity and was more sensitive to inactivation by DNA methylation than the more
common seven Sp1 site promoter allele, which was only partially inactivated by DNA methylation. In cell lines,
this five-Sp1-site polymorphism resulted in reduced MSH6 expression at both the mRNA and protein level. An
additional 2% of Caucasians contained another polymorphism, �210 C3T, which inactivated a single Sp1 site
that also contributes to promoter activity.

The human DNA mismatch repair (MMR) system functions
to repair mispaired bases in DNA that result from DNA rep-
lication errors and thereby prevents the accumulation of mu-
tations due to such replication errors. Biochemical and genetic
studies have identified a number of mismatch repair proteins
involved in this system, including those encoded by the MSH2,
MSH3, MSH6, MLH1, MLH3, PMS2, and EXO1 genes, as well
as the replication proteins PCNA, RFC, RPA, and DNA poly-
merase delta (for reviews, see references 24 and 33). Loss of
MMR function is associated with both inherited cancer sus-
ceptibility and the development of sporadic tumors. Inherited
mutations in MSH2 and MLH1 are the most prevalent cause of
hereditary nonpolyposis colorectal carcinoma (HNPCC) (for a
review, see reference 52), and epigenetic silencing of MLH1
has been found to underlie most MMR defective sporadic
cancer cases (14, 25, 31, 46, 47). Inherited mutations in MSH6
have been found in a small proportion (0 to 3%) of HNPCC
families and appear to underlie a higher proportion for familial
colorectal cancer cases that show later onset and a less pro-
nounced family history than HNPCC (6, 34, 45, 65, 67, 68).
Mutations in PMS2 have been found in patients with Turcots
syndrome but are only rarely found in patients with HNPCC
(11, 39, 64, 66). Whether or not mutations in MLH3 or EXO1
underlie a significant proportion of HNPCC is unclear (2, 29,
38, 69, 70).

In the human MMR system, two heterodimeric complexes—

MSH2-MSH6 (MutS�) MSH2-MSH3 (MutS�)—function to
recognize mispaired bases in DNA (1, 19, 21, 49, 61). MutS�
appears to function in the repair of base-base and insertion/
deletion mispairs, whereas hMutS� only appears to function in
the repair of insertion/deletion mispairs. In addition, MutS�
appears to be relatively more important for the repair of
smaller insertion/deletion mispairs, whereas MutS� is rela-
tively more important for the repair of larger insertion/deletion
mispairs (1, 21, 54). As a consequence of this partial redun-
dancy, defects in MSH2, MSH3, and MSH6 each have different
effects: mutations in MSH2 cause complete loss of MMR,
mutations in MSH6 cause increased accumulation of base sub-
stitution mutations, and in some cases single base insertion/
deletion mutations and mutations in MSH3 cause increased
accumulation of larger insertion/deletion mutations (42, 57).
Several studies have also shown that alteration in expression
levels of the MSH proteins can perturb MMR. Overexpression
of human MSH3 inhibits the formation of the MutS� complex,
resulting in increased accumulation of mutations (18, 41, 63)
and in Saccharomyces cerevisiae overexpression of MSH6 re-
sults in a mutator phenotype (8, 15), although the basis for this
is unclear.

Although it is known that alteration in the expression of
MSH6 can perturb MMR, only a limited analysis of the struc-
ture of the human MSH6 promoter has been performed and
no possible regulatory mutations that affect the expression of
MSH6 have been reported. The 5� untranslated region (UTR)
of the human MSH6 gene has been cloned and sequenced (1,
60). The promoter region has a high GC content, and there
appear to be multiple start sites for transcription. It is known
that human MLH1, PMS1, PMS2, and MSH2 gene promoters
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share structural characteristic of TATA-less promoters, includ-
ing multiple start sites and the sporadic presence of CAAT-
boxes and GC-boxes, which may indicate a housekeeping func-
tion for these genes (27, 28, 48, 71). The transcription of a
number of mammalian genes is believed to be regulated by GC
box target sites for Sp family transcription factors (58), in the
absence of a TATA-box close to the transcriptional start sites
(3, 4, 72, 73). The limited information about the MSH6 pro-
moter region suggests that it may be a member of this class of
promoters. To better understand the regulation of the MSH6
gene, we identified seven putative Sp1 binding sites in the
MSH6 promoter region and analyzed their role in the regula-
tion of MSH6 expression. We found that the MSH6 promoter
is regulated by Sp1 and that all seven Sp1 sites functionally
interacted with Sp1. In addition, we identified polymorphic
variants of the MSH6 promoter in which different Sp1 sites
were inactivated by single-nucleotide polymorphisms (SNPs)
resulting in altered promoter activity.

MATERIALS AND METHODS

Cell culture. Chinese hamster ovary (CHO) cells were obtained from the
American Type Culture Collection (Manassas, Va.). Human cervical carcinoma
(HeLa) cells were provided by Giuseppina Bonizzi (UCSD School of Medicine,
La Jolla, Calif.), a human skin fibroblast (BJ) cell line was provided by Jean
Wang (UCSD Department of Biology), and human glioblastoma and glioma cell
lines were provided by Webster Cavenee (Ludwig Institute, La Jolla, Calif.).
Cells were cultured in Dulbecco modified Eagle medium (Gibco-Invitrogen)
supplemented with 10% fetal bovine serum (Sigma) and 1% L-glutamine, peni-
cillin, and streptomycin sulfate (Irvine Scientific) at 37°C in a humidified cham-
ber with 5% CO2. Drosophila Schneider SL2 cells were from the American Type
Culture Collection and were grown at 26°C under normal atmospheric conditions
in Schneider’s medium (Gibco-Invitrogen) supplemented with 10% fetal bovine
serum.

DNA sequence analysis. For analysis of genomic DNA samples, a 672-bp
region of the human MSH6 gene containing the 5� UTR and part of the coding
region was amplified by PCR with primers 166UF (5�-GTGCCTACTCTATAC
AAATCTTGAG) and 817LR (5�-GTGCCTACTCTATACAAATCTTGAG) by
using an Advantage GC2 PCR kit (Clontech). PCR was carried out under the
following conditions: initial denaturation for 4 min at 94°C; followed by 35 cycles
of denaturation at 94°C for 30 s, annealing at 60°C for 30 s, and extension at 68°C
for 30 s; followed by a single final cycle extension at 68°C for 4 min. The resulting
PCR products were then purified by digestion with ExoI and shrimp alkaline
phosphatase and sequenced by using a Perkin-Elmer ABI 3700 DNA sequencer
(Applied Biosystems) (34). Plasmid DNAs were similarly sequenced with plas-
mid DNA templates purified by using Qiagen Plasmid Midi kits (Qiagen) and
primers designed by using the predicted sequence of individual plasmids.

Sequence chromatograms were analyzed to identify base changes, including
heterozygous base changes by using Sequencher 3.1 software (Gene Codes
Corp.), and sequence homologies were examined by using the BLAST 2.0 and
FASTA programs available on the web server of the National Center for Bio-
technology Information (Bethesda, Md.) (51). The 5�-flanking sequence was
analyzed for the presence of putative transcription factor binding sites by using
MacVector (Oxford Molecular, Ltd.) and TESS (www.cbil.upenn.edu/cgi-bin
/tess) software. The sequence of the 5� UTR of the MSH6 gene initially used in
these studies was obtained from GenBank and included previous submissions
from this and other laboratories (GenBank sequences U73732 and AF334668).

To detect polymorphisms in the 5� UTR of the MSH6 gene, normal control
DNAs were obtained from Coriell Laboratories (Camden, N.J.) and sequenced
as described above. The first 100 samples of the complete human diversity set
(catalog no. MPDR450) were sequenced. Subsequently, all 100 DNAs from the
100 Caucasian DNA set (catalog no. HD100CAU) were sequenced.

Genomic DNA and mRNA from the LN299, LN340, and LN443 glioblastoma
and LNZ308 glioma cell lines were extracted by using a Puregene DNA isolation
kit (Gentra Systems) and the FastTrack mRNA isolation kit (Invitrogen, San
Diego, Calif.), respectively. The 5� UTR and all exons with flanking region of
hMHS6 gene were amplified and sequenced by utilizing the primers and condi-
tions described previously (34). cDNA was generated by using a First-Strand
cDNA synthesis kit (Invitrogen), reverse transcription-PCR was performed with

the previously described NS6X1UF and CS6X4LAr.5 primers (34), and the
resulting PCR fragment including exons 1 and 4 was sequenced. To analyze the
linkage between different nucleotide changes, the cDNA amplification product
and genomic DNA amplified with primers 166UF and CS6X1L2 (32) were
cloned into a Topo TA cloning pCR2.1 vector (Invitrogen) and then sequenced
by using M13 forward and reverse primers.

Primer extension and RACE (rapid amplification of cDNA ends) assay.
Primer extension was performed by using total human adult normal colon RNA
(ResGen; Invitrogen Corp.) and a reverse primer 817LR that was complemen-
tary to nucleotides 17 to 39 from ATG of MSH6. The primer was end labeled
with [�-32P]ATP by using T4 polynucleotide kinase, and free nucleotides were
removed by using a Microspin G25 column (Amersham-Pharmacia). Primer
extension assays were performed in parallel by using Superscript II RNase H�

reverse transcriptase and ThermoScript RNase H� reverse transcriptase (In-
vitrogen/Life Technologies). Reactions containing either 5 or 10 �g of total
human adult normal colon RNA, 5� buffer (provided by the manufacturer), 10
mM dithiothreitol (DTT), 10 mM deoxynucleoside triphosphates, and reverse
primer were denatured at 70°C for 2 min and then incubated at 20 min at 60°C
so that the primer could anneal to the RNA template, followed by cooling the
reactions on ice for 10 min. Then, GC Melt (final concentration, 1 M), RNasin
(final concentration, 0.5 U/�l), and either 48 U of Superscript II RNase H�

reverse transcriptase or 200 U of ThermoScript RNase H� reverse transcriptase
were added so that the final volume was 20 �l; the samples were then incubated
at 42°C for 90 min. The reactions were stopped by precipitation with 0.5 M
ammonium acetate and 100% ethanol. These samples and molecular weight
markers (HinfI digest of 	X174 DNA; Promega) were electrophoresed in par-
allel on a 7 M urea–6% polyacrylamide gel run in 0.5� TBE buffer. The radio-
active DNA species were then detected by autoradiography, as well as by using
a phosphorimager.

5� RACE was carried out by using a Human Colon Marathon-Ready cDNA
amplification kit (Clontech). The primary and nested PCR were performed with
the adaptor oligonucleotides AP1 and AP2 (provided in the kit) and a specific
reverse primer 817LR or a fluorescent derivative of 817LR. PCR amplification
was performed by using an Advantage 2 PCR kit (Clontech) according to the
manufacturer’s instructions for the Ready Marathon cDNA amplification kit.
The fluorescently labeled PCR products were electrophoresed on a Perkin-
Elmer ABI 377 DNA sequencer and analyzed by using ABI GeneScan software.
In addition, the unlabeled RACE products were cloned into the TA cloning
vector pCR2.1 (Invitrogen) by using a TA cloning kit, and 100 independent insert
containing clones were isolated and sequenced by using standard M13 and T7
vector primers.

Construction of hMSH6 reporter vectors. To construct a wild-type MSH6
promoter-luciferase reporter plasmid, a 624-bp fragment of MSH6, including
5�-flanking sequences from positions �633 to �9 relative to the ATG was
amplified by PCR by using an Advantage GC2 PCR kit (Clontech) as described
above except that only 20 cycles of PCR were used. The forward primer 166KUF
(5�-GTGCCTACTCTATACAAATCT) contained a KpnI site (5�-GGGG
TACC) at its 5� end and the reverse primer 9BLR (5�-CGGCAAGGCCCAAC
CGTTC) contained a BglII site (5�-GAAGATTC) at its 5� end. The PCR prod-
uct was digested by with KpnI and BglII and cloned between the KpnI and BglII
sites of the pGL3 enhancer-luciferase reporter plasmid (Promega), and a fully
wild-type clone was identified by DNA sequencing. The full-length of the pro-
moter construct pGL3 �633/�9WT was used to construct all deletion and
site-directed mutant derivatives.

A series of 5� MSH6 promoter deletions (pGL3-490/-9, pGL3-318/-9, pGL3-
248/-9, pGL3-248Mut/-9, pGL3-221/-9, pGL3-120/-9) was constructed by ampli-
fying the MSH6 promoter region with different 5� primers complementary to
different regions of MSH6 and containing the 5� KpnI site indicated above in
combination with the reverse primer 9BLR, and these PCR products were
inserted between the KpnI and BglII sites of the pGL3 enhancer-luciferase
reporter plasmid. Similarly, 3� deletion constructs (pGL3-633/-252 and pGL3-
633/-193) were generated by using the 166KUF primer and different reverse
primers complementary to different regions of MSH6 and containing the above
indicated 5� BglII site. The first number in the designation of each mutant
construct indicates the most N-terminal MSH6 nucleotide present, and the
second number indicates the most C-terminal MSH6 nucleotide present.

Plasmids containing individual nucleotide changes were constructed by using
different site-directed mutagenesis methods. To construct the pGL3-633/-
9�TATA box mutation, a derivative of the forward primer 166TKUF was syn-
thesized to contain a 2-bp difference in the core of the TATA box sequence
(TATA3AAAA), and then the plasmid was constructed as described above for
the wild-type plasmid. The full-length promoter constructs containing mutations
that created some of the promoter SNPs, including pGL3-633/-9 SNP1 (�557G),
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pGL3-633/-9 SNP2-3 (�448A �159T), and pGL3-633/-9 SNP1-2-3 (�557G
�448A �159T), were constructed by amplifying these alleles from genomic
DNAs in which these alleles were present and then cloning the resulting PCR
product as described for the wild-type plasmid. A single round of overlap exten-
sion PCR (62) with appropriate mutant primers and pGL3-633/-9WT DNA as a
template was used to create other single-mutant plasmids. These single-mutant
plasmids included the two promoter SNP-containing plasmids pGL3-633/-9
SNP2 (�448A) and pGL3-633/-9 SNP3 (�159T) and a series of plasmids in
which a 2-bp substitution was made to eliminate each individual Sp1 consensus
sequence, including pGL3-Sp1-7Mut (CC3AA), pGL3-Sp1-6Mut (GG3TT),
pGL3-Sp1-5Mut (CC3AA), pGL3-Sp1-4Mut (CC3AA), pGL3-Sp1-3Mut
(GG3TT), and pGL3-Sp1-1/2Mut (CC3AA and GG3TT). (The exact nucle-
otides changed are indicated in Fig. 1A. The Sp1 sites are numbers from 1 to 7
as indicated in Fig. 1B, with 1 indicating the most N-terminal Sp1 site.) Sequen-
tial rounds of overlap extension PCR were then used to generate a series of
plasmids containing different combinations of the above-described mutations,
including pGL3-Sp1-7/6Mut, pGL3-Sp1-7/6/5Mut, pGL3-Sp1-7/6/5/4Mut, pGL3-
Sp1-7/6/5/4/3Mut, pGL3-Sp1-7/6/5/4/3/2/1Mut, and pGL3-Sp1-7/6/5/4/3/2/1Mut�
TATA box mutation. All plasmids were sequenced to verify that they only contained
the desired base changes. Note that the oligonucleotide sequences that were the
basis for the 2-bp substitution mutations were also used in the many of the compet-
itor DNAs for the electrophoretic mobility shift assay (EMSA) experiments.

Transient-transfection and luciferase reporter gene expression analyses.
HeLa, CHO, and BJ cells (2 � 105) were plated into individual wells of a six-well
plate 12 h before transfection, and the medium was changed immediately before
transfection. A 1-�g DNA mixture was prepared in 100 �l of OptiMEM I
medium (Invitrogen) that contained 0.1 �g of �-galactosidase expression plasmid
(p�gal-control; BD Biosciences) as an internal control or 0.4 �g (HeLa cells) or
0.1 �g (CHO/BJ cells) of test plasmid and pUC18 carrier DNA and was then
mixed with Fugene in a 1:3 ratio. This mixture was immediately added to one well
of cells; after 24 h the cells were washed twice with phosphate-buffered saline,
and cell extracts were prepared by resuspending the cells in lysis buffer provided
in a luciferase assay kit (Promega). The luciferase activity was then analyzed by
mixing 25 �l of cell extract and 100 �l of the luciferase assay substrate (Promega)
and measuring the resulting luminescence 10 s in a luminometer (EG&G
Berthold Microlumat LB 96P). The luciferase activity was then normalized to the
level of �-galactosidase activity present in the same extracts measured by using
a �-galactosidase activity kit (Invitrogen) according to the manufacturer’s in-
structions. Each extract was analyzed in duplicate, and at least two independent
experiments were performed. The observed luciferase activity reported in each
figure is expressed as the percentage of the activity obtained with the most active
construct used in each figure. The DNAs and cell lines transfected are as indi-
cated in individual experiments. In some experiments, the plasmids were meth-
ylated in vitro with SssI methylase (New England Biolabs) prior to transfection.
In these cases, complete methylation at the Sp1 and CpG sites was verified by
measuring the extent of protection from digestion with the restriction enzymes
AciI (CCGC) and HpaI (CCGG).

For transfection of Drosophila SL2 cells, cells were seeded at 2 � 106 cells per
well of a six-well plate 24 h before transfection, and transfections were performed
and analyzed essentially as described above except that CellFectin reagent (In-
vitrogen) was used instead of Fugene. The pPac-Vector, pPac-Sp1, and pPac-Sp3
expression plasmids used in the Drosophila cell transfection experiments were
provided by K. Okumura, (Ludwig Institute for Cancer Research, La Jolla,
Calif.). In initial optimization experiments, cotransfection was carried out with
different amounts of pPAC-Sp1 or pPAC-Sp3 (0.1, 0.25, and 0.5 �g), along with
either the pGL3-Basic vector or pGL3-633/-9WT, and maximal promoter activity
was obtained with 0.25 �g of pPAC-Sp1 and pPAC-Sp3. In subsequent experi-
ments, the DNA transfection mixture contained 0.1 �g of �-galactosidase ex-
pression plasmid, 0.4 �g of each experimental plasmid, and 0.25 �g of pPac
vector, pPAC-Sp1, or pPAC-Sp3 or a mixture of pPAC-Sp1 and pPAC-Sp3,
along with sufficient pUC18 DNA carrier, so that each mixture contained a total
of 1 �g of DNA.

Nuclear extracts, EMSAs, and protein analysis. HeLa cells (107) were har-
vested by centrifugation at 6,000 rpm for 5 min, washed twice in ice-cold phos-
phate-buffered saline, and lysed by resuspending them in 200 �l of ice-cold buffer
A (10 mM HEPES [pH 8.0], 10 mM KCl, 2 mM MgCl2, 0.1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride [PMSF], 0.2% NP-40) and incubating the suspen-
sion for 10 min on ice. All solutions contained freshly added protease inhibitor
cocktail (1� recommended concentration; Roche) and phosphatase inhibitors
(final concentrations of 1 mM orthovanadate and 1 mM sodium fluoride), as well
as final concentrations of 1 mM PMSF and 1 mM DTT. After centrifugation at
6,000 rpm at 4°C for 10 min to harvest the nuclei, the nuclei were washed with
200 �l of ice-cold buffer B (10 mM HEPES [pH 8], 10 mM KCl, 2 mM MgCl2,

0.1 mM EDTA, 1 mM PMSF) and then resuspended with ice-cold buffer C (20
mM HEPES [pH 8.0], 0.63 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM
DTT, 1 mM PMSF, 25% glycerol) by rotating the suspension for 20 min at 4°C.
The resulting lysate was centrifuged at 12,000 rpm for 10 min (7, 17), and the
protein concentration was determined by using Bio-Rad protein assay reagent.

To construct oligonucleotide duplexes, 500 ng each of sense and antisense
oligonucleotides were annealed in buffer N (1 M NaCl, 25 mM Tris-HCl, 1 mM
EDTA) by heating the mixtures to 94°C for 10 min and then cooling them to
65°C for 30 min, followed by cooling from 65 to 25°C over a 90-min period,
followed by incubation at 25°C for 20 min. The oligonucleotide duplexes were
then purified by high-pressure liquid chromatography as previously described,
precipitated with ethanol from a solution containing 0.5 M ammonium acetate,
and resuspended in 10 �l of TE buffer (10 mM Tris-HCl [pH 8], 1 mM EDTA).
A portion (1 �l) of oligonucleotide duplex was then 5�end labeled with
[�-32P]ATP by using T4 polynucleotide kinase, and free nucleotides were re-
moved by using Microspin G25 columns (Amersham-Pharmacia). In some cases,
the oligonucleotide duplexes were methylated in vitro with SssI methylase, and
then the methylation status was verified by digesting the DNAs with the restric-
tion enzyme AciI.

EMSAs was performed by using the gel shift assay system (Promega), with
minor modifications. Nuclear extracts (8 �g in final reaction volumes of 20 �l)
from HeLa cells were incubated for 20 min at room temperature in the presence
or absence of a 50-fold molar excess (relative to the radioactive substrate) of
oligonucleotide duplex competitors. Then 20,000 cpm of Sp1 or AP2 consensus
oligonucleotide duplexes were added to the reaction and, after 20 min of incu-
bation at room temperature, the samples were analyzed by electrophoresis
through a 6% polyacrylamide gel run in 0.5� Tris-borate-EDTA for 2 h at 120
V, followed by detection of the radioactive species by autoradiography or by
using a phosphorimager. For the supershift assays, the labeled oligonucleotide
duplexes were incubated with the nuclear extract on ice for 20 min as described
above; anti-Sp1 (PEP2) or anti-Sp3 (D20) antibody (Santa Cruz Biotechnology)
was then added to the reactions on ice for 1 h, and the reaction products were
analyzed as described above.

For Western blot analysis, nuclear and cytoplasm extracts from LN229, LN340,
and LN443 glioblastoma cell lines were prepared as described above. The nu-
clear and cytoplasmic extracts from each batch of cells were mixed, and the
protein concentration was determined by using a Bio-Rad protein assay kit. A
total of 7.5 or 15 �g of protein/sample was electrophoresed through a 4 to 15%
sodium dodecyl sulfate-polyacrylamide gel gradient and then transferred to a
Hybond-P polyvinylidene difluoride membrane (Amersham Pharmacia Biotech,
Inc.). The membrane was probed with monoclonal anti-hMSH6 and anti-hMSH2
(BD Biosciences) antibodies, followed by reaction with horseradish peroxidase-
conjugated secondary antibody, and then visualized by using the ECL Plus Light
System (Amersham Biosciences). The same membrane was then similarly ana-
lyzed by using anti-� tubulin (Sigma) antibody.

RESULTS

Structure of the MSH6 promoter region. To characterize the
promoter region of the MSH6 gene, a fragment of genomic
DNA that spans positions �633 to �39 bp relative to the A of
the ATG was amplified by PCR and sequenced to confirm the
available sequence of this region (Fig. 1A). Analysis of the
sequence by using MacVector and TESS software revealed
putative binding sites for AP family c-JUN, E2F, E4TF1, and
EF.C transcription factors, as well as three potential CAAT
boxes and a potential TATA box, identified as a TATAWAW
site (44) at position �623. No potential Inr elements were
found. Also observed were seven potential GC-box/Sp1 tran-
scription factor-binding elements. These included three con-
sensus sequences (10, 30) (GGGCGG) at positions �448,
�271, and �183 and four inverted complement sequences
(CCGCCC) at positions �449, �235, �208, and �159. Com-
parison of the sequence of the human MSH6 upstream region
with that of other species suggested that the Sp1 site at �159
was conserved in the MSH6 gene from Mus musculas, Cavia
porcellus, and Mycobacterium tuberculosis, whereas the Sp1 site
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at �271 was conserved in the MSH6 gene from Bovine herpes-
virus typ.

To identify naturally occurring sequence variations within
the promoter region, the region from positions �633 to �39
was amplified and sequenced from the first 100 DNAs of the

human DNA diversity set. This analysis revealed three novel
SNPs at positions �557 (T3G; SNP 1), �448 (G3A; SNP 2),
and �159 (C3T; SNP 3). The frequency of each genotype
observed is shown in Fig. 1B. The SNP at �557 was more
common than the other two polymorphisms, which were found

FIG. 1. Identification of cis-acting elements and SNPs in the MSH6 promoter. (A) The sequence of nucleotides �633 to �167 relative to the
ATG of the MSH6 gene is shown. The Sp1 sites and the potential TATA box analyzed in the present study are indicated in boxes. Other potential
transcription factor binding sites are indicated below the sequence. The major and minor transcription start sites are indicated by the tall and short
arrows, respectively. The nucleotides altered by the 2-bp substitution mutations used in the analysis of the Sp1 sites are indicated in lowercase, and
the four SNPs identified are indicated above the sequence. (B) Schematic representation of the MSH6 promoter region, with the most prevalent
nucleotide at each polymorphic site indicated above the promoter diagram. Below the promoter diagram are indicated the eight different genotypes
of the MSH6 promoter region identified by analyzing the SNPs present at, from left to right, nucleotides �557 (SNP 1), �448 (SNP 2), �210 (SNP
4), and �159 (SNP 3), respectively. Also indicated are the percentages of the samples from the human diversity set of DNAs (first 100 DNAs) and
the Caucasian DNAs found to have each genotype.
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at the same frequency. Significantly, the �448A and �159T
alleles were always associated with each other. The two SNPs
at �448A (SNP 2) and �159T (SNP 3) were within the con-
sensus sequences (GGGCGG/CCCGCC) for the potential Sp1
binding sites Sp1-2 and Sp1-7, respectively, and eliminated
these two potential Sp1 binding sites. Subsequent analysis of
100 normal Caucasian DNAs revealed the same three SNPs,
except that the frequency of the �448 (G3A; SNP 2) and
�159 (C3T; SNP 3) SNPs was much higher in these samples
and homozygous �557G �448A �159T and �557T �448A
�159T alleles were observed. These results suggest the exis-
tence of four haplotypes (�557T �448G �159C; �557G
�448G �159C; �557T �448A �159T; and �557G �448A
�159T) and further suggest that the �557G �448A �159T
and �557T �448A �159T alleles represent common Cauca-
sian polymorphisms that alter the number of Sp1 binding sites
present in the MSH6 promoter. In addition, the �210 C3T
change (SNP 4) was observed in 2% of the Caucasian samples
in association with a �557T �448G �159C haplotype. The
�210 C3T change (SNP 4) eliminates the consensus sequence
for the putative Sp1-5 site.

Mapping of the MSH6 transcriptional start sites. To map
the transcriptional start site(s) of the MSH6 gene, primer ex-
tension analysis of total human normal colon RNA was first
performed. This analysis revealed multiple potential 5� mRNA
ends mapping between positions �247 and �51 (data not
shown). Because the extremely GC-rich nature of the MSH6
promoter region might cause premature termination of the
primer extension products due to secondary structure, 5�-
RACE analysis was performed to define the positions of the
potential multiple transcription start sites. An anchor primer
(AP1) and a specific antisense oligonucleotide were used to
amplify Human Colon Marathon-Ready cDNA. Nested PCR
was then carried out with internal adaptor primer and fluores-
cently labeled antisense primer, and the sizes of these PCR
products were determined by using an ABI 377 sequencer.
Multiple species of different lengths were observed, and the
positions of the potential start sites relative to the position of
the antisense primer sequence were determined by subtracting
the length of the adapter sequence from the length of each
PCR product (Fig. 2). These positions fell within the range of
positions identified by primer extension. Finally, PCR products
were generated by using an unlabeled antisense primer, and
these were cloned and sequenced to determine the exact po-
sition of the start sites. Analysis of 100 clones revealed two
major start sites at positions �76 and �70 (found in 49% of
the clones), as well as at least nine minor start sites, all of which
are indicated in Fig. 1A.

EMSA analysis of the putative Sp1 binding sites. EMSAs
were performed to characterize the seven potential Sp1 bind-
ing sites identified by computer analysis and to investigate the
functional consequences of the SNPs found at �448 (SNP 2)
and �159 (SNP 3). Gel shifts were carried out with HeLa cell
nuclear extracts as a source of protein and mixtures of one
labeled double-stranded oligonucleotide containing the con-
sensus-binding sites for either Sp1 or AP2 and a series of
unlabeled double stranded oligonucleotide competitors, in-
cluding the seven Sp1 sites found between positions �454 and
�159, the Sp1 sites containing the �448A and �159T SNPs,
and the Sp1 and AP2 consensus sequences (Fig. 3A).

When binding to the labeled Sp1 consensus sequence was
examined in the absence of competitor, three different protein-
DNA complexes were observed (Fig. 3B). A 50-fold excess of
competitor DNAs comprising the first two Sp1 sites (Sp1-1/2)
or each of the individual Sp1 sites Sp1-3 through Sp1-7 com-
pletely eliminated the formation of the three protein DNA
complexes (lanes 2 and 6 to 10), whereas the AP2 competitor
had no effect on complex formation (lane 12). An Sp1 consen-
sus sequence competitor also eliminated the formation of the
three complexes (data not shown). These results suggest that
all seven putative Sp1 sites can bind Sp1. The �159T SNP 3
completely eliminated the ability of the Sp1-7 oligonucleotide
to act as a competitor of complex formation (lane 11), indicat-
ing that this SNP eliminates the Sp1-7 site. The �448A SNP 2
partially eliminated the ability of the Sp1-1/2 oligonucleotide
to act as a competitor, and a similar effect was seen with a
GG3TT that eliminated the second Sp1 binding site (lanes 3
and 5). However, combining CC3AA mutation eliminating
the first Sp1 site with the �448A SNP 2 completely eliminated
the ability of the oligonucleotide containing the first two Sp1
sites to act as a competitor of complex formation (lane 4).
These latter results suggest that both the Sp1-1 and Sp1-2 sites
can bind Sp1 and indicate that the �448A SNP 2 eliminates
the Sp1-2 site. As a control, the same unlabeled oligonucleo-
tides were used as competitors in binding reactions containing
the labeled AP2 oligonucleotide (data not shown), and com-
petition was only observed with the AP2 competitor and with
the Sp1-6 competitor that contains an overlapping AP2 site.

To better characterize the seven Sp1 transcription factor-
binding sites, supershift experiments were performed with anti-
Sp1 and anti-Sp3 antibodies (Fig. 3C). When the Sp1 consen-
sus sequence and the Sp1-1/2, Sp1-3, Sp1-4, Sp1-5, Sp1-6, or
Sp1-7 oligonucleotides were used as labeled substrates in gel

FIG. 2. Transcription of the MSH6 gene initiates from multiple
start sites. Genescan analysis of 5�-RACE–PCR products was per-
formed as described in Materials and Methods. Below the chromato-
gram is indicated a molecular size scale in base pairs determined by
using appropriate markers (TAMRA).
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shift experiments, the same three protein-DNA complexes
were observed (lanes 1, 4, 7, 10, 13, 16, 19, and 22). The
addition of an anti-Sp1 antibody to the reactions caused a
supershift of only the upper band (complex 1) (lanes 2, 5, 8, 11,
14, 17, 20, and 23), whereas the addition of anti-Sp3 antibody
caused a supershift of both of the lower bands (complexes 2
and 3) (lanes 3, 6, 9, 12, 15, 18, 21, and 24). This pattern of
supershifting has been observed during the analysis of other
promoters whose expression involves Sp1 and Sp3 proteins (4,
37) (36, 58). These results indicate that complex 1 results from
Sp1 binding, that complexes 2 and 3 result from Sp3 binding,

and that the Sp1 sites Sp1-1/2, Sp1-3, Sp1-4, Sp1-5, Sp1-6, and
Sp1-7 can all bind both Sp1 and Sp3.

Regulation of the MSH6 promoter by Sp1 binding sites. To
examine the role of the seven Sp1 binding sites on the activity
of the MSH6 promoter, a DNA fragment comprising nucleo-
tides �633 to �9 of MSH6 containing the core promoter was
cloned into pGL3 enhancer vector to construct a luciferase
reporter vector. When this construct was transiently trans-
fected into either HeLa or CHO cells, strong luciferase expres-
sion was observed compared to transfection of the vector alone
(Fig. 4). This MSH6 promoter reporter vector was then used in

FIG. 3. EMSA of the seven Sp1 sites found in the MSH6 promoter region. (A) Sequences of the competitor and probe DNAs used in gel
mobility shift assays. Only the sequence of the top strand of the oligonucleotide duplexes is indicated and, where relevant, the MSH6 sequence
coordinates are also indicated. The Sp1 binding consensus sequences (GGGCGG) and inverted complement sequences (CCGCCC) are indicated
by the overlining and underlining, respectively. The numbering system for each of the Sp1 sites is as defined in Fig. 1B. Each Sp1 sequence is wild
type except that Sp1-1WT/2SNP 2 refers to the sequence containing the �448A SNP 2, Sp1-1Mut/2SNP 2 refers to the sequence containing the
2-bp substitution mutation in the Sp1-1 site and the �448A SNP 2, Sp1-1WT/2Mut refers to the sequence containing the 2-bp substitution mutation
in the Sp1-2 site, and Sp1-7SNP 3 refers to the sequence containing the �159T SNP 3. See Fig. 1A for the sequences that are changed by these
nucleotide substitutions. (B) Gel mobility shift assays performed with HeLa cell extract, radioactively labeled Sp1 consensus sequence as a probe,
and a 50-fold molar excess of the indicated competitor DNAs. The arrows indicate the three specific protein-DNA complexes formed. (C) Effect
of anti-Sp1 and anti-Sp3 antibodies on gel shift assays. Assays were performed with HeLa cell extract, and the radioactive substrate is indicated
above each set of three lanes. After complex formation, the antibody indicated above each individual lane was added. The arrows indicate the three
specific protein-DNA complexes formed and the position of the supershifted (S.S.) species formed after the addition of antibodies.
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FIG. 4. Effects of deletion and two-base substitution mutations on MSH6 promoter activity in transient-transfection assays. The wild-type
MSH6 promoter and different mutant derivatives were inserted into the pGL3 enhancer luciferase reporter vector, and the promoter activity of
each construct was assayed after transfection into either HeLa or CHO cells. (A) Analysis of deletion mutant derivatives by transfection into HeLa
cells. (B) Analysis of individual 2-bp substitution mutations after transfection into HeLa cells. (C) Analysis of combinations of different 2-bp
substitution mutations after transfection into CHO cells. The boxes and circles indicate the Sp1 sites and a potential TATA box as indicated in
Fig. 1, respectively, with the open boxes and circles indicating the wild-type sequences and the solid boxes and circles indicating the presence of
2-bp substitution mutations: M TATA is a 2-bp substitution in the TATA box, M 1-2 indicates 2-bp substitutions in both the Sp1-1 and Sp1-2 sites,
and M 3 through M 7 indicate 2-bp substitutions in the Sp1-3 through Sp1-7 sites, respectively (see Materials and Methods and Fig. 1A for details).
The DNA present in the deletion mutants is indicated by the horizontal line and structural features (boxes and circles) present in the diagram:
pGL3 WT contains MSH6 nucleotides �633 to �9, pGL3 
1 contains MSH6 nucleotides �490 to �9, pGL3 
2 contains MSH6 nucleotides �318
to �9, pGL3 
3 contains MSH6 nucleotides �248 to �9, pGL3 
4 contains MSH6 nucleotides �221 to �9, pGL3 
5 contains MSH6 nucleotides
�120 to �9, pGL3 
6 contains MSH6 nucleotides �633 to �252, pGL3 
7 contains MSH6 nucleotides �633 to �193, and pGL3 
8 does not
contain any MSH6 sequences.
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a series of experiments in which mutations were tested for their
effect on expression after transfection into both HeLa and
CHO cells; all reported experiments were performed with both
cell lines; however, since the same results were obtained with
both cell lines, data from only one cell line is presented for
each experiment. A 5� deletion that removed the potential
TATA box partially reduced expression; however, a two-base
substitution mutation (TATA3AAAA) that eliminated the
TATA box had no effect on expression, suggesting the poten-
tial TATA box was not important for expression (Fig. 4A). A
series of 5� deletions that progressively eliminated the Sp1-1/2
and Sp1-3 sites resulted in progressive, but not complete, loss
of expression. Mutations or deletion of the Sp1-4 site resulted
in further reduced expression, and finally deletion of the re-
maining three Sp1 sites reduced expression to the level seen
with the pGL3 vector alone. An internal deletion that elimi-
nated the Sp1-6 and Sp1-7 sites eliminated ca. 80% of the
promoter activity, and a deletion that eliminated the Sp1-4,
Sp1-5, Sp1-6, and Sp1-7 sites eliminated ca. 90% of the pro-
moter activity. These results suggest that all seven Sp1 sites
contribute to the expression of MSH6 but that the four Sp1
sites closest to the transcriptional start sites are most impor-
tant.

The deletion mutations discussed above likely eliminate
more than just the seven Sp1 sites. To determine the functional
significance of the seven individual Sp1 sites, a series of two-
base substitution mutations (GGGCGG3GTTCGG or
CCGCCC3CCGAAC) eliminating the core Sp1 binding site
for each Sp1 site were constructed and tested. The data (Fig.
4B) show that mutation of the individual Sp1-4, Sp1-5, Sp1-6,
and Sp1-7 sites significantly reduced MSH6 promoter activity.
In this analysis, the Sp1-4 and Sp1-5 mutations appeared to
have a somewhat greater effect than the Sp1-6 and Sp1-7 mu-
tations. In contrast, mutations of the Sp1-1/2 and Sp1-3 sites
only modestly reduced the promoter activity whereas mutation
of the TATA box had little or no effect on promoter activity. A
series of successive 2-bp substitution mutations inactivating the
seven Sp1 binding sites were then tested to characterize the
contribution of all seven Sp1 sites to MSH6 promoter activity
(Fig. 4C). Mutation of the Sp1-7 site decreased the expression
of luciferase and successive mutation of the Sp1-6 site resulted
in a slight increase in the expression of luciferase. This suggests
that the presence of the overlapping Ap2 binding site com-
bined with mutation of the Sp1-6 site might result in increased
transcription. In contrast, successive mutation of the Sp1-5,
Sp1-4, and Sp1-3 resulted in progressive loss of luciferase ex-
pression. Mutation of the Sp1-1/2 sites and the TATA box
resulted in little if any further loss of luciferase expression;
however, this mutant construct still directed luciferase expres-
sion at levels which were above that of the vector alone.
Clearly, when all of the Sp1 sites were mutated, the TATA box
did not drive promoter activity. Overall, these results suggest
that (i) all seven Sp1 binding sites contribute to MSH6 pro-
moter activity, (ii) that the Sp1-4, Sp1-5, Sp1-6, and Sp1-7 sites
are the most important, and (iii) that the promoter does not
contain a functional TATA box.

Functional analysis of the three MSH6 promoter SNPs. Two
of the three most common SNPs present in the MSH6 pro-
moter region eliminate Sp1 sites and could have an effect on
the promoter activity. To investigate this possibility, we gener-

ated a series of luciferase reporter constructs containing dif-
ferent combinations of the three SNPs and measured their
luciferase expression activity in transient-transfection assays
with CHO cells (Fig. 5). The individual �557G (SNP 1) and
�448A (SNP 2) changes did not significantly affect luciferase
expression, whereas the single �159T change (SNP 3) repro-
ducibly reduced luciferase expression. These observations are
consistent with the above results, indicating that the individual
Sp1-7 site is more important for promoter activity than the
Sp1-2 site and that the �557 change does not alter a potential
transcription factor binding site. The �448A �159T double
SNP (SNP 2-3) construct and the �557G �448A �159T triple
SNP construct (SNP 1-2-3), the latter of which likely corre-
sponds to the major naturally occurring polymorphic allele,
each reproducibly yielded less luciferase expression than the
wild-type construct, although expression was higher than that
seen for either the promoterless vector or a construct in which
the MSH6 promoter was present in reverse orientation. Vir-
tually identical results were obtained when the same constructs
were transfected into the human BJ cell line (human skin
fibroblasts), whereas the SNPs caused somewhat less reduction
of luciferase expression than when the constructs were trans-
fected into HeLa cells.

Transactivation of MSH6 promoter activity by Sp1 and Sp3.
To investigate whether Sp1 and Sp3 transfection factors could
directly regulate MSH6 promoter activity, Drosophila SL2
cells, which are deficient in Sp-related proteins (59), were
cotransfected with different combinations of Sp1 and Sp3 ex-
pression vectors along with different wild-type or mutant
MSH6-luciferase reporter constructs (Fig. 6). When the full-
length MSH6-luciferase construct or the empty vector (pGL3-
Enhancer vector) was cotransfected into SL2 cells, along with
increasing amounts of the pPAC-Sp1 and pPAC-Sp3 expres-
sion vectors, luciferase expression by the full-length construct
was strongly and specifically stimulated by Sp1 expression,
whereas Sp3 expression resulted in a lower level of specific
expression (Fig. 6A). Consistent with this observation, when
different ratios of the Sp1 and Sp3 expression vectors were
cotransfected into Drosophila SL2 cells, along with the full-
length MSH6-luciferase construct or the empty vector, strong
MSH6 promoter-dependent luciferase expression was ob-
served with the extent of expression increasing as the ratio of
Sp1 to Sp3 increased (Fig. 6B). Finally, the five different SNP
containing reporter constructs described above were cotrans-
fected into Drosophila SL2 cells, along with either the Sp1
expression construct, the Sp3 expression construct, or a 2:2
ratio of the Sp1 and Sp3 constructs (Fig. 6C). Under the three
different Sp transcription factor expression conditions, the
�557T (SNP 1) and �448A (SNP 2) single SNPs did not
appear to significantly reduce luciferase expression, whereas
the �159T SNP (SNP 3), the �448A �159T double SNP (SNP
2-3), and the �557G �448A �159T triple SNP (SNP 1-2-3)
combinations all reproducibly reduced luciferase expression.
These results support the view that the MSH6 promoter is
regulated by the Sp transcription factors and that the naturally
occurring polymorphic promoter allele containing five Sp1
sites has less promoter activity than the wild-type promoter,
which contains seven Sp1 sites.

DNA methylation inhibits Sp1 binding and MSH6 promoter
activity. It has previously been reported that DNA methylation
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can be associated with silencing of MSH6 expression (5). Be-
cause the Sp1 binding site consensus sequence is a potential
substrate for CpG methylation, such methylation-dependent
effects could be mediated by methylation of Sp1 sites. To
investigate this possibility, the oligonucleotide duplexes con-
taining the Sp1-1/2, Sp1-3, Sp1-4, Sp1-5, Sp1-6, and Sp1-7 sites
(Fig. 7A) were methylated in vitro with SssI methylase and
tested for their ability to compete with the unmethylated Sp1
consensus site for Sp1/Sp3 binding in EMSA assays (Fig. 7B).
Methylation of all six Sp1 site DNAs significantly reduced their
ability to compete with the labeled Sp1 consensus oligonucle-
otide for binding by Sp1 and Sp3 (lanes 3, 5, 7, 9, 11, and 13),
although possibly not to the same extent as two-base mutations
(GGGCGG3GTTCGG and CCGCCC3CCGAAC) that
eliminated the Sp1 recognition sequence in each of the MSH6
Sp1 site oligonucleotides (lanes 2, 4, 6, 8, 10, and 12). In
comparison, the Sp1 consensus competitor completely elimi-
nated binding. Some previous studies have shown that meth-
ylation does not inhibit Sp1 binding (26), whereas other studies
have found that methylation inhibits Sp1 binding depending on
the exact sequence of the Sp1 binding site (12); thus, our
results suggest that the sequence context of the MSH6 Sp1
sites allows DNA methylation to inhibit Sp1 binding. To fur-
ther analyze the role of DNA methylation in regulation of the
MSH6 promoter, the full-length MSH6 promoter luciferase
reporter construct and the two versions containing either the
�448A �159T double SNP (SNP 2-3) or the �557G �448A

�159T triple SNP (SNP 1-2-3) combinations were treated with
SssI methylase. The DNAs were then transfected into HeLa
cells (Fig. 7C) or CHO cells (data not shown) to analyze the
effect of DNA methylation on luciferase expression. Methyl-
ation of the wild-type construct reduced luciferase expression
by 90%, whereas methylation of the two SNP-containing con-
structs reduced luciferase expression to �1% of that seen with
the unmethylated wild-type construct. These results suggest
that the MSH6 promoter could be regulated by methylation,
including methylation of its Sp1 binding sites, and that the
naturally occurring triple SNP five Sp1 site promoter allele is
more sensitive to this type of regulation than the major seven
Sp1 site promoter allele.

Analysis of MSH6 expression in tumor cell lines containing
MSH6 polymorphisms. To begin to assess the possible in vivo
significance of the five Sp1 site promoter, a number of tumor
cell lines were screened to identify lines containing different
MSH6 polymorphic variants. To do this, the genomic MSH6
locus was sequenced and analyzed for mutations and polymor-
phisms (34). In some cases, fragments of the MSH6 genomic
locus and cDNA were amplified by PCR, cloned, and se-
quenced to determine the linkage between different nucleotide
changes present in the promoter, exon 1, and exon 4. Three
glioblastoma cell lines were studied. LN229 was found to be
homozygous for the seven Sp1 site promoter allele �557T
�448G �159C 186C (exon 1) 642C (exon 4) and appears to
have at least two copies of MSH6, as evidenced by the presence

FIG. 5. Effect of SNPs on the activity of the MSH6 promoter. The pGL3 wild-type MSH6 promoter reporter vector containing MSH6
nucleotides �633 to �9 and derivatives containing single base substitutions corresponding to the �557G (SNP 1), �448A (SNP 2), and �159T
(SNP 3) SNPs or combinations of these substitutions were analyzed for promoter activity after transfection into CHO cells. The presence of base
substitutions of interest is indicated by the nucleotides indicated above each promoter diagram and by the black circle on the relevant structural
feature of the promoter diagram when an SNP is present. The pGL3 control vector contains the simian immunodeficiency virus 40 promoter and
the vector pGL3-9/-633WT contains the MSH6 promoter region in reverse orientation.
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of heterozygous nucleotides at the site of common silent in-
tronic polymorphisms (34). LN340 was found to be heterozy-
gous for the five and seven Sp1 site alleles and for two silent
coding sequence polymorphisms; one allele was �557G

�448G �159C 186A (exon 1) 642C (exon 4), and the other
allele was �557G �448A �159T 186C (exon 1) 642T (exon 4).
LN443 only contained the five Sp1 site allele �557G �448A
�159T 186C (exon 1) 642T (exon 4). This cell line was prob-

FIG. 6. Activation of the MSH6 promoter by Sp1 and Sp3 proteins in SL2 cells. The effect of Sp1 and Sp3 transcription factors on the expression
of luciferase driven by the MSH6 promoter was analyzed by cotransfection of the pGL3 vector or the pGL3-633/-9 vector containing the wild-type
MSH6 promoter and either Sp1 or Sp3 expression plasmids into Drosophila SL2 cells which lack endogenous Sp1 and Sp3. (A) Drosophila SL2 cells
were cotransfected with the indicated amounts of the pPAC-Sp1, pPAC-Sp3, or pPAC (empty) expression vectors and 0.4 �g of either the
promoterless reporter construct pGL3-Basic vector or the pGL3-633/-9 vector containing the wild-type MSH6 promoter. (B) Drosophila SL2 cells
were cotransfected with 0.4 �g of either the promoterless pGL3-Enhancer vector or the pGL3-633/-9 MSH6 promoter vector and 0.25 �g of either
the pPAC empty vector or the indicated mixture of the pPAC-Sp1 and pPAC-Sp3 expression vectors. (C) Drosophila SL2 cells were cotransfected
with 0.4 �g of either the promoterless pGL3-Enhancer vector, the pGL3-633/-9 MSH6 promoter vector, or derivatives of pGL3-633/-9 containing
the indicated SNPs (see Fig. 5 for details about the SNP containing plasmids) and 0.25 �g of either the pPAC-Sp1, pPAC-Sp3, or an equimolar
mixture of the pPAC-Sp1 and pPAC-Sp3 expression vectors.
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FIG. 7. Effect of DNA methylation on the MSH6 promoter Sp1 sites and promoter activity. (A) Sequences of the competitor DNAs used in
gel mobility shift assays. Only the sequence of the top strand of the oligonucleotide duplexes is indicated (see Fig. 3 for more details). The Sp1
binding consensus sequences (GGGCGG) and inverted complement sequences (CCGCCC) are indicated by the overlining and underlining,
respectively. The numbering system for each of the Sp1 sites is as defined in Fig. 1B. The wild-type sequences are indicated (WT). The mutant
sequence Sp1-1/2Mut refers to the sequence containing the indicated 2-bp substitution mutations in both the Sp1-1 and Sp1-2 sites, whereas
otherwise “Mut” refers to the presence of the indicated 2-bp substitution mutations in Sp1 sites Sp1-3 through Sp1-7. See Fig. 1A for sequences
that are changed by these nucleotide substitutions. “Meth” refers to the wild-type sequences that have been methylated in vitro at the Cs designated
in lowercase. (B) Gel mobility shift assays performed with HeLa cell extract, radioactively labeled Sp1 consensus sequence as probe (see Fig. 3A),
and a 50-fold molar excess of the indicated competitor DNAs. The arrows indicate the three specific protein-DNA complexes formed. (C) The
pGL3 wild-type MSH6 promoter reporter vector containing MSH6 nucleotides �633 to �9 and methylated (Meth) versions of this plasmid or
derivatives containing single base substitutions corresponding to the �448A (SNP 2) and �159T (SNP 3) SNPs or the �557G (SNP 1), �448A
(SNP 2), and �159T (SNP 3) SNPs were analyzed for promoter activity after transfection into HeLa cells. The positions of the HpaII and AciI
sites that are substrates for DNA methylation are indicated by the symbols above the line diagram of each promoter, and the presence and position
of the SNPs are indicated by the black circles on each line diagram.
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ably hemizygous because no heterozygous nucleotides were
observed at the site of common silent intronic polymorphisms.
None of the cell lines contained a loss-of-function MSH6 mu-
tation or amino-acid-changing variant.

The cell lines LN229, LN340, and LN443 were first analyzed
by Western blotting with antibodies to detect MSH6, MSH2,
and tubulin as a loading control (Fig. 8A). LN340, the cell line
that is heterozygous for the five and seven Sp1 site promoters,
had reduced MSH6 levels compared to that of LN229, the cell
line that was homozygous for the seven Sp1 site promoter.
LN443, the cell line that was homozygous for the five Sp1 site
promoter, had further reduced very low, but still detectable,
levels of MSH6. All three cell lines expressed similar levels of

MSH2 and tubulin. Treatment of LN340 and LN443 cells with
5-aza-2�-deoxycytidine did not increase the MSH6 protein lev-
els, suggesting that the reduced MSH6 expression was not due
to DNA methylation associated silencing in these cell lines.
These results are consistent with the idea that the five Sp1 site
promoter is less active than the seven Sp1 site promoter in
vivo. To further analyze the activity of the five Sp1 site pro-
moter, mRNA was isolated from LN340 cells and used as a
template for synthesis of cDNA. Then the region around nu-
cleotides 186 and 642 was amplified by PCR from cDNA and
genomic DNA and sequenced to determine the relative
amounts of the two polymorphic nucleotides present at each
site in each sample (Fig. 8B). Compared to the genomic DNA

FIG. 8. Analysis of MSH6 expression in glioblastoma cell lines. (A) Western blot analysis of MSH6, MSH2, and tubulin expression. Cell extracts
were prepared from the LN229, LN340, and LN443 and analyzed by Western blotting as described in Materials and Methods. Portions (7.5 and
15 �g) of each extract were analyzed as indicated above the individual lanes. The MSH6, MSH2, and tubulin bands are indicated on the right side
of the gel. (B) Sequence analysis of MSH6 mRNA expression from the five and seven Sp1 site promoters. Genomic DNA and cDNA from LN340
cells were prepared and sequenced as described in Materials and Methods. LN340 cells are heterozygous for two different MSH6 alleles: one allele
is the seven Sp1 site promoter allele �557G �448G �159C 186A (exon 1) 642C (exon 4), and the other allele is the five Sp1 site promoter allele
�557G �448A �159T 186C (exon 1) 642T (exon 4). The sequences on the left cover the region around nucleotide 186 from a control (186C) DNA
and LN340 genomic and cDNA as indicated. The sequences on the right cover the region around nucleotide 642 from a control (642C) DNA and
LN340 genomic and cDNA as indicated. Reduction of the relative levels of the 186C and 642T nucleotides linked to the five Sp1 site promoter
compared to the levels of the 186A and 642C nucleotides linked to the seven Sp1 site promoter is seen in the cDNA relative to the genomic DNA.
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control, analysis of the relative peak heights in the cDNA
indicated that the 186C and 642T variants that are linked to
the five Sp1 site promoter were reduced by ca. 60% relative to
the 186A and 642C variants linked to the seven Sp1 site pro-
moter. In a control experiment with the LNZ308 cell line that
is homozygous for the seven Sp1 site allele and heterozygous
for the 186C/A (exon 1) polymorphism, there was no difference
between the relative amounts of the 186C and 186A alleles
when genomic DNA and cDNA were similarly analyzed (data
not shown). Similar to the Western blotting analysis, these
results support the view that the five Sp1 site promoter is less
active than the seven Sp1 site promoter, a finding consistent
with the conclusion from the transfection analysis that the
�448A and �159T polymorphisms each inactivate an Sp1 site
that is important for the full activity of the promoter. We are
currently performing a detailed molecular analysis of the con-
sequences of reduced MSH6 expression in these cell lines.

DISCUSSION

In the present study, we investigated the structure of the
human MSH6 core promoter located within a DNA fragment
containing nucleotides �633 to �1 relative to the MSH6 trans-
lational start site. Computer analysis indicated the presence of
seven GC boxes potentially capable of binding Sp1 and Sp3
transcription factors located between positions �454 and
�159, as well as other potential transcription factor binding
sequences, including AP family, c-JUN, E2F, E4TF1, EF.C,
and CAAT box sequences. All seven of the GC boxes partially
contributed to promoter activity and were able to bind Sp1 and
Sp3. MSH6 transcription appeared to initiate from multiple
start sites located between nucleotides �250 to �50 and, con-
sistent with this, deletion analysis showed that a potential
TATA box at �623 was not required for transcription. These
features are similar to those reported for other human MMR
and MMR-related genes such as MSH2 and MLH1 (27, 28),
where multiple start sites and the absence of a functional
TATA box have been reported, and for PMS1 and PMS2,
where the promoter regions have been reported to contain
CAAT boxes, CpG islands, and Sp1 binding sites (48, 71).
TATA-less promoters are often activated by Sp family pro-
teins. Similar to the results reported here for MSH6, Sp1-
dependent promoters contain multiple GC boxes located
within several hundred base pairs upstream of multiple tran-
scription start sites, and these GC boxes are recognized by the
Sp1 protein (20), which actives mRNA synthesis by RNA poly-
merase II (13). In this respect, MMR genes, including MSH6,
appear to be housekeeping genes. As part of the present study,
we identified two different polymorphic alleles of MSH6 that
had either five or six functional Sp1 sites and provided evi-
dence that the five Sp1 site promoter is less active in vivo than
the seven Sp1 site promoter, further supporting the view that
MSH6 is regulated by Sp1. This suggests that the human pop-
ulation contains individuals with different levels of MSH6 pro-
moter activity.

To characterize the transcriptional regulation of the MSH6
gene, we performed a functional analysis of the 5�-flanking
region of the gene. The mapping of the 5� ends of the MSH6
mRNA by 5�-RACE and primer extension assays revealed
multiple start sites, including two major start sites that mapped

between �76 and �70 bp from ATG. This finding confirmed
the previous mapping of MSH6 start sites by using an RNase
protection assay (60), although we observed a greater number
of potential start sites than previously reported and mapped
them to the nucleotide level. Seven potential Sp1 binding sites
were observed in the proximity of the multiple transcription
start sites, which suggests that the MSH6 promoter might be
regulated by Sp1 and Sp3 transcription factors. To investigate
this possibility, a series of deletion and two-base substitution
mutations altering these Sp1 sites were tested for their effect
on expression of a reporter construct in transient-transfection
assays. This analysis demonstrated that all seven Sp1 sites
contributed to maximal expression and also suggested that the
first four Sp1 sites upstream of the ATG were more important
for expression than the three most upstream Sp1 sites. This
type of regulation by multiple Sp1 sites has been observed for
numerous other genes (23, 43, 50) for which synergistic acti-
vation due to binding of multiple Sp1 proteins is important for
transcription and regulation of gene expression. Consistent
with the view that MSH6 is an Sp1-regulated promoter, all
seven Sp1 sites were found to bind both Sp1 and Sp3 and
expression of an MSH6 core promoter construct in Drosophila
SL2 cells that lack Sp1 and Sp3 proteins was absolutely depen-
dent on cotransfection with either Sp1 or Sp3 expression con-
structs. In addition, the one potential TATA box identified in
the MSH6 promoter region was not required for expression of
MSH6, a finding consistent with that observed with other Sp1-
regulated genes. Overall, the MSH6 promoter region resem-
bles that of other MMR genes and related genes, such as
MSH2, MLH1, PMS1, and PMS2, and is consistent with the
idea that these genes are typical housekeeping genes that are
transcribed by RNA polymerase II.

The presence of multiple Sp1 sites in the MSH6 promoter
has a number of implications for the regulation of MSH6
expression. It is known that Sp1 and Sp3 can act as transcrip-
tional activators or repressors, depending on the specific pro-
moter involved and also on the form of Sp3 (short or long)
present in the cell (3, 16, 23, 53). In addition, the hypothetical
model of Kwon et al. (35) has suggested that the number of
sites occupied by Sp1 or Sp3, which compete for the same
binding site, are determined by levels and the relative propor-
tion of Sp1 and Sp3 in the cell and affect both transcription
initiation and promoter activation. The cotransfection analysis
with the Drosophila SL2 cells presented here indicates that
MSH6 is more strongly activated by Sp1 than by Sp3. This
suggests that MSH6 expression could be affected by the rela-
tive levels of these two transcription factors present in different
cell types.

Analysis of the promoter of other MMR genes and of re-
lated genes such as MLH1, MSH2, and PMS1 has identified
polymorphisms in the 5� upstream of these genes that did not
appear to affect the transcription of the genes (27, 28) (71).
Recently, there has been a report of germ line mutations in the
MHS2 promoter that may have pathogenic effects in some
suspected HNPCC and sporadic colorectal cancer patients
(56). To investigate the presence of polymorphisms in the
MSH6 promoter region, nucleotides �633 to �39 were se-
quenced from 100 samples of the human diversity set of nor-
mal control DNAs and from 100 normal Caucasian control
DNAs. Compared to the wild-type sequence (�557T �448G
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�159C), the most common polymorphic allele was �557G
�448G �159C, which was heterozygous or homozygous in
30% of the diversity and Caucasian sample sets. The �557G
(SNP 1) change does not appear to alter any sequence required
for transcription factor binding and, consistent with this, the
�557G �448G �159C allele did not cause altered promoter
activity in transfection experiments. Interestingly, 16% of the
Caucasian DNAs were heterozygous or homozygous for the
�557G �448A �159T or �557T �448A �159T alleles, which
were present in the diversity set at a lower frequency, a finding
consistent with the proportion of Caucasian DNAs in the di-
versity set. The �448A (SNP 2) and �159T (SNP 3) changes
eliminated the Sp1-2 and Sp1-7 consensus sites and, a finding
consistent with this, the mutant sites were no longer bound by
Sp1 or Sp3. In transfection experiments, the �557G �448A
�159T allele showed a 50% reduction in promoter activity,
and this allele was significantly more sensitive to inactivation
by DNA methylation than the wild-type allele. Analysis of
MSH6 expression in cell lines containing the �557G �448A
�159T allele showed that the five Sp1 site promoter was less
active than the seven Sp1 site promoter, resulting in reduced
MSH6 expression at both the mRNA and protein level; this
result provides further evidence that MSH6 is a Sp1 regulated
gene in vivo. We also observed that 2% of the Caucasian
DNAs were heterozygous for the �210T change (SNP 4);
these data and two additional examples (not shown) are con-
sistent with the polymorphic allele being �557T �448G
�210T �159C. The �210T change (SNP 4) is predicted to
inactivate the Sp1-5 site, which is particularly important for
promoter activity, although this polymorphic variant was not
analyzed directly for its effect on promoter activity. These
results suggest that Caucasians contain two relatively common
polymorphic variants that result in reduced MSH6 promoter
activity. However, at present, we have no evidence that either
variant is associated with increased cancer susceptibility. Fi-
nally, we observed five other SNPs at low frequencies in the
diversity set but not the Caucasian set, none of which appear to
alter sequences predicted to be important for promoter activ-
ity.

The MSH6 promoter region has a high GC content, a find-
ing consistent with the presence of seven Sp1 sites in the
promoter region. This raises the possibility that the MSH6
promoter region could be a target of DNA methylation at CpG
sites (12, 22). No studies have yet examined MSH6 expression
and methylation in human tumors; however, a human tumor
cell line has been reported in which MSH6 expression was
absent but could be reactivated by treatment with 5-azacyti-
dine, indicating that MSH6 expression can be eliminated by
DNA methylation associated gene silencing (5). Consistent
with this, we have observed that methylation of the MSH6
promoter region at CpG sites by SssI methylase significantly
reduces promoter activity. In addition, consistent with some
published reports (12), methylation of oligonucleotides con-
taining the different MSH6 Sp1 sites reduced the ability of
each site to bind Sp1 and Sp3, although not as much as a
mutation eliminating each Sp1 site. This suggests that methyl-
ation of individual Sp1 sites may result in reduced promoter
activity by reducing Sp1 binding. In addition, it is thought (12)
that binding of Sp1 transcription factors to their GC-rich bind-
ing sites helps maintain CpG islands in an unmethylated state.

As a consequence, mutation or deletion of Sp1 sites could
reduce binding of Sp1 transcription factors, allowing de novo
methylation of CpG islands (9, 32, 40). This has been reported
for the Rb gene, where mutations resulted in promoter silenc-
ing (55). This finding suggests that, because the two polymor-
phisms (�448A, SNP 2; �159T, SNP 3) decrease the amount
of Sp1 bound to the MSH6 promoter and hence increase the
sensitivity of the MSH6 promoter to silencing by DNA meth-
ylation in vitro, this polymorphic allele could be a preferential
target of de novo methylation, resulting in transcriptional si-
lencing of the gene compared to the more prevalent seven Sp1
site promoter. It is also possible that reduced transcription due
to methylation of Sp1 sites could then facilitate the binding of
other factors to methylated DNA, resulting in more complete
silencing of MSH6. However, to our knowledge, there have
been no reports of epigenetic silencing of MSH6 in tumors,
although there have been reports of loss of expression of
MSH6 in tumors.
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