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Abstract

Results from the analysis of human tumor cell lines with mutations in
DNA mismatch repair genes have contributed to the understanding of the
functions of these gene products in DNA mismatch repair, microsatellite
instability, cell cycle checkpoint control, transcription-coupled nucleotide

excision repair, and resistance to cytotoxic agents. However, complemen
tation of human DNA mismatch repair defects by introduction of a single
cloned gene or cDNA, which would serve to directly prove or disprove
their involvement in these processes, has not been accomplished. Here, we
introduce a wild-type copy of the hPMS2 cDNA by stable transfection into
the PMS2 mutant HEC-l-A cell line. HEC-l-A cells expressing wild-type

hPMS2 exhibit increased microsatellite stability, have a reduced mutation
rate at the endogenous hypoxanthine phosphoribosyltransferase locus and
extracts from these cells are able to perform strand-specific mismatch

repair. These results demonstrate that the HPMS2 gene is integral to the
maintenance of genome stability.

Introduction

Human cells contain many genes whose products function to main
tain the integrity of the genome. Of these gene products, several
function in a DNA mismatch repair pathway that corrects replication
errors (1, 2). DNA mismatch repair is best understood in bacteria
where at least 10 activities are necessary for complete function (3).
The exact functions of human homologues of some of these genes are
under intense scrutiny because alterations in genes homologous to the
bacterial niutS and miitL mismatch repair genes are responsible for the
hereditary nonpolyposis colorectal carcinoma syndrome and also for
many sporadic cancers (4). Considerable insight into the function of
the mismatch repair genes (hMSH2, hMSH3, HMSH6, liMLHl, and
hPMS2) has been accomplished both through the analysis of cell lines
with mutations in these genes and from mouse strains containing null
alÃeles(5-8). Phenotypes associated with defects in hMLHl, HMSH2,

hMSHJ. liMSHo, and hPMS2 have all been examined by the study of
tumor cell lines with defined mutations in these genes (9-12). It has

also been possible to correct these defective phenotypes by introduc
ing normal human chromosomes containing a wild-type copy of all
these genes except hPMS2 (12-15). However, no correction of phe

notypes by introduction of only a single gene associated with defec
tive mismatch repair has yet been demonstrated.

Materials and Methods

Cell Culture. HEC-l-A and HeLa cells were obtained directly from the
American Type Culture Collection (Manassas, VA). NHF-1 cells have been
described previously (16). Cells were maintained in a humidified, 5% CO->
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incubator in a 1:1 mixture of DMEM and Ham's F-12 nutrient mixture

containing 10% fetal bovine serum (Summit, Ft. Collins, CO). Transfectants
were selected and maintained as above, but in media containing hygromycin b

at 0.2 mg/ml.
Mismatch Repair Assay. Preparation of cell-free extracts, DNA sub

strates, a detailed description of the assay, and the calculation of repair
efficiency is as described (17). Substrates contained the indicated mismatch

and nick as described in the legend to Fig. 3. Repair reactions (25 ^1) contained
30 mM 4-(2-hydroxyethyl)-l-piperazine-ethanesulfonic acid (pH 7.8); 7 mM

MgCU; 200 MMeach CTP, GTP. and UTP: 4 mm ATP; 100 Â¿IMeach dCTP,
dATP, dGTP, and dTTP; 40 mM creatine phosphate; 100 mg/ml creatine
phosphokinase; 15 mM sodium phosphate (pH 7.5); 1 fmol of substrate DNA;
and 50 /Â¿gof extract proteins. Reactions were incubated for 15 min at 37Â°C.

The substrate DNA was recovered and introduced into Escherichia coli
NR9162 (mutS) via electroporation and plated to score plaques as described

(17).
Microsatellite Analysis. DNA samples were amplified by the PCR using

oligonucleotides specific for the simple sequence repeats D2SÃŒ19(CA)n,
DI4S78 (CA)n, DI7S791 (CA)â€ž,D7S1794 (CTT)n, and vWA (TCTA)â€ž. Pro

cedures for radioactive labeling and amplification have been described (11).
PCR products were analyzed on 6% polyacrylamide and 8.3 M urea denaturing

gels containing 30% formamide as described previously (11).
Sequence and Mutation Analysis. Total RNA was prepared from cell

lines using the single step guanidium isothiocyanate method. First strand
cDNA was prepared using random hexamers and Superscript II reverse tran-

scriptase (Life Technologies, Gaithersburg, MD). This cDNA was used as a
template for amplification of liMSHo using the primers described (12, 18), and
the Expand high fidelity PCR system (Boehringer Mannheim, Indianapolis,
IN) in 50 /J.1of reactions. The PCR products were purified on a Wizard column
(Promega, Madison, WI), and l/10th of the PCR product was sequenced on
both strands using the Thermo Sequenase system (Amersham Corp., Arlington
Heights, IL).

Expression Vector Constructs. The pREP4 episomal expression vector
was purchased from Invitrogen (Carlsbad, CA). A full length HPMS2 cDNA
was kindly provided by Dr. Bert Vogelstein, Johns Hopkins University, Bal
timore, MD. To create the wild-type vector, a Kpn\-Bam\\\ fragment of the

HPMS2 cDNA was ligated into Kpnl and Bamlil cleaved pREP4. The expres

sion vector construct was confirmed by sequencing. Vectors were introduced
into HEC-l-A cells using Lipofectin reagent (Life Technologies, Gaithersburg,

MD).
Western Blot Analysis. Total protein lysate from 30,000 cells was elec-

trophoresed in 4-15% gradient SDS gels and transferred to nitrocellulose.

hPMS2 protein was detected using the hPMS2 (Ab-1) monoclonal antibody

(Oncogene Science, Cambridge, MA) and visualized using the ECL western

blotting detection system (Amersham).
HPRT2 Analysis. Mutation rate at the HPKT locus was performed as

described previously (16). Independent HPRT mutants resistant to 6-TG (Sig
ma) were obtained by first eliminating pre-existing HPRT mutants from cell

cultures by subculturing in 100 /J.Mhypoxanthine, 0.4 /xM aminopterin, and 16
/UMthymidine (Sigma). After removal of hypoxanthine-aminopterin-thymidine

medium, 100 cell inocula were then plated and grown to approximately 2.5 X
106 cells and then selected in 40 mM 6-TG.Individual 6-TGr clones were

isolated and HPRT sequenced as described (15). Independent mutants were

! The abbreviations used are: HPRT, hypoxanthine phosphoribosyltransferase.
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Fig. l. HPMS2 Western blot analysis. Immunoblot of total cellular proteins electro-
phoresed through 4-15% gradient SDS-PAGE gels and immunodetection of hPMS2.

Presence of a single band with the expected M, 105,000 hPMS2 was noted in a positive
control cell line HeLa and in two HEC-l-A cell lines stably transfected with the hPMS2
cDNA designated WT1 and WT2. The parental HEC-l-A cell line and HEC-l-A stably
transfected with the vector alone designated REP-1 were devoid of hPMS2.

defined as those spontaneous mutants arising in different initial 100-cell

inocula (16).

Results and Discussion

To address the specific role of the wild-type hPMS2 gene in the

mismatch repair process, we have chosen to study these processes in
the HEC-l-A endometrial carcinoma cell line in which we have

previously demonstrated a truncating mutation at codon 802 (11).
HEC-l-A cells exhibit microsatellite instability, are defective in

strand specific mismatch repair, and have a greatly elevated mutation
rate at the HPRT locus (11, 16). To examine the role of hPMS2 in
mismatch repair, we stably transfected the wild-type hPMS2 cDNA
contained in the pREP4 expression vector into HEC-l-A cells. We

also transfected the pREP4 vector alone as a control. Western analysis
of independent drug resistant colonies containing the hPMS2 con
struct confirmed the presence of abundant and correctly sized hPMS2
protein in some of these clones. Western analysis of two of these

clones, designated WT-1 and WT-2, is demonstrated in Fig. 1. These
cells expressed levels of hPMS2 about 5-fold greater than for the

positive control HeLa cells. We also characterized a vector only clone
designated REP-1 for hPMS2 by western blot. As expected, the
REP-1 clone was devoid of hPMS2, as is the parental HEC-l-A cell
line clone (Fig. 1). hPMS2 expressing HEC-l-A cells were analyzed

for microsatellite instability, endogenous mutation rate at the HPRT
locus, and in vitro DNA mismatch repair activity, because these three
phenotypes are directly associated with the DNA mismatch repair
process.

Single cell clones from WT-1, WT-2, and REP-1 were isolated, and

48 clones of each were examined for alÃelelength fluctuation at five
microsatellite loci. The REP-1 cells (vector only control) displayed

numerous fluctuations in the sizes of all five loci examined, as typified
by the D7SI794 (CTT),, repeat shown in Fig la. Specifically, unstable
alÃeleswere seen in 12, 9, 11, 19, and 8 of 48 clones for the D2S119
(CA)n, DÃŒ4S78(CA)n, DÃŒ7S79ÃŒ(CA),,, D7SÃŒ794(CTT)n, and vWA
(TCTA)n markers. A drastic reduction in microsatellite instability was
noted at all loci in both the hPMS2-transfected clones, with only 1
unstable alÃelenoted at the D2S119 locus for the WT-1 cell line and
1 of 48 for the WT-2 cell line at both the D14S78 and DÃŒ7S79Iloci.

An example of this reduction is demonstrated for the D7S1794 (CTT),,
repeat by comparing a with h in Fig. 2. These data indicate that the
hPMS2 gene product is crucial to maintaining the stability of 2-4 base

repetitive elements.
To date, a correlation exists between microsatellite instability and

defective mismatch repair activity in cell-free extracts. The converse

is also true; if a cell is proficient in mismatch repair activity, it does
not display microsatellite instability (9-11, 19). We directly examined

the nature of this correlation by testing in vitro DNA heteroduplex
repair capabilities in extracts from WT, REP-1, and HeLa cells. HeLa

cell extracts efficiently repaired several mismatch containing sub
strates, as has been previously demonstrated (Fig. 3; 10, 12). As
expected, extracts from HEC-l-A REP-1 cells (vector only control)
were defective in repair of all substrates tested, including a G-G

mismatch or one, two. three, or four unpaired bases (Fig. 3). These
data are similar to results previously established for the parental

a.

Fig. 2. Microsatellite fluctuation analysis at the
D7S1794 (CTT)n repeat, a, analysis of 36 single cell
clones of REP-1 cells (HEC-l-A transfected with
vector alone) with numerous clones displaying al
tered alÃeles,b, analysis of 36 single cell clones of
WT-2 cells (HEC-l-A transfected with hPMS2),
which display no altered alÃeles.

HEC-1-A(REP-1)

HEC-1-A(WT2)
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Fig. 3. Mismatch repair activity in cellular extracts. Ability of cellular extracts to repair
mispaired heteroduplexes in vitro as described in "Materials and Methods" (12). Sub

strates contained the indicated mismatches as shown, where position +1 is the first
transcribed base of the lacZ Â«-complementation gene, and the nick to direct repair is either
5' to the mismatch at the Bsu36I site (position +276| or 3' to the mismatch at the Ava\
site (position -264).

HEC-l-A cells (11). These latter substrates are representative of the
premutational intermediates expected to cause the microsatellite in
stability, which is a hallmark of these cells. In contrast to the results
obtained above with the hPMS2 defective HEC-l-A REP-1 cells, the
WT cells (HEC-l-A with stably transfected hPMS2) efficiently re
paired the 1, 2, 3, and 4 extra-nucleotide substrates (Fig. 3). These
results directly associate the hPMS2 gene product with DNA hetero-

duplex repair activity and the correction of microsatellite instability.
Interestingly, the G-G mismatch was not efficiently repaired in these

cells (Fig. 3).
We next examined the endogenous mutation rate at the HPRT locus

in HEC-l-A, REP-1, and WT-2 cells. As previously reported, the
mutation rate for HEC-l-A cells is elevated 660-fold when compared
with a normal human fibroblast control (16). Similarly, HEC-l-A

cells containing the vector control also displayed a highly elevated

rate of 2.6 x 10 5 or 550-fold higher than the control (Table 1). In

contrast, HEC-l-A cells expressing wild-type HPMS2 (WT2 cells),
had a significant decrease of 7-fold in the endogenous mutation rate to
3.8 X 10~6. This decrease in the relative mutation rate represents an

88% correction as compared with the parental HEC-l-A clone.
We next examined the specific HPRT alterations present in HEC-

l-A, REP-1, and WT-2 cell lines to assess which types of lesions were

being corrected by hPMS2 restoration. The relative correction of
single base mismatches was 4-fold, indicating a substantial level of

mispair correction despite the lack of detectable single base mismatch
correction observed in vitro. The decrease in the number of frameshift
mutants in the hPMS2 expressing cells was also substantial; WT-2
cells exhibited a 10-fold decrease in these lesions when compared

with the vector only control cells (Table 1). These observations are
consistent with a role for hPMS2 in both the correction of single base
mispairs and in correction of frameshift mutations in vivo.

Why, then, do these cells still exhibit some deficiency in base-base

and frameshift repair activities? One possibility is that these cells
contain an alteration in another mismatch repair gene that would yield
such a phenotype. The obvious candidate is the hMSHo gene product,
because hMSH6 deficient cell lines yield very low levels of micro-

satellite instability (comparable with that seen in WT-1 and WT-2),
and are partially defective in base-base and one base frameshift repair,

but are proficient in the repair of 2-4 extra-nucleotide substrates (14,

15). To test this hypothesis, we amplified the hMSHo cDNA from
HEC-l-A using four primer pairs that function in the protein trunca

tion test for mutational analysis of hMSHo.
The most 3' PCR product from HEC-l-A was approximately 200

bp shorter than the amplified product obtained from normal uterine
cDNA. No full length PCR product was present in the HEC-l-A

amplification product (data not shown). These PCR products were
directly sequenced, and we discovered a 199 base deletion, corre
sponding to nucleotides 3802-4001. COOH-terminal deletions in

mutS homologues are predicted to have deleterious effects, because
this region represents the most evolutionarily conserved part of the
protein. The discovery of the second alteration in these cells can
explain the incomplete restoration of repair by hPMS2 in HEC-l-A

cells.
In this report, we describe reduction of microsatellite instability and

restoration of heteroduplex repair in a hPMS2 defective cell line by
introduction of a wild type hPMS2 cDNA. This represents the first
single gene complementation of a defective mismatch repair gene in
a human tumor cell line. Previous studies have corrected the pheno-

types of microsatellite instability, transcription coupled nucleotide
excision repair, heteroduplex repair, and Af-methyl-JV'-nitro-A'-

nitrosoguanidine cytotoxicity by introducing whole human chromo
somes 2, 3, or 5 into cells defective for hMSH2, hMSHo, hMLHl, or
HMSH3 (12-15). These studies, however, cannot directly prove that a

Table 1 Mutation rutes al the HPRT locus in HEC-l-A derivatives

Overall
Base
Substitutions''

FrameshiftsNonMutation

rate"
(XKT8)4.7

2.40.38nal"Mutation

rate
(X10~8)2600

8101800'REP-1Relative

rate*550

3404700Mutation

rate
(X10~8)380210170'WT-2Relative

rate81

88450Fold

decrease'7

410

" Mutations/cell/generation: Mutation rate for "normal" cells determined in a human fibroblast line. NHF1 (16).
* Rate of mutation/type of mutation for each cell line relative to the rate of mutation in normal cells (mutation rate of cell line/mutation rate of normal cells).
' Fold decrease in mutation rate for HEC-l-A WT-2 cells relative to HEC-l-A REP-1 cells.
'' Includes putative splice mutations as base substitutions.
'' All frameshifts occurred in homopolymeric runs.
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single gene product is responsible for the observed activities because
thousands of genes are transferred.

This study directly links the hPMS2 gene product to the mutant
phenotypes of microsatellite instability and loss heteroduplex repair
by directly correcting these phenotypes by transfer of a hPMS2
cDNA. These data provide additional evidence in support of the
hPMS2 gene product in the DNA mismatch repair process. The
hPMS2 mutation in HEC-1-A seems to function recessively in regard

to these phenotypes. Recently, a naturally occurring HPMS2mutation
has been overexpressed in rodent cells that are wild-type for mismatch
repair (20). This mutant represents a N-terminal fragment of 134

amino acids which is able to function in a dominant fashion as
evidenced by its ability to generate genetic instability and defective
mismatch repair. We tested the ability of the codon 802 truncation for
its ability to act dominantly. Overexpression of the codon 802 trun
cated mutant mRNA in HeLa cells did not induce instability of
microsatellites in fluctuation tests, nor did it impede in vitro DNA
repair activity, suggesting that this particular alteration does not act
dominantly (data not shown). The phenotypes associated with other
hPMS2 mutations that seem to act dominantly may be explained by
the exact nature of the mutation, or perhaps by tissue specificity (20,
21).

The observed alteration in the hMSH6 gene in HEC-l-A cells
complicates the determination of base-base mismatch repair capa

bilities of hPMS2. Other human tumor cell lines defective in
hMSH6 remain proficient in the repair of certain extra-nucleotide
heteroduplexes, yet their cell extracts fail to repair mismatched
bases in vitro. Recently our groups have established a functional
role for the hMSH3 protein in heteroduplex repair and more
recently a limited role in base-base mismatch repair by studies

involving the HHUA cell line, which has mutations in both hMSH3
and HMSH6 (12, 15). The phenotypes associated with hMSH3
correction in HHUA are very similar to those seen for the hPMS2
corrected HEC-l-A suggesting that the hPMS2 restored activity
proceeds through a hMSH3-dependent pathway. The presence of
hPMS2-dependent activities in the absence of a functional hMSH6

alteration substantiates the existence of a mutS recognition com
plex that does not use hMSH6 (12, 15). Presumably, the activity
seen in the hPMS2 corrected cells proceeds through other mis
match recognition proteins, possibly the proposed hMutSÃŸcom
plex comprised of a hMSH2 and hMSH3 heterodimer. It is inter
esting that we had success with introducing hPMS2 into HEC-l-A,

whereas we have failed to accomplish similar complementation in
other cells that were detective in hPMS2 yet still wild-type for

hMSH6. It is possible that overexpression of mismatch repair
genes creating highly active base-base mismatch repair activity
will lead to cell death. The HEC-1-A-PMS2 transfectants described

in this report provide an additional reagent to examine the role of
hPMS2 in mismatch repair activities, drug sensitivity, transcription
coupled nucleotide excision repair, as well as to the contribution of
hPMS2 and hMSH2/hMSH3 interactions.
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