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Members of hereditary nonpolyposis colon cancer (HNPCC) families
harboring heterozygous germline mutations in the DNA mismatch
repair genes hMSH2 or hMLH1 present with tumors generally two
to three decades earlier than individuals with nonfamilial sporadic
colon cancer. We searched for phenotypic features that might
predispose heterozygous cells from HNPCC kindreds to malignant
transformation. hMSH21/2 lymphoblastoid cell lines were found to
be on average about 4-fold more tolerant than wild-type cells to
killing by the methylating agent temozolomide, a phenotype that
is invariably linked with impairment of the mismatch repair system.
This finding was associated with an average 2-fold decrease of the
steady-state level of hMSH2 protein in hMSH21/2 cell lines. In
contrast, hMLH11/2 heterozygous cells were indistinguishable
from normal controls in these assays. Thus, despite the fact that
HNPCC families harboring mutations in hMSH2 or hMLH1 cannot
be distinguished clinically, the early stages of the carcinogenic
process in hMSH2 and hMLH1 mutation carriers may be different.
Should hMSH21/2 colonocytes and lymphoblasts harbor a similar
phenotype, the increased tolerance of the former to DNA-damag-
ing agents present in the human colon may play a key role in the
initiation of the carcinogenic process.

The sequence of genetic events required to transform normal
human colonic epithelium into sporadic adenomas and

carcinomas has been extensively documented (1, 2). The initial
event frequently involves the functional inactivation of the tumor
suppressor gene APC, which leads to the formation of an
adenomatous polyp through deregulation of cell proliferation
and differentiation. An adenoma then progresses to a carcinoma
and eventually to metastatic cancer through the acquisition of
further mutations in oncogenes and tumor suppressor genes,
among them K-ras, DCC, SMAD4, and p53 (3).

In hereditary nonpolyposis colon cancer (HNPCC), a cancer
predisposition syndrome linked to mutations in mismatch repair
(MMR) genes (4, 5), the transformation process is morpholog-
ically similar but genetically distinct from sporadic disease (6).
This is because inactivation of the MMR process results in a
strong mutator phenotype, where DNA replication errors accu-
mulate throughout the genome, particularly in microsatellites.
The consequence of this phenomenon, known as microsatellite
instability (MSI), is that genes involved in proliferative control
that contain microsatellites, such as the TGFb type II receptor
(7) and BAX (8) genes, become mutated. MMR-deficient tumor
cell lines differ from those of sporadic tumors in one additional
aspect: they remain prevalently diploid and display only MSI,
rather than undergoing gross genomic rearrangements apparent
in sporadic colon cancers (9). Lastly, MMR-deficient cancer cells
are resistant to killing by certain alkylating agents (10), probably
because of their ability to tolerate the presence of modified bases
in their DNA. MMR proteins were indeed implicated in the
recognition and processing of ‘‘pseudomispairs’’ such as O6-
methyl GyT (11). Recent evidence suggests that this tolerance
may also be linked to a lack of DNA damage signaling to the
apoptotic machinery (12–14).

HNPCC patients carrying mutations in the MMR genes
hMSH2 or hMLH1 are typically diagnosed with colon cancer
before the age of 50 (15). It is thought that the tumors in these
individuals arise from cells where the second wild-type allele
of the germline-mutated MMR gene has been inactivated by
a somatic alteration. But how does this latter event come
about? In cancer, wild-type alleles of genes are typically
inactivated by one of two pathways: somatic mutation or loss
of heterozygosity (LOH). The hMSH2 and hMLH1 genes are
inactivated by both these mechanisms, albeit to different
extents. It has been reported that the hMLH1 locus 3p21 is
more prone to LOH (16), whereas inactivation of hMSH2
occurs predominantly through somatic mutation (17). We set
out to search for the possible causes of this difference. To this
end, we tested the sensitivity of hMSH21/2 or hMLH11/2 cells
to the methylating agent temozolomide (TMZ), the steady-
state levels of hMSH2 and hMLH1 proteins in these cells, and
the efficiency of their extracts to recognize and repair basey
base mismatches in vitro.

Materials and Methods
Cell Lines. The lymphoblastoid cell lines were either established
as described (18) or obtained from Bert Vogelstein (Johns
Hopkins Oncology Center, Baltimore) or from the Finnish
HNPCC databank. The cells were grown in RPMI medium 1640
supplemented with 20% FCS (GIBCO) and 2 mM glutamine
(Sigma), in 5% CO2 at 37°C. Only cell lines with comparable
growth rates and viability higher than 85% were included in this
study.

TMZ Treatment. TMZ (a gift of Schering-Plough) was dissolved in
complete medium and protected from light. O6-benzylguanine (a
gift of L. Lassiani, Institute of Pharmaceutical Chemistry, Tri-
este, Italy) was dissolved in ethanol (3 mgyml). 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT,
Sigma) was dissolved in PBS (5 mgyml). The effect of TMZ on
the cell lines was evaluated by the tetrazolium salt method (19).
The cells were suspended in complete medium (1.6 3 105

cellsyml) and dispensed in 50-ml aliquots into 96-well plates.
O6-benzylguanine was then added (10 ml, final concentration 10
mM), and the cells were incubated for 2 h at 37°C. Fifty
microliters of TMZ solution was added to final drug concentra-
tions ranging from 1.95 mM to 1,000 mM, and a final O6-
benzylguanine concentration of 5.5 mM. Cell growth was eval-
uated after 72 h. Control groups included cells incubated in

This paper was submitted directly (Track II) to the PNAS office.

Abbreviations: HNPCC, hereditary nonpolyposis colon cancer; MMR, mismatch repair; MSI,
microsatellite instability; TMZ, temozolomide.

iTo whom reprint requests should be addressed. E-mail: jiricny@imr.unizh.ch.

The publication costs of this article were defrayed in part by page charge payment. This
article must therefore be hereby marked “advertisement” in accordance with 18 U.S.C.
§1734 solely to indicate this fact.

7164–7169 u PNAS u June 19, 2001 u vol. 98 u no. 13 www.pnas.orgycgiydoiy10.1073ypnas.121136498



complete medium alone or containing O6-benzylguanine. All
samples were tested in quadruplicate. Twenty microliters of the
MTT stock solution was then added, and the cells were incubated
at 37°C for an additional 6 h. They were then lysed with a buffer
(0.1 mlywell) containing 20% SDS and 50% N,N-dimethyl
formamide, pH 4.7. After overnight incubation, the absorbance
was read at 595 nm by using a 3,550-UV microplate reader
(Bio-Rad). Cell sensitivity to drug treatment was expressed in
terms of IC50. O6-methylguanine methyl transferase activity of
O6-benzylguanine-treated cells was evaluated according to the
method described by Morten and Margison (20). In all cell lines,
enzyme activity was completely abrogated by 2-h exposure to
O6-benzylguanine and remained undetectable until the end of
the treatment.

Western Blot and Immunohistochemical Analysis. The protein ex-
tracts (50 mg) were loaded on a 7.5% SDSyPAGE and electro-
blotted onto poly(vinylidene difluoride) membranes. The blots
were first blocked in 0.1% Tween 20 in Tris-buffered saline
(TBST) containing 5% nonfat dry milk for 1 h at 37°C and then
incubated with the respective primary monoclonal antibodies
(anti-hMSH2, no. NA26, Oncogene Science, 0.65 mgyml; anti-
hMLH1, no. 13271A, PharMingen, 0.09 mgyml; anti-b-tubulin,
no. N357, Amersham Pharmacia, 0.03 mgyml) for 1 h at room
temperature. After washing with TBST, the blots were incubated
with horseradish peroxidase-conjugated sheep anti-mouse Ig
(no. NXA 931, Amersham Pharmacia, 1:5,000) for 1 h at 20°C.
The protein–antibody complexes were detected by enhanced
chemiluminescence (Amersham Pharmacia). Prestained molec-
ular weight marker (Bio-Rad) and protein samples from three
normal and one negative controls were loaded alongside the
heterozygous cell extracts on each gel. The intensity of the bands
was quantified relative to b-tubulin by using the IMAGEQUANT
software of the Computing Densitometer (Molecular Dynam-
ics). The levels of MMR proteins in the heterozygous cell
extracts are reported as percentage of the mean value of the
three controls. The differences between the protein levels in the
control samples in the individual experiments were never greater
than 610%.

Pellets of cultured cells were washed in 0.9% NaCl and
resuspended in warm (42°C) 1% Agar (Nobel) in 0.9% NaCl in
a 2-ml Eppendorf tube. The cells were then centrifuged at 42°C
(400 3 g for 8–10 min), and the excess agar was removed. After
cooling, both ends of the tube were cut off to leave a cylinder
containing the pellet. This was placed in 10% neutral buffered
formalin and left overnight at 4°C. The agar block was then
removed from the tube, embedded in Paraplast, and sectioned
into 6-mm slices. Immunohistochemical staining for hMSH2 and
hMLH1 was carried out as described previously (21).

In Vitro MMR and Electrophoretic Mobility-Shift Assays. Mismatch
repair efficiency of the cell extracts was tested in vitro, by using
an assay described previously (22, 23). The M13mp2 heterodu-
plexes tested contained either a single GyG or GyT mispair.

The electrophoretic mobility-shift assays were performed as
described (24), except that each reaction contained 50 fmol of
the 34-mer GyT oligo probe, 10 mg of the extract (Fig. 4), and
100 ng of poly d(IzC) nonspecific competitor (Amersham
Pharmacia).

Statistical Analysis. Data for each cell line were obtained from at
least two independent experiments. Variability within and be-
tween cell lines was tested to assess reliability (intraclass corre-
lation coefficient). Reliability of repeated measurements was
good, because variability within a line was lower than variability
between lines; intraclass correlation coefficients were: r 5 0.454
for repair efficiency, r 5 0.895 for protein expression, and r 5
0.950 for IC50. Analysis of variance was used to test the differ-

ences between the groups and to calculate the best estimate of
the pooled within-group standard deviation, which was used to
calculate the 95% confidence intervals. Mann–Whitney and t
tests were applied where necessary to assess the level of signif-
icance of the observed differences. Multiple linear regression
was run to estimate the independent role of each of the
explanatory variables. Receiver operator characteristic curve
analysis was carried out to evaluate the accuracy of a test result.
Statistical analyses were performed with STATA (Stata, College
Station, TX) and NANOSTAT (Adelso, Rome) software.

Results
hMSH21/2 Lymphoblasts Display Tolerance to the Chemotherapeutic
Methylating Agent Temozolomide. MMR-deficient cells are toler-
ant to the killing effects of methylating agents such as TMZ (25).
We have taken advantage of this phenomenon to measure the
sensitivity of the heterozygous lymphoblasts from HNPCC kin-
dreds to the cytotoxic effects of TMZ. To this end, we generated
a bank of immortalized lymphocytes from HNPCC index cases,
i.e., hMSH2 or hMLH1 mutation carriers with early-onset colon
cancer whose tumors displayed MSI. The patients originated
from Finland, Switzerland, or the U.S., and all fulfilled the
clinical criteria of HNPCC (26). The germline mutations iden-
tified in these families are listed in Table 1. Lymphoblastoid cell
lines were established also from age-matched normal subjects
without history of colon cancer. The cell lines were treated with
the drug, and their IC50 values (drug concentrations at which cell
growth is inhibited by 50%) were compared with those of the
normal controls. To eliminate the differences in TMZ cytotox-
icity because of variations in levels of methylguanine methyl
transferase, the enzyme that converts O6-methylguanine back to
guanine, we inhibited it with O6-benzylguanine. The mean IC50
values for each cell line are listed in Table 1 and their distribution
is shown in Fig. 1a. The hMSH21/2 cells displayed IC50 values
significantly higher than those observed in normal (P 5 0.0014)
and hMLH11/2 (P 5 0.00016) cell lines. Because the IC50 values
for TMZ treatment differed significantly between normal and
hMSH21/2 groups, as confirmed by nonoverlapping confidence
intervals, we tested the discriminating power of this parameter.
Selecting IC50 5 60 (dashed line in Fig. 1a) as a cutoff value for
discriminating between normal and hMSH21/2 cells, the sensi-
tivity, specificity, and positive predictive value were 91.7, 85.7,
and 91.7%, respectively. Among all the individuals tested, only
one came out false negative (MLC 177; see below). We also
identified one cell line that appeared false positive: the normal
cell line 411 MI, which displayed an increased tolerance to TMZ
and a reduced mismatch repair efficiency (see below). This test
is not suitable for clinical diagnosis, as its reliability is currently
too low, whereas the complexity of the immortalization proce-
dure exceeds the competence of most diagnostic laboratories.
Nevertheless, we were clearly able to identify an inverse corre-
lation between the age at diagnosis of the hMSH21/2 patients
and the sensitivity of their respective immortalized lymphocytes
to TMZ (P , 0.05): for each 10 mM increase in IC50, the age at
diagnosis decreased by approximately 1 year.

hMSH21/2 Lymphoblasts Display Low Steady-State Levels of hMSH2.
To test whether the increased tolerance of the hMSH21/2

lymphoblasts to TMZ was associated with reduced steady-state
levels of hMSH2, we compared the amounts of this protein in the
heterozygous and normal cell extracts by Western blotting. The
amounts of hMSH2 and hMLH1 in the heterozygotes were
compared with the mean levels observed in the normal controls.
As shown in Table 1 and Fig. 1b, extracts of the hMSH21/2 lines
showed a statistically significant ('2-fold) decrease in the mean
steady-state levels of hMSH2 as compared with normal controls
(Fig. 2). The decrease in hMSH2 was accompanied by a similar
decrease in the levels of hMSH6 in the hMSH21/2 cells (data not
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shown). This is because hMSH2 stabilizes hMSH6 against pro-
teolysis in the heterodimeric mismatch binding factor hMuSa
(27). One exception in this set were MLC 177 cells, which showed
63% of the normal values; interestingly, this line was also atypical
in its sensitivity to TMZ, being more sensitive than other
hMSH21/2 lines (see above).

Multiple regression analysis showed a negative correlation
between protein levels and IC50 values in the hMSH21/2 group.
For each increase of 4% in protein level, the IC50 concentration
decreased by about 10 mM when adjusted for repair efficiency (r2

5 0.5999; P , 0.05). In contrast to hMSH21/2 cells, the
hMLH11/2 lymphoblasts displayed a mean steady-state hMLH1
levels of 86.7% as compared with the normal controls, a
difference that was not statistically significant. This result did not
change when we excluded the lines FIN 28, FIN 7, and Sw 434,
which carry hMLH1 missense mutations. The mean steady-state
level of hMLH1 in this group after the exclusion of the latter
lines was 88.2%.

We wanted to exclude the possibility that the reduction in the
hMSH2 levels observed in the Western blots was the result of our

cell population being composed partly of cells carrying a full
complement of the protein and a similar proportion of hMSH2
null cells. We therefore examined the hMSH2 and hMLH1
expression levels by immunohistochemistry. As shown in Fig. 3,
the hMLH1 signal in a normal control line (A) was similar to that
seen in a heterozygous hMSH21/2 line (B) and in the hMSH2 null
line HEC59 (C). The hMSH2 signal in the normal control was
similar in intensity to that seen with hMLH1 (D; see also A), and
was absent from the negative control HEC 59 (F). However, in
the hMSH21/2 cells, the hMSH2 signal was overall weaker in
most cells (E). These results thus confirmed that the hMSH21/2

cells do indeed contain less hMSH2 than the hMSH21/1 controls,
as anticipated from the Western blots. This result is only
qualitative and should be viewed as such. However, it further
confirms that the increased resistance of the hMSH21/2 het-
erozygous cells to TMZ was indeed due to the halved gene
dosage and thus the reduced capacity of addressingysignaling the
methylating agent damage, rather than being due to the selection
of highly-resistant hMSH2 null clones (i.e., cells expressing no
hMSH2) from the total cell population.

Table 1. Summary of the genotypic and phenotypic features of the human lymphoblastoid cell lines

Lymphoblasts DNA change* Exons Coding change
% Repair
Mean (SD)

Protein level†

Mean (SD)
IC50

Mean (SD)

hMSH21/2

hMSH2
FIN 25-2 2 bp ins 12 Frameshift 76 (2) 48 (6) 85 (19)
MLC 332 1981–2073 del 12 Frameshift 68 (2) 23 (1) 186 (3)
MLC 586 Exon 7 del 7 Frameshift 68 (7) 39 (1) 86 (18)
MLC 177 Exons 8–15 del 8 to 15 Frameshift 67 (5) 63 (1) 33 (5)
MLC 21 Splice donor 15 Frameshift 66 (4) 37 (9) 164 (32)
MLC 216 Splice donor 5 In-frame del 65 (2) 27 (11) 66 (9)
Sw 1587 1,148 C.T 7 Nonsense 64 (5) 56 (11) 91 (9)
FIN 106 Splice acceptor 9 Frameshift 62 (4) 52 (1) 108 (4)
Sw 1383 3 bp del 12 Asn596 del 58 (3) 43 (6) 151 (24)
MLC 101 Splice donor 5 In-frame del 57 (10) 27 (6) 243 (36)
MLC 442 173 bp ins 7 Frameshift 55 (11) 50 (2) 207 (30)
FIN 93 2 bp del 10 Frameshift 52 (2) 55 (11) 170 (33)

Mean 63 43 132
hMLH11/2

hMLH1
FIN 40 Splice acceptor 14 Frameshift 78 (0) 103 (0) 16 (2)
FIN 28 320 T.G 4 Missense (Ile107Arg) 76 (1) 68 (6) 11 (4)
FIN 8 Splice donor 12 Frameshift 75 (6) 88 (11) 67 (9)
FIN 10 3.5 kb genomic del 16 In-frame del 74 (3) 97 (1) 62 (6)
FIN 7 1976 G.C 17 Missense (Arg659Pro) 73 (3) 103 (9) 79 (4)
22 SD 676 C.T 8 Nonsense 71 (7) 97 (14) 16 (2)
FIN 83 1975 C.T 17 Nonsense 69 (3) 117 (29) 94 (1)
Sw 1121 Splice acceptor 19 Last exon del 69 (1) 84 (0) 10 (3)
210 MI Splice acceptor 8 Frameshift 66 (6) 86 (3) 18 (3)
FIN 26 Splice acceptor 6 Frameshift 65 (13) 79 (11) 40 (2)
Sw 434 351 C.G 4 Missense (Thr117Arg) 62 (14) 76 (1) 19 (5)
Sw 1033 1 bp del 16 Frameshift 57 (3) 44 (3) 52 (11)

Mean 70 87 40
Normals

FIN Co3 80 (7) 12 (4)
413 MI 77 (6) 6 (2)
416 MI 74 (0) 9 (4)
FIN Co2 74 (11) 50 (8)
407 MI 71 (8) 45 (15)
FIN Co1 71 (9) 24 (5)
411 MI 55 (5) 92 (7)

Mean 72 34

*Genomic or cDNA [GenBank accession nos. U03911(hMSH2) and U07418(hMLH1)]; ins, insertion; del, deletion.
†Steady-state levels of hMSH2 or hMLH1 expressed as percentage of the levels found in the normals.
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hMSH21/2 Cell Extracts Have a Reduced Mismatch Binding and Mis-
match Correction Capacity. Because hMSH2yhMSH6 heterodimer
is the mismatch recognition factor in MMR (28, 29), we pre-
dicted that the baseybase mismatch binding capacity of
hMSH21/2 extracts would be impaired as a consequence of the
reduced levels of hMSH2 in these cells. This was indeed the case,
as shown by electrophoretic mobility-shift assay experiments
(Fig. 4). On the basis of these findings, we decided to test the in
vitro mismatch repair capacity of the extracts of our cell lines.
Cells heterozygous in hMSH2 displayed a statistically significant
decrease in repair efficiency as compared with normals (P 5
0.019) or hMLH11/2 (P 5 0.027) lines (Table 1 and Fig. 1c). A
better distinction between normals and hMSH21/2 cells (P 5
0.001) could be observed when the control line 411 MI was
excluded from the analysis. Surprisingly, the repair efficiency of

this ‘‘normal’’ line was '20% lower than that of the other
controls. The reason underlying this phenomenon is unclear;
sequencing of the hMSH2 gene, including the exon–intron
boundaries, revealed four common polymorphisms (IVS1 1
9C3G, IVS6–10T3C, IVS9–9T3A and IVS12–6T3C), but
no pathogenic germline mutations.

Multiple regression analysis showed that the repair efficiency
and IC50 values were inversely correlated in the hMSH21/2

group: an increase of 3% in repair efficiency in vitro led to a
decrease in IC50 of about 18 mM, when adjusted for protein level
(r2 5 0.5999; P , 0.01). This inverse correlation was also found
in the normal group by simple regression analysis: an increase of
3% in repair efficiency led to a decrease in IC50 of about 10 mM
(r 5 0.881; P , 0.01). However, no correlation was found
between in vitro repair efficiency and steady-state levels of
hMSH2, suggesting that the observed decreased hMSH2 levels
were sufficient to ensure efficient mismatch repair in vitro, even
under suboptimal conditions (shorter incubation times, lower

Fig. 1. Heterozygous hMSH2 cells are phenotypically distinguishable from
wild-type cells. Mean values of TMZ IC50 (a), hMSH2 and hMLH1 steady-state
protein levels (b), and mismatch repair efficiency (c) for each cell line are
shown, along with the group mean values (filled squares) 6 SE. The hMSH2
and hMLH1 protein levels in b were expressed as percentage of the levels
found in the normals (see Materials and Methods). The dashed line in a
represents the arbitrary cutoff value set to distinguish between normal and
tolerant lines (see Results).

Fig. 2. Western blot analysis of protein extracts from representative normal,
hMSH21/2 and hMLH11/2 cell lines. The lower intensity of the hMSH2 bands in
hMSH21/2 extracts is clearly apparent. Extracts of the colon cancer cell lines
LoVo (hMSH22/2) and HCT116 (hMLH12/2) were used as negative controls. The
proteins were separated in a 7.5% SDS polyacrylamide gel, and b-tubulin was
used as an internal control (see Materials and Methods).

Fig. 3. Immunohistochemical analysis of hMLH1 (Upper) and hMSH2 (Lower)
levels. As shown (Upper), the normal control (A), the hMSH21/2 line MLC21 (B),
and the hMSH22/2 line HEC59 (C) contain similar amounts of hMLH1. In
contrast, the hMSH21/2 line MLC21 (E) contained substantially less hMSH2
than the normal control (D). No brown staining indicative of hMSH2 is appar-
ent in the HEC59 line (hMSH22/2) used as a negative control (F)

Marra et al. PNAS u June 19, 2001 u vol. 98 u no. 13 u 7167

BI
O

CH
EM

IS
TR

Y



temperatures, different salt and ATP concentrations) of the
MMR assay.

The hMLH11/2 lymphoblast extracts displayed a mean repair
efficiency that was not statistically different from that of the
control cell lines but that was significantly higher than that of the
hMSH21/2 cells (P 5 0.027). We failed to differentiate between
the hMLH11/2 and normal extracts, even when the conditions of
our in vitro repair assay were suboptimal.

Discussion
We demonstrate that hMSH21/2 lymphoblasts are phenotypi-
cally distinguishable from wild-type cells in that they are signif-
icantly more tolerant to a methylating agent, a phenotype
invariably linked to MMR deficiency (10). Analysis of immor-
talized hMSH21/2 lymphocytes (Fig. 3) and of their extracts (Fig.
2) revealed that the levels of hMSH2 and thus also of the
hMSH2yhMSH6 mismatch binding factor (Fig. 4) were lower
than in hMLH11/2 or in normal cells. However, the accompa-
nying efficiency decrease of MMR in vitro (Fig. 1) is most likely
too small to cause an increase in spontaneous mutation fre-
quency. We base this prediction on the following findings. First,
normal tissues of HNPCC patients do not display increased MSI.
Similarly, four MSI markers in our hMSH21/2 lines were stable
(data not shown). Second, expression of hMSH6 in hMSH62/2

HCT15 cells, which resulted in the restoration of hMutSa levels
to only about 30% of the positive control, was largely sufficient
to correct the MSI and MMR defect in these cells (30). Third,

a diploid yeast strain with one disrupted MSH2 allele displayed
only a very modest elevation in spontaneous mutation rates (31).

However, while reduced amounts of MMR proteins may be
sufficient to cope with the correction of replication errors, this
may not be the case when the mismatch repair system is
saturated. Mouse embryonic stem cells carrying one disrupted
Msh2 allele were reported to be more tolerant to low-dose rate
ionizing radiation than wild-type controls (32). The HCT15
clone, in which expression of low levels of hMSH6 largely
rescued its mutator phenotype, remained tolerant to the cyto-
toxic effects of methylating agents (30), presumably because the
number of repair events triggered by the O6-methyl GyT mispairs
was too low to trigger apoptosis. As shown in Fig. 1a, an
analogous situation appears to exists in our hMSH21/2 lympho-
blastoid cell lines: they were on average 4-fold less sensitive to
TMZ than normal controls or hMLH11/2 cells. Considering that
the mismatch repair deficient lymphoblastoid human cell line
MT1 exhibited an 8-fold decrease in TMZ sensitivity (12), as
compared with the mean of our control lines, the tolerance
observed in the hMSH21/2 cells is highly significant. We can
exclude the possibility that this effect was due to mutational
inactivation of the wild-type allele during the treatment, which
could have resulted in the selection of hMSH22/2 population; the
cells were exposed to the drug for only 72 h, a time period too
short to allow selection and phenotypic expression of hMSH2
null cells. Moreover, it was not due to selection of preexisting
hMSH2 null cells in the treated population, because immuno-
histochemistry showed that the heterozygous cultures and the
normal controls contained similar numbers of cells that failed to
stain for hMSH2 (Fig. 3).

Although hMSH21/2 cells may not differ from control cells
under normal conditions, their haploinsufficiency may demon-
strate itself under conditions where the MMR system is saturated
or overtaxed. Normal cells of the colonic epithelium are con-
tinuously exposed to DNA damaging agents, but because they
begin to apoptose as they migrate through the colonic crypts,
damaging their DNA might lead to earlier apoptosis and shed-
ding, rather than to their transformation. In contrast, should the
hMSH21/2 colonic cells behave similarly to their lymphocytic
counterparts, they would be more resistant to killing by DNA-
damaging agents (10). The unrepaired modifications may give
rise to mutations during replication, some of which might affect
the wild-type allele of the hMSH2 gene. This event would
generate a MMR-deficient cell with a full-blown mutator phe-
notype and MSI, as well as an even higher tolerance to alkylating
agents. This clone would be expected to proliferate further under
the selective pressure of the colonic milieu and give rise to cells
with mutations in genes that appear to play important roles in the
genesis of HNPCC tumors such as TGFb RII (7) or BAX (8). This
hypothesis finds support in reports showing that MSI is present
already in extremely small colonic polyps of HNPCC patients,
which implies that both alleles of the respective MMR gene are
inactivated very early in the tumorigenic transformation process
(33, 34).

Our data showed that most of the hMLH11/2 cell lines
behaved similarly to normal lymphoblasts. The observed phe-
notypic differences between hMSH21/2 and hMLH11/2 cells
cannot be explained by the different nature of the germline
mutations, which lead predominantly to truncated products. In
the three lines that carry missense mutations in hMLH1, the
mutated polypeptides were either shown (35) or predicted to be
nonfunctional (36) (Table 1; see also Results). Thus, in the
absence of a diminished MMR efficiency in hMLH11/2 cells, the
wild-type allele of the hMLH1 gene may have to be inactivated
differently from hMSH2. The chromosomal locus 3p21, which
houses hMLH1, has been reported to be susceptible to loss of
heterozygosity (37, 38) and has been predicted to house an
as-yet-unidentified tumor suppressor gene (39–43). The ready

Fig. 4. Mismatch binding activities in extracts of selected lymphoblastoid cell
lines analyzed in this study. The radiolabeled 34-mer double-stranded probes,
either fully-complementary (left lane) or containing a single GyT mispair
(remaining lanes) were incubated with equal amounts of the cell extracts
listed (Top). The mixtures were separated by electrophoresis in a 6% nonde-
naturing polyacrylamide gel. F, free probe; SC, specific complex formed be-
tween the GyT probe and the hMSH2yhMSH6 present in the extracts; NC,
nonspecific complex.
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transcriptional silencing of the hMLH1 locus through hyper-
methylation (44) represents another facile way of inactivating the
wild-type hMLH1 allele. Moreover, such an epigenetic modifi-
cation may bring about a change in chromatin conformation at
the hMLH1 locus, which could, in turn, facilitate genomic
rearrangement such as loss of heterozygosity.

de Wind et al. reported that embryonic stem (ES) cells from
Msh21/2 mice were indistinguishable from wild-type cells when
treated with N-methyl-N9-nitrosourea (45). The differences be-
tween the murine ES cells and the human lymphoblasts are real
and may be due to the different apoptotic thresholds of the two
cell types. Indeed, murine ES cells may not be representative of
other cell types and tissues. In a later study, de Wind et al. (46)
reported that mice heterozygous at the Msh2 locus displayed an
increased incidence of tumors as compared with the normal
controls. This demonstrated that even in the mouse model
system, hMSH21/2 cells are not phenotypically normal, at least
in some tissues.

It could be argued that the cell lines studied here are of
lymphocytic origin and that our data may therefore be of little
relevance to colon carcinogenesis. This possibility must be taken

into consideration, and it is unfortunate that no human epithelial
cells heterozygous at these MMR loci exist. However, immor-
talized lymphoblasts of HNPCC patients may yet turn out to be
useful tools for the study of this syndrome. It is interesting to note
that the age of disease onset in our hMSH21/2 cohort correlated
with TMZ sensitivity, in that the most resistant lines originated
from patients with the lowest age at diagnosis. The possibility
that hMSH2 haploinsufficiency described above may play a role
in the transformation process in HNPCC cannot therefore be
disregarded at this time.
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