
both speed the clearance and help restrict
the spread of glutamate, first by binding
and then transporting the transmitter
(26).
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Dynamic Molecular Combing:
Stretching the Whole Human Genome for

High-Resolution Studies
Xavier Michalet,* Rosemary Ekong,* Françoise Fougerousse,

Sophie Rousseaux,† Catherine Schurra, Nick Hornigold,
Marjon van Slegtenhorst, Jonathan Wolfe, Sue Povey,

Jacques S. Beckmann, Aaron Bensimon‡

DNA in amounts representative of hundreds of eukaryotic genomes was extended on
silanized surfaces by dynamic molecular combing. The precise measurement of hy-
bridized DNA probes was achieved directly without requiring normalization. This ap-
proach was validated with the high-resolution mapping of cosmid contigs on a yeast
artificial chromosome (YAC) within yeast genomic DNA. It was extended to human
genomic DNA for precise measurements ranging from 7 to 150 kilobases, of gaps within
a contig, and of microdeletions in the tuberous sclerosis 2 gene on patients’ DNA. The
simplicity, reproducibility, and precision of this approach makes it a powerful tool for a
variety of genomic studies.

Recent developments in whole genome
sequencing projects have all emphasized the
importance of refined physical mapping
tools that bridge the gap between establish-
ing genetic maps and sequence-ready clones
(1). Conventional approaches such as se-
quenced tagged sites (STS), content order-
ing of large insert clones [YAC or bacterial
artificial chromosomes (BAC)] (2), and re-
striction mapping of redundant sets of
smaller clones (3), used for the building of
physical maps, are tedious and time con-
suming. New techniques developed for the
direct visualization of clones, such as optical
mapping (4) or fiber–fluorescence in situ
hybridization (FISH) approaches (5, 6),

have either attempted to speed up these
physical mapping steps or resolve some am-
biguities of restriction mapping. However,
none of these can be used routinely or
independently from other methods. More-
over, for the purpose of genetic disease
screening and molecular diagnostics, there
is a need for efficient techniques within the
resolution range of a few kilobases (kb) to a
few hundred kilobases, a challenge ad-
dressed neither by polymerase chain reac-
tion (PCR)–based approaches (7) nor by
cytogenetics techniques (8).

We describe an approach for physical
mapping and molecular diagnostics directed
to the aforementioned resolution range.
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This approach combines major technical
developments of the molecular combing
phenomenon (9)—referred to as dynamic
molecular combing (DMC)—with fluores-
cent hybridization. In this process, silanized
cover slips (9–11) are dipped into a buffered
solution containing genomic DNA (12)
and, after 5 min of incubation, are pulled
out with the mechanical device described
in Fig. 1. During incubation, DNA mole-
cules bind spontaneously to the cover slip
surface by their extremities only. When the
cover slips are pulled out of the solution at
a constant vertical speed of 300 mm/s (13),
the meniscus (air solution–cover slip inter-
face) exerts a constant restoring force on
the immersed part of each anchored mole-
cule, while their emerged part comes out
with the surface (Fig. 1A). Because of their
hydrophobicity, the silanized surfaces dry
instantaneously as they are pulled out of the
solution. This rapid process results in irre-
versibly fixed, parallel DNA fibers, aligned
in a single direction all over the surface
(Fig. 1B).

As in the previously described procedure
(9), DMC results in constant stretching of
DNA molecules. The measured stretching
factor is uniform all over the surface, as
verified by systematic measurements of l-
DNA molecules (48.5 kb) on test surfaces,
yielding a factor of 2 kb/mm. This stretching
factor does not depend on the size of the
DNA fragments (11, 14).

The major advantage of DMC is its abil-
ity to comb high concentrations of total
genomic DNA in conditions preserving it
from excessive shearing. This yields a very
high density of fibers (which, for human
samples, can reach up to hundreds of ge-
nomes per cover slip), with most DNA
fragments longer than several hundred kilo-
bases (Fig. 1B) (15). Moreover, a very large
number of identical surfaces can be pre-
pared from the same DNA solution.

Fluorescent hybridization of DNA
probes on combed DNA allows direct map-

ping of their respective positions along the
fibers (16, 17). Because the density of fibers
is high, scanning and recording of signals is
fast, and numerous signals can be rapidly
measured, allowing reliable distance mea-
surements by statistical analysis, without
reference to any other method or internal
control. To calibrate and test the feasibility
of this approach, we used it for the orien-
tation and the refined physical mapping of
the human calcium-activated neutral pro-
tease 3 gene (CAPN3 located on 15q15.2)
contained in YAC 774G4. Mutations in
this gene are responsible for the autosomal
recessive limb-girdle muscular dystrophy
type 2A (18). Cosmids of two contigs cov-
ering the gene region were hybridized; con-
tig 1 has a known transcriptional orienta-
tion with respect to the centromere, where-
as contig 2, which contains the CAPN3
gene, has not yet been orientated (Fig. 2).
The orientation of contig 2 would be ob-
tained from a sufficient number of indepen-
dent measurements of distances between
different pairs of cosmids belonging to both
contigs.

Total yeast genomic DNA [12.6 mega-
bases (Mb)] containing the YAC clone
774G4 (1.6 Mb) was obtained directly from
yeast cells embedded in agarose blocks (12),

and no separation of the YAC was attempt-
ed. A solution of this DNA (7.5 3 106

genomes per milliliter) (19) was combed by
DMC. Pairs of cosmids were then hybrid-
ized, and detected with a different fluoro-
chrome [fluorescein isothiocyanate (FITC)
(green) or Texas Red™ (red)] for each cos-
mid (17). Using only a fraction of a single
22 mm by 22 mm cover slip, tens of aligned
pairs of red and green signals, as well as
isolated signals, were systematically record-
ed. During the recording, no rejection of
incomplete signals was made, in order to
study the possibility of a purely statistical
determination of real sizes and distances of
signals. The analysis of the distributions of
measurements, indeed, led to the assess-
ment of an unambiguous size for both cos-
mids and for their distance, with a standard
deviation of a few kilobases (20, 21). This
strategy thus seems easily amenable to au-
tomation. Sizes of cosmids used in different
hybridizations were reproducibly measured
on different slides, and a further test of the
stretching uniformity was obtained from re-
dundant measurements of a few long dis-
tances (21, 22). This consistency allows a
confident use of a constant stretching factor
of 2 kb/mm to translate these measurements
into kilobases, without requiring a probe of
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Fig. 1. Dynamic molecular combing of total
genomic DNA. The technique involves four steps:
(i) preparation of suitable surfaces coated with
trichlorosilane (9–11), (ii) preparation of a DNA
solution from DNA embedded in low-melting
agarose blocks (12), (iii) incubation of surfaces in
the solution for 5 min, and (iv) extraction of the
surfaces out of the solution at a constant speed
(300 mm/s) (13). (A) Steps (iii) and (iv) are per-
formed in a Teflon™ reservoir, using a molecular
combing apparatus consisting of a vertically
moving clip holding one or more cover slips. We
used silanized 22 mm by 22 mm cover slips,
which were dipped vertically at a constant speed
(300 mm/s) into a 4-ml Teflon reservoir containing
either an ;0.25 mg/ml solution of total yeast
genomic DNA in 50 mM MES (pH 5.5) or an ;1.5
mg/ml solution of total human genomic DNA in
150 mM MES (pH 5.5) (12). Freely floating mole-
cules (f ) randomly bind to the surface by their
extremities. For clarity, the random coil of the
bound molecule (b) is represented as exaggerat-
edly distant from the anchoring point. The cover
slip area below the meniscus line is immersed. As
the cover slip is pulled out of the solution after a
5-min incubation period, the anchoring points
move upward with the surface. The fixed, horizontal meniscus exerts a localized, constant, and down-
ward vertical force on the coil of the molecules, which are thus progressively unwound. The unwound
part is stretched and irreversibly fixed on the dry part of the surface (c). Some loops are observed (lo)
when DNA fragments are bound at both extremities, as described (9). (B) One field of view (200 mm by
120 mm) is shown of combed human genomic DNA, observed with an epifluorescence microscope
(Axioskop, Zeiss, Plan Neofluar 403 objective) with an attached intensified video camera (SIT 68,
Dage-MTI). Most of the DNA strands span several fields of view, corresponding to hundreds of mi-
crometers (1 mm § 2 kb). The density of fibers shown is close to the maximum for optimal combing.
Spherical deformations due to the intensified camera were corrected and image was contrast-enhanced
with a homemade computer software. Differences in fluorescence intensity can be attributed to local
bundling of a few DNA molecules. Bar, 25 mm.
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known size as an internal control, contrary
to previously published fiber-FISH methods
(5, 6). As a result, we obtained a precise
physical map spanning more than 200 kb
on the YAC covering the region (Fig. 2),
with the determination of the gap size

(44.6 6 5.8 kb) between both contigs (21,
22). This unambiguous orientation of the
contigs showed a centromere-to-telomere
transcriptional polarity of CAPN3.

Because the high density of signals al-
lows the fast recording of enough measure-

ments to obtain precise, statistically signif-
icant sizes and distances, this approach ap-
pears to be a powerful, autonomous tool for
the construction of high-resolution maps,
including sequence-ready maps over dis-
tances up to a few hundred kilobases (23),
starting, for instance, from groups of clones
roughly ordered by STSs content. More-
over, this approach has advantages over
restriction mapping in that it measures gap
sizes and is free of ambiguities that can
result from unresolved fragments.

However, the use of cloned DNA in
human genome studies, especially of YACs,
is often impaired by rearrangements. Fur-
thermore, even an unrearranged clone re-
flects the organization of one chromosome
only. Extension of the DMC approach to
human genomic DNA was thus a critical
challenge, not only to avoid problems with
large, unstable clones, but also to address
diagnostic questions directly. However, be-
cause the human genome [;3 gigabases
(Gb)] is much larger than any cloned DNA
(with the largest host genome size of 12.6
Mb for YAC), higher concentrations of
DNA have to be used, and larger parts of a
slide have to be scanned to obtain statisti-
cally significant results.

We have first confirmed the feasibility
of genomic studies of combed total human
genomic DNA on the tuberous sclerosis 1
(TSC1) gene region. Tuberous sclerosis
(TSC) is an autosomal dominant heteroge-
neous disease, characterized by the develop-
ment of benign growths in several organs,
and has two known genetic loci, TSC1 and
TSC2 (24). Although TSC2 was cloned in
1993 (25), TSC1 on chromosome 9q34 has
only very recently been identified (25).
During the positional cloning of TSC1, the
construction of a cosmid contig gave an
unambiguous order of cosmids (26). How-
ever, two gaps remained for which no accu-
rate distances could be obtained by standard
fiber-FISH methods (6) because of the pau-
city of hybridization signals, attributed to
the scarcity of DNA fibers and variable
degrees of stretching.

Hence, the gap sizes in the TSC1 cosmid
contig (Fig. 3A) were determined by hy-
bridizing pairs of cosmid probes on combed
human genomic DNA (12), detected with
different fluorochromes (17). Measure-
ments of up to 80 intact pairs of red and
green signals were performed on a single
slide (27). The uniformity of stretching was
apparent from the similar lengths of hybrid-
ization signals (Fig. 3B) and was confirmed
by the standard deviations of, at most, a few
micrometers on the measured distances.
This uniformity and the validation by the
previous yeast experiments allowed direct
determination of gap sizes in kilobases (28).
An independent measurement of one of the

Contig 1

2D9

2D9

1D1

1D1

1F11

1F11

3A4–1F11
2D9–1F11
2D9–3A4
1D1–3A4
1D1–1G3
1G3–3A4
1G3–1F11
1G3–2A6

2A6

2A6

2B11

3A4

3A4

1G3

1G3

Contig 2A
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Fig. 2. (A) STSs map of
some cosmids of the two
contigs covering the CAPN3
gene region (contig 1, red;
contig 2, green). STSs used
for contig orientation are
represented as vertical bars
separated by an arbitrary
distance (18). Contig 1 has a
known chromosomal orien-
tation. The CAPN3 gene ex-
ons are contained in 1F11
and 1G3 (18). The vertical
dotted line indicates a gap of
unknown size. (B) Shown
are names of cosmid pairs
used in each hybridization
experiment and manually
aligned, representative sig-
nals for each pair of hybrid-
ized cosmids illustrating the
high-resolution map ob-
tained over a distance of 200 kb. Images were captured with a charge-coupled device (CCD) camera
(Photometrics) mounted on an epifluorescence microscope (Axioskop, Zeiss), with a 1003 or 633
objective. A homemade software was used for the precise measurement of sizes and for their statistical
analysis (21). The size of the gap is 44.6 6 5.8 kb (21, 22). Bar, 10 mm [ 20 kb. (C) Final orientation is
shown for the two cosmid contigs as obtained from DMC experiments. A reversal of the orientation of
both contigs with respect to (A) is deduced.

A

B

Contig 10 Contig 37 Contig 3

117F9 165A9 255A6 220F3 180F1 50D9

41.2 ± 26 kb (62) 10.0 ± 1.4 kb (85) 55.0 ± 3.0 kb (54)

Fig. 3. Measurement of
distances and gaps in
the TSC1 cosmid contig
on combed total hu-
man genomic DNA. (A)
Sketch (not to scale) of
cosmid contigs in the
TSC1 gene region. Cos-
mid probes (117F9,
165A9, 255A6, 220F3,
180F1, and 50D9) for
determining gap sizes
were all obtained from a
chromosome-9–specific
library, LL09NC01“P”,
and were all within the
TSC1 gene region on 9q34 between the markers D9S149 and D9S114 (34). The first two cosmids
(117F9 and 165A9) within contig 10 were used as controls. Cosmids 255A6 (contig 10) and 220F3
(contig 37) are at the end of their respective contigs and border a gap subsequently bridged by two
PACs (213M24 and 145N8) (34). Cosmid 180F1 (contig 37 ) and 50D9 (contig 3) are not at the ends of
their respective contigs, and the measured distance thus only sets up an upper limit for the gap size,
which has been estimated with the help of PFGE to be ;20 kb. Subsequent DMC measurements with
cosmid probes (250D5 and 251C9) bordering this gap have given a distance of ;23 kb (35) (B) Montage
of 10 representative pairs of signals on each slide of combed total human genomic DNA shows
distances between cosmids in the TSC1 contigs. Bars, 10 mm § 20 kb. The images are exactly as
observed under the microscope and captured on the CCD camera, after standard contrast enhance-
ment. Each montage was assembled from individual pairs of signals that had been captured in a single
field of view. No normalizations of the images have been performed, showing the uniformity of stretch-
ing. Distances are displayed together with the corresponding standard deviation of the measurements
and the number of measurements retained for the final computations (in brackets). The measurements
for cosmids 117F9 and 165A9 (41.2 6 2.6 kb) are in good agreement with measurements from Eco RI
mapping (39 kb; M. van Slegtenhorst, data not shown), considering the possible uncertainties of
restriction mapping due to overlapping bands.
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gaps by Eco RI restriction mapping gave a
size that was in very good agreement with
the result from DMC (Fig. 3).

The reliability of the DMC approach on
the human genome opens the way for a
wide range of genetic studies not accessible
by other techniques, for instance, the de-
tection and precise measurement of micro-
rearrangements (such as microdeletions in
disease genes) which can be arduous and
time consuming. Conventional approaches
used for detecting loss or gain of DNA
sequences do not provide accurate informa-
tion on sizes of missing or additional se-
quences unless detection of abnormal re-
sults is followed by sequencing (29). Muta-
tions may sometimes be missed altogether
because of the resolution of the methods
used in searching for them. Estimates for
sizes of deletions can be obtained by pulsed-
field gel electrophoresis (PFGE), but the
resolution of this method prevents the de-
tection and measurement of deletions be-
low 10 kb. Added limitations include the
determination of PFGE parameters required
for adequate separation of DNA fragments
which can be problematic and lengthy.

As a model example, we chose to mea-
sure the sizes of known microdeletions in-
volving the TSC2 gene, the other tuberous
sclerosis gene, located on 16p13.3 (25). For
the TSC2 patients studied here, the sizes of
deletions, as previously estimated by PFGE,
range from 46 to 160 kb (25, 30).

DNA was prepared (12) from peripher-
al blood lymphocytes from a normal sub-
ject and from three patients carrying de-
letions involving the TSC2 gene. Each
sample was combed separately. Two cos-
mids bordering the gene region (CBFS1
and GGG4A) were hybridized onto each
DNA sample and detected with different
fluorochromes (17). For the healthy sub-
ject, one single distance of 147 6 4.4 kb
between the two closest extremities of the
cosmids was measured, which corresponds
to two identical alleles (Fig. 4). This result
is in good agreement with the previous
PFGE measurement of 150 kb (31). Hy-
bridizations of these cosmids on DNA
from each TSC2 patient yielded two dis-
tances, corresponding respectively to the
normal allele (;150 kb) and to the delet-
ed one (Fig. 4 and Table 1). The distance
between the two cosmids on the normal
allele of all patients agreed with that mea-
sured for both alleles of the healthy indi-
vidual. This shows the reproducibility of
the approach used on different DNA sam-
ples prepared on different days and
combed onto different batches of silanized
surfaces. One of the cosmid signals
(CBFS1) was partially deleted on the ab-
normal allele of two patients (WS-212 and
WS-9), yet the size of these partial dele-

tions was precisely determined, increasing
the resolution of the technique for dele-
tion measurement down to a few kilobases.

In summary, the DMC approach de-
scribed here is a simple method for stretch-
ing total genomic DNA from various kinds
of cellular material, like blood lymphocytes,
lymphoblastoid cell lines, or amniotic cells
(32), provided their DNA has been pre-
served from degradation and that cells can
be embedded in agarose blocks (12). It al-
lows precise and quantitative measurements
of the sizes of hybridized DNA clones and
distances between them, at a resolution
ranging from a few kilobases up to a few

hundred kilobases for both, without requir-
ing normalization by other methods. We
have applied DMC to the refinement of a
sequence-ready cosmid map, measurement
of gaps between contigs on total human
genomic DNA, and the measurement of
microdeletions on patients’ DNA. This ap-
proach is of interest not only in genomics,
for instance in genome sequencing projects
that require validation of sequence-ready
maps, but also in diagnostics, where new
tools for well-characterized diseases are
needed. DMC can be used to check the
integrity and stability of large DNA clones
such as the human artificial chromosomes

Normal individual

147 ± 4.4 kb

142.8 ± 4.6 kb

7.0 ± 2.8 kb

150.4 ± 3.2 kb

90.6 ± 2.8 kb

149.4 ± 9.4 kb

122.6 ± 4.4 kb

Patient WS-212
69.4-kb deletion

Patient WS-9
38.4-kb deletion

Patient WS-215
135.8-kb deletion

Fig. 4. Measurement of deletions involving the TSC2 gene region in affected patients. Cosmids CBFS1
(at the distal end of TSC2) and GGG4A (at the proximal end) were hybridized onto combed total genomic
DNA slides and detected with two different fluorochromes [CBFS1 (green) and GGG4A (red)] (17 ). For
each experiment, a montage of six representative pairs of signals is shown, without any normalization.
The pictures were assembled as described in Fig. 3B. The top three pairs of signals from each patients’
slide ( WS-212, WS-9, WS-215) represent the normal allele, whereas the lower three show the allele with
the deletion. In two patients ( WS-212 and WS-9), one cosmid signal was partially deleted, and the
deleted part of the sequence is indicated by two green arrows. See Table 1 for details. Bars, 10 mm [
20 kb.

Table 1. Comparison of distance measurements (in kilobases), using DMC and PFGE. Dynamic
molecular combing of human genomic DNA: for the normal subject, one single distance was measured,
because both alleles are normal in the region bordered by the two cosmids. For TSC2 patients, two
distances were measured, corresponding to the normal allele and to the deleted one. Measured
distances are displayed with their SDs and the number of measurements taken into account for the
calculations (in brackets). The distances corresponding to the normal allele (first column) for four different
samples shows the uniformity of stretching obtained even for long-distance measurements. The total
size of the deletion is derived from results of the first columns: total deletion 5 distance on normal allele
– distance on deleted allele 1 cosmid deletion. PFGE: approximate sizes of deletions for the three
patients were determined by PFGE (24, 29). Cosmids CBFS1 and GGG4A border the TSC2 gene region
and their distance has previously been estimated on normal DNA to be 150 kb by PFGE (31).

DNA origin Distance on
normal allele

Deletion in
CBFS1 cosmid

Distance on
deleted allele

Total
deletion
(DMC)

Total
deletion
(PFGE)

Normal 147 6 4.4 [11] 0 0 0 0
WS-212 150.4 6 3.2 [36] 9.6 6 1.8 [20] 90.6 6 2.8 [18] 69.4 6 4.6 75*
WS-9 149.4 6 9.4 [18] 11.6 6 2.6 [21] 122.6 6 4.4 [35] 38.4 6 10.7 46†
WS-215 142.8 6 4.6 [8] 0 7.0 6 2.8 [41] 135.8 6 5.4 160*

*Reference 29. †Reference 24.
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or chromosomes of human-mouse hybrids
(33), visualize and measure intragenic rear-
rangements, map translocation breakpoints
in disease loci, assist in the identification of
disease genes, and compare maps between
species, which should lead to insights in the
evolutionary process.
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Vignon, E. Schröck, J. D. Rowley, T. Ried, ibid. 15,
406 (1997).

30. P. T. Brook-Carter et al., Nature Genet. 8, 328
(1994).

31. J. Sampson, personal communication.
32. A. Bensimon, data not shown.
33. J. J. Harrington, G. van Bokkelen, R. W. Mays, K.

Gustashaw, H. F. Willard, Nature Genet. 15, 345
(1997). K. Tomizuka et al., ibid. 16, 133 (1997).

34. N. Hornigold et al., Genomics 41, 385 (1997).
35. R. Ekong, data not shown.
36. X.M. benefited from a Pasteur-Weizmann grant, S.R.

from a Wellcome Trust grant, and M.V.S. from sup-
port by the Dutch Organisation for Scientific Re-
search. We thank A. Chiffaudel for technical help in
the development of the combing apparatus, J.
Sampson and P. Harris for providing us with TSC2
probes and patient cell lines, and J. Nahmias for
unpublished data on the TSC1 contig. Supported in
part by the Association Française contre les Myopa-
thies. Dedicated to A. Ullmann for constant support
throughout this project.

11 March 1997; accepted 3 July 1997

Conditional Mutator Phenotypes in
hMSH2-Deficient Tumor Cell Lines

Burt Richards, Hong Zhang, Geraldine Phear, Mark Meuth*

Two human tumor cell lines that are deficient in the mismatch repair protein hMSH2 show
little or no increase in mutation rate relative to that of a mismatch repair–proficient cell
line when the cells are maintained in culture conditions allowing rapid growth. However,
mutations accumulate at a high rate in these cells when they are maintained at high
density. Thus the mutator phenotype of some mismatch repair–deficient cell lines is
conditional and strongly depends on growth conditions. These observations have im-
plications for tumor development because they suggest that mutations may accumulate
in tumor cells when growth is limited.

The autosomal dominant syndrome of
hereditary nonpolyposis colon cancer
(HNPCC) is characterized by early onset of
colon tumors as well as cancers of the en-
dometrium, stomach, upper urinary tract,
small intestine, and ovary. Mutations in
two human homologs of the Escherichia coli
mismatch repair genes MutS and MutL
(hMSH2 and hMLH1) are found in the
great majority of HNPCC patients (1). Less
frequent germline mutations of another
MutL homolog (hPMS2) are also associated
with this disease (2). HNPCC patients in-

herit a mutant allele of a mismatch repair
gene (3), and the second wild-type allele is
mutated or lost as an early event in tumor
development (3, 4). This second event ren-
ders cells mismatch repair–deficient (5, 6),
presumably leading to a mutator phenotype
that drives the accumulation of mutations
required for tumor development (7). Two
other genes encoding homologs of the E.
coli MutS gene (hMSH3 and hMSH6) ap-
pear to be involved in the repair of some
types of DNA replication errors or damage
(8). A variety of in vitro assays indicate that
heterodimers formed between these pro-
teins and hMSH2 exhibit considerable
specificity in the types of errors they recog-
nize and bind. Thus, hMSH2 may play a
central role in recognition of DNA replica-

tion errors while hMSH3 and hMSH6 mod-
ify the specificity of this recognition (8).

To examine the consequences of
hMSH2 deficiency in human tumor cells,
we measured mutation rates in two tumor
cell lines with hMSH2 mutations: SK-UT-
1, which was derived from a uterine tumor;
and 2774, which originated from an ovarian
tumor (6, 9–11). SK-UT-1 has a 2–base
pair (bp) deletion in exon 10 of the hMSH2
coding sequence that results in a truncation
(9); and 2774 has a base substitution in
exon 14, resulting in a missense mutation
(Arg3 Pro) (10). SK-UT-1 has no detect-
able hMSH2 protein, whereas 2774 retains
a full-length mutant protein (12). The lev-
els of hMLH1 and hPMS2 in these cell
lines are similar to those in repair-proficient
cell lines. Surprisingly, mutation rates of
growing 2774 and SK-UT-1 cells at the
X-linked locus encoding the purine salvage
enzyme hypoxanthine guanine phosphori-
bosyl transferase (HPRT) (Table 1) were
lower than that measured for the mismatch
repair–proficient SV40-transformed fibro-
blast line MRC-5 (rate 5 1.4 3 10–7 mu-
tations per cell per generation). This con-
trasts with the 130- to 190-fold increase in
mutation rate found in tumor cell lines
deficient in other mismatch repair compo-
nents (Table 2). Other laboratories have
reported difficulties in isolating HPRT mu-
tants from hMSH2-deficient cell lines (13),
although increased mutation rates have
been measured in the hMSH2-deficient
LoVo cell line (14, 15). To test the possi-
bility that the low HPRT mutation rate in
the hMSH2-deficient cells is due to the
presence of multiple active X chromosomes
(16), we measured the rate of mutation to
ouabain resistance (OuaR). Because these
mutations act dominantly, they are not ob-
scured in polyploid cells (17). However,
even at this locus there was no change in
mutation rate for cell line 2774 relative to
that in mismatch repair–proficient MRC-5,
whereas that in SK-UT-1 was elevated 7.1-
fold (18). Thus, these data indicate that the
two hMSH2-deficient tumor cell lines de-
velop a weaker mutator phenotype than
lines deficient in other mismatch repair
genes.

To determine whether mutation rates
increased in these hMSH2-deficient cells
under less optimal culture conditions, we
examined HPRT and OuaR mutant frequen-
cies in 2774 and SK-UT-1 cells that had
been maintained for 2 weeks in a high-
density growth-limited state. For 2774 cells,
the HPRT mutant frequency of replicas
maintained at high density was 7900-fold
higher and the frequency of OuaR mutants
was .67-fold higher relative to those of
replica cultures kept under optimal growth
conditions (Table 1). SK-UT-1 cells main-
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