
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," Franqoise Fougerousse, 

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

Jacques S. Beckmann, Aaron Bensimoni 

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  develop~nents in whole genome 
sequencing projects have all emphasized the 
importance of refined physical  napping 
tools that bridge the gap between establish- 
ing genetic maps and sequence-ready clones 
( 1 ) .  Convel~tional approaches such as se- 
il~~enced 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 
hybriciization (FISH) approaches (5. 6), 

have either attempted to speed up these 
physical mapping steps or resolve some arn- 
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 ~nolecular 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 (9-1 1 ) 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 pm/s (1 3), 
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 A- 
DNA molecules (48.5 kb) on test surfaces, 
yielding a factor of 2 kb/p,m. This stretching 
factor does not depend on the size of the 
DNA fragments (1 1, 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. 1 B) ( 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- 
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ping of their respective positions along the 
fibers (16. 17). Because the densitv 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 refied 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 W N 3  
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 
77404 (1.6 Mb) was obtained directly from 
yeast cells embedded in agarose blocks (1 2), 

and no separation of the YAC was attempt- 
ed. A solution of this DNA (7.5 x lo6 
genomes per milliliter) (1 9) was combed by 
DMC. Pairs of cosmids were then hybrid- 
ized, and detected with a different fluoro- 
chrome [fluorescein isothiocyanate (FITC) 
(green) or Texas RedTM (red)] for each cos- 
mid (1 7). 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 statisrical 
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/p,m to translate these measurements 
into kilobases, without requiring a probe of 

Fig. 1. Dynamic molecular combing of total 
genomic DNA. The technique involves four steps: 
(i) preparation of suitable surfaces coated with 
trichlorosilane (9-1 I), (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 sdution at a constant speed 
(300 pWs) (13). (A) Steps (M) and (iv) are per- 

. if - '  
b formed in a Teflonm reservoir, using a molecular 

f b  b combing apparatus consisting of a vertically 
moving clip holding one or more cover slips. We '- --- -- - ;.-' 

hont vbvr used silanized 22 mm by 22 mm cover slips, 'Ide v'ew.-p^ 

which were dipped vettically at a constant speed B . . - - 
(300 pds)  into a4-ml Teflon reservoir containing 
either an -0.25 @ml solution of total yeast 
genomic DNA in 50 mM MES @H 5.5) or an -1.5 
pg/ml solution of total human genomic DNA in 
150 mM MES @H 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 fi 
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 pm by 
120 pm) is shown of combed human genomic DNA, observed with an epifluorescence microscope 
(Axioskop, Zeiss, Plan Neofluar 40x objective) with an attached intensified video camera (SIT 68, 
Dage-Mll). Most of the DNA strands span several fields of view, corresponding to hundreds of mi- 
crometers (1 pm 1 2 kb). The density of fibers shown is close to the maximum for optimal combing. 
Sphecical deformations due to the intensified camera were corrected and image was contrast-enhanced 
with a homemade computer software. Diierences in fluorescence intensity can be attributed to local 
bundling of a few DNA molecules. Bar, 25 pm. 
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known size as an internal control, contrary (44.6 + 5.8 kb) between both contigs (21, 
to previously published fiber-FISH methods 22). This unambiguous orientation of the 
(5, 6). As a result, we obtained a precise contigs showed a centromere-to-telomere 
physical map spanning more than 200 kb transcriptional polarity of CAPN3. 
on the YAC covering the region (Fig. 2), Because the high density of signals al- 
with the determination of the gap size lows the fast recording of enough measure- 

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 1 Fll 
and 1G3 (18). The vertical 
dotted line indicates a gap of 
unknown size. (B) Shown 
are names of cosmid pairs 
used in each hybridization 
ex~eriment and manualb 
aligned, representative sig- c 2rn  
nals for each pair of hybrid- I 

4 n 

ized cosmids illustrating the _I 
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 epifiuorescence microscope (Axioskop, Zeiss), with a lOOx or 63x 
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 2 5.8 kb (21,22). Bar, 10 p,m = 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. 

Fig. 3. Measurement of A Contlg 10 contig 37 Contig 3 
distances and gaps in 
the TSCl cosmid contig 117F9 165A9 255A6 k 220F3 l80Fl  5009 
on combed total hu- -% ~~~;~~ m - dm , ..-*- 
man genomic DNA. (A) 
Sketch (not to scale) of B 
cosmid contigs in the 

P' I 
TSCl gene region. Ccs- 
mid probes (1 17F9, 
165A9, 255A6, 220F3, 
180F1, and 50D9) for 
determining gap sizes 
were all obtained from a 
chromosome-9-specific 
library, UOSNCOl "P", 

d 
and were all within the 
TSCl gene region on 9q34 between the markers D9S149 and D9S114 (34). The first two cosmids 
(1 17F9 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 (21 3M24 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 251 C9) 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 TSCl contigs. Bars, 10 p,m = 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 11 7F9 and 165A9 (41.2 + 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. 

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, TSCl and 
TSC2 (24). Although TSC2 was cloned in 
1993 (25), TSCl 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 TSCl cosmid 
contig (Fig. 3A) were determined by hy- 
bridizing pairs of cosmid probes on combed 
human genomic DNA (12), detected with 
different fluorochromes (1 7). 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 
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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 sues of known microdeletions in- 
volving the TSCZ gene, the other tuberous 
sclerosis gene, located on 16~13.3 (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 (1 2) from peripher- 
al blood lymphocytes from a normal sub- 
ject and from three patients carrying de- 
letions involving the TSCZ 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 + 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 
(CBFSl) 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 (1 2). 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 reauir- 
ing normalization by other methods. Wle 
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 

, - . .  . .  . . . . .  - .  .-* 
* ... 9:- . . . . .  . i ' . . ; . :  -- 

-,-..<, ,; ; .. ' ..'-..; . " 
122.6 + 4.4 kb - '  

Fig. A 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 d i i en t  fluorochromes [CBFSl (green) and GGG4A (red)] (1 7). For 
each experiment, a montage of six representative pairs of signals is shown, without any normalization. 
The pictures were assembled as described in Fig. 38. The top three pairs of signals from each patients' 
slide ( WS-21 2, 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 bm = 
20 kb. 

Table 1. Comparison of distance measurements (in kilobases), using DMC and PFGE. Dynamic 
molecular combing of human g a m i c  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 d'ierent 
samples shows the uniformity of stretching obtained even for long-distance measurements. The total 
sue of the deletion is derived from results of the first columns: total deletion = distance on normal allele 
- distance on deleted allele + 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). 

Distance on 'Deletion in Distance on Total Total 

DNA Origin namal allele CBFSl cosmid deleted allele deletion deletion 
(DMC) BFGE) 

Normal 147 + 4.4 [1 11 0 0 0 0 
WS-212 150.4 2 3.2 [36] 9.6 + 1.8 [20] 90.6 2 2.8 [18] 69.4 + 4.6 75' 
WS-9 149.4 2 9.4 [18] 11.6 2 2.6 [21] 122.6 2 4.4 [35] 38.4 + 10.7 46t 
WS-215 142.8 + 4.6 [8] 0 7.0 + 2.8 [41] 135.8 2 5.4 160* 
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or chromosomes of human-mouse hybrids 5 5) [yeast 50 mid, h8~man ,  150 mid (flna concen- 

( 3 3  1, visualize measure intragenic rear- tvatlo"d was perfoVmed vePj cavefully In 15-ml 
round-bottomed tubes iFalconr in ovder to a\lo~d 

rangements, map translocation breakpoints bveakage of ti?e DNA strands Because of high DNA 
in disease loci, assist in the of concentvatons n the h ~ m a n  DKApveparatons, sus- 

pension of the DNA i;ad to beaded  by iieatng the disease genes, and 'Ompare lnaps bet"een so l~ j ion  to 75"Cfor30 mln rhen coo i l n~  ro RT before 
species, which should lead to insights in the transfer to a reser,jor. The D ~ A  souton \was poured 
evolutionary process. tnto a "esewor of approprate sze. L p  to 

three sanzed  22 mm by 22 mm cover slips cou d be 
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:2'), 
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agarose gel. Probes laceed by nc<-translaton have 
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Combed DNA covev slps mounted on microscope 
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ethanol series (70% 9096, IOC%j three tmes of 5 
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n c ~ b a t e d  them at 37% for 30 m n  In a most cham- 
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:mo~!se) 1/50 (,'ac<son lmmuno9esearch), (1v1 !,lo- 
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dstance between cosmd A and B, ti-e distance be- 
tween Band C, and the d stance between A and C in 
three dyerent hyb*idzaton assays Any stretchng 
nhomogeneity viould g15de d fferent results 'or the 
dstance between A and C, as obtaned from the 
suvn of thefrst two hybr~dizatons and from the sirect 
measurement of the thrd one. A pe<ect agreement 
was ocsewed in all ndecerdent tests !over a200-kb 
reg on), v~i-ici- allovied us to converi Imean szes 
measured n micrometers to s~zes measured n k o -  
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tho  measurements, tvhch led to a Iaraer stanclard 
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Conditional IMutatsr Pkenstypes in 
hMSH2-Deficient Turnas. CeII Lines 

Burt Richards, Hong Phang, 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. --- , . -- 

T h e  autosoma1 .Iominant syniiroiue ot 
hereilitarv ~ l o ~ ~ p o l ~ p o i l s  colon cancer 
(HNI'CC) is cl~aractcrized 1.v e,~rlv o l~sc t  of 
i o l i ) l ~  tumors a ~vell  as cancers ~i the ~ 1 1 -  

Llometr i~~m, stomach, upper i~rinary tract, 
~111all intestine, anLl ovarl-. ;Glutatio11s ill 
t\vo human 11omi)lous of the Escliil~~icl~i~~ C C ~ I  

mis111~1tcl1 repals genes XIutS and 111trL 
(hhfSH2 and hLfLH1) are ~ I I I I L I  in the 
!reat ~ n ~ ~ j o r i t l -  of HV13C:C p a t i e ~ ~ t s  (1 ) .  Less 
fi.eq~le11t qerml~ne mi~tations ot another 
i i l irL 11i~molog ihPhIS2) are a lw  c~s.ociateii 

it11 this ilisease (2). H N P C C  patients in- 

Yepan-~ieh!s o' 3nco'sgica Scerces anci Pacia-sr 31 -  
cm>lsil. Ecces 11-st t.te st Y t n a -  Gel-et cs. d 11. erst .  cr 
l;a< Salt A t e  CiP; dT 94- 12 ILSA 

hcrit a mutant allele of a i i l i~matc l~  repair 
uene i), anil the  scconii n-ilii-rvpc allclc is 
mutateLl or lokt aa a11 earlv event in ~ L I I I I O ~  

cie~.elo~_'mcl~t ( 3 ,  4). Thl i  heci)nLl ex-ent ren- 
dera cell, mismatcl~ repa~r-Jeticient (5, 61, 
prcxu~~a l - l r  leailing to a mutator phenotype 
that drix.es the accumula t io~~  of m u t a t i o ~ ~ s  
reilu~r<il t ~ ) r  tumor Llevelal~ment ( 7 ) .  T\vo 
other genes e ~ ~ c o i i i ~ ~ g  homolags of the E .  
ioli h11itS gene (IiLlSH? and 111\1SH6) a r -  
rear  to he in~o lve i i  111 t l ~ e  repair of some 
types o f  DNA replicat~on errors or Llai~lage 
(#?). A T-ar~ety o t  in \.itro assays ir1,licate t h ~ t  
hetercilimers fornlecl bet\veen these pro- 
tein> allil h l I S H 2  e s h i b ~ t  c~7n>i~ierai?le 
speclflcit\; in the types of error. they reco5- 
111:e anii hind. Thus, 11!~1%H? may play a 
central role in  recounltlon i>t L3S.4 ~reylica- 

tion errors \x-hile hhflSH3 and hhflSH6 nlocl- 
iii- the  speciflcit\- of this recog11ition (S).  

T o  examme the  consecluencea of 
hLlSH3 iicficiency in human tumor cells. 
ive measured ~ n r ~ t a t i o n  rates in tn.c-i tumor 
cell line> xvith hXfSH2 mrltatlonc: 5K-UT- 
1, \I-hicli n as iieri\~cd ti0111 a uterine tumor; 
anil 7774. \vhicli orig11-iated trom an  ovaria11 
trunor (5, 9-1 1 ). SK-UT-1 has a 3-1-are 
pair (13p) ilcletion in  c s c ~ n  lL7 of the  luZ.ISH2 
cc~diilg sequence that results in a truncation 
i9);  and 2774 has a base s r ~ h \ t ~ t r ~ t i o n  in  
e u l n  14, resulting In a misscnse mutation 
(;iry 4 Pro! ( I  I?). SK-UT-1 has no  iletect- 
able LIMSH? protein. \vhereas 3774 retainr 
,I full-lcl~gth 111~1ta11t yrotein ( I  2 ) .  T h e  lev- 
els c ~ f  hhflLH1 and hPL,lS? in these cell 
lllles are similar to thasc in repair-proficient 
cell lines. Surprisingly, lllrltatlon I-ates c ~ f  
grolvlng 3774 and SIC-UT-1 cells a t  the  
X-linkcil Incus cncc3iling the  purine calvagc 
en:y~nc hvposanthinc grlanilie p1iosphor1- 
b o s ~ l  transferase (HPRT) (Tahle 1 )  nc re  
lo\ver than that mcasrlrcd for the mislnatch 
repair-proficient S\/.i.L7-tran~forllicii t i l x -  
l~las t  line L'fRC-5 (rate = 1.4 X 10-' mu- 
tations per ccll per gcncratiim). T h i e  con- 
trasts n it11 the  130- to  199-told increase in 
mutation ratc t ix~nd  in tumor cell lilies 
ileilcient in other ~nismatch repair compo- 
ne11ts (Talile 2 ) .  Other  laboratories have 
reporteil ilifficulties in  isolating HPRT I ~ I L I -  

tants frulll hXISH2-deficient ccll lines (1 3 ) ,  
althoupli increaseil mutation ratcs have 

mcasurcil in the hhlSH2-i ie t ic le~~t  
L ~ \ / L I  cell line ( 14, 15) .  T u  tect the  posii- 
l?ilit\, that the  lo\v HPRT mutatLon rate In 
the  liMSH7-cieficient cells i h  ilue to the  
presence of multiple acticc X cl~romosomes 
(1 6), n.e meaaureJ the rate oi 1liutatli>11 to 
ouahain resibrance (Ozrni'). Becaure these 
mr~tationc act iiominantly, they are not  oh- 
scureii 111 pi>lvy~lo~d cells (1 7 ) .  Hon.e\.cr, 
even a t  this locus there war n o  cha11ge in 
mutation ratc tor cell line 3774 rclatil-e to 
that in micmatch repair-proficient hflRC-5, 
\vhcreas that in SK-UT-1 ivas elevateJ 7.1- 
folil ( i 8). Tliur, these Ja ta  inciicate that tlle 
t\vc> 11L,15H?-ileficient tunlor ccll lines ile- 
\.elor a n.eaker rnutat~lr phel~otype than 
lines Jcficiellt 111 other mismatch repair 
qenes. 

T o  J e t e r ~ l l ~ n e  xhether  m u t a t ~ o n  ratcs 
i ~ ~ c r e ~ ~ s e i l  in  these 11h~lSH2-~1ef1cient cells 
unLler less opt l~nal  culture ccinditions, \ve 
exam~ned  HPRT anil Oua" rnutal~t ireq~le11- 
c i r i  in 3774 and SK-LT-I  cells that 11aJ 
been ma~ntaineii  tor 2 weeks 111 'I high- 
ilensirv gron.tll-lii~~iteill state. For 3774 cells, 
t l ~ e  HPRT mutant freiluency of replicas 
rnC~inta~nei l  at high ilensitv was 7900-i;)lil 
l~ igher  and the tiequency of Otiic"l~r~ta~~ts 
xvaa >67-fcolii higher relative to those of 
replica c~lltures kept under optimal grolvth 
conilltion\ (Table 1) .  SK-LT-1 cells main- 
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