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Tumor cells in patients with hereditary nonpolyposis colorectal cancer (HNPCC) are in these genes were not always associated 
characterized by a genetic hypermutability caused by defects in DNA mismatch re- with such instability. For example, patient 
pair. A subset of HNPCC patients was found to have widespread mutations not only P5, who had a different mutation of W H I  
in their tumors, but also in their non-neoplastic cells. Although these patients had than did patient P4, did not have microsat- 
numerous mutations in all tissues examined, they had very few tumors. The hyper- ellite alterations in lymphoblast DNA sam- 
mutability was associated with a profound defect in mismatch repair at the biochemical ' ples (Table 1). Nevertheless, the defect a p  
level. These results have implications for the relation between mutagenesis and car- peared to be genetically determined, as P6, a 
cinogenesis, and they suggest that mismatch repair deficiency is compatible with sibling of patient P2 sharing the same germ- 
normal human development. line mutation of hPMS2, had a high level of 

variation (Table 1). 
To determine whether uncultured cells 

from HNPCC patients contained similar 
Hereditary nonpolyposis colorectal cancer leles would not be detectable amid the large alterations, we examined DNA from non- 
can be caused by germline mutations of the background of normal alleles. To increase neoplastic colon tissue (14). The tissue was 
mismatch repair (MMR) genes hMSH2, sensitivity, we diluted DNA samples so that microdissected into two fractions, one com- 
hMLH1, hPMS1, and hPMS2 (1-4). The the genomes of only one-half to three cells posed predominantly of epithelial cells 
disease is inherited in an autosomal domi- (0.5 to 3 cell equivalents) were used as (mucosa) and the other of muscular and 
nant fashion, and non-neoplastic cells of templates for each of several polymerase connective tissue cells (submucosa and 
affected patients contain one mutant and chain reactions (PCRs) (I I). Because any muscularis propria). The two normal indi- 
one wild-type allele (3). These non-neoplas- altered microsatellite allele would represent viduals and patient P1 had few or no mi- 
tic cells are phenotypically normal and have greater than 15% of the alleles in such crosatellite variants in either fraction, 
been assumed to be MMR proficient, as they samples, we could detect alterations present whereas patients P2, P4, and P6 had numer- 
have shown no evidence of genetic instabil- in a small fraction of cells. ous alterations (Table 1). These alterations 
ity or biochemically measurable MMR defi- We evaluated Epstein-Barr viwtrans- were considerably more prevalent in the 
ciency in previous studies (1,5). Indeed, the formed lymphoblasts cultured from HNPCC epithelial fraction than in the nonepithelial 
successful linkage of HNPCC to anonymous and control patients, initially examining two fraction (for P2 and P6, probability P < 
markers on chromosome 2p and chromo- microsatellite markers: D2S123, consisting 0.005 by xZ). Numerous alterations were 
some 3p was dependent on the stable inher- of a (CA), repeat, and BAT25, consisting of also observed in DNA from epithelial cells 
itance of microsatellite DNA (6). During an (A), repeat (I 1 ). Two control individuals of the urinary tract of patient P6 (Table 1). 
tumor development, the wild-type copy of (not from HNPCC families) had no alter- To quantitate the microsatellite instabil- 
the allele inherited from the unaffected par- ations in either microsatellite, nor did pa- ity at the cellular level, we examined indi- 
ent is lost or mutated (3, 7). This event is tients P1 (hMSH2 mutation) or P3 (hPMS1 vidual clones of lymphoblasts (15). Twenty- 
thought to render the neoplastic cells com- mutation) (Table 1). However, patients P2 four clones from patient P6 were compared 
pletely MMR deficient, leading to a rapid (hPMS2 mutation) and P4 ( W H I  mum- with 18 clones from P7, a patient with 
accumulation of mutations and an acceler- tion) exhibited a number of alterations in familial adenomatous polyposis, a heredi- 
ated rate of neoplastic progression (3, 8). both markers (Fig. 1 and Table 1). More tary colorectal cancer syndrome not associ- 

We wondered whether the non-neoplas- than 20% of the diluted DNA samples from ated with MMR gene defects (16). The 
tic cells of HNPCC patients might harbor a patient P2, for example, contained a novel DNA of each clone was not diluted, so that 
MMR defect. The stability of short, repeat- microsatellite allele. A third, randomly cho- only the predominant pattern in each clone 
ed sequences (microsatellites) provides an sen microsatellite marker (BAT40), consist- was observed. This analysis revealed sub- 
excellent indicator of repair proficiency, as ing of an (Ampeat ,  was evaluated, and this stantial alterations in the P6 clones for each 
these sequences are prone to misalignment 
during DNA replication (9,  10). We devel- Fig. ,. PCR analysis of lymphoblasts NI ~6 
oped a more sensitive strategy for analyzing derived from HNPCC patients. PCR 
microsatellite changes, reasoning that if a rmctions, containing 0.5 to 3 . --- - - - Urn 
rare cell in a population harbored microsat- cellular equivalents of DNA, were A -- -; I 
ellite alterations, the new microsatellite al- ampliid with primers for the micro- 

satellite marker D2S123. Arrow- 
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Fig. 2. Microsatellie alterations in individual clones of lymphoblasts. DNA (undiluted) from P6 or P7 
clones was amplified with primers specific for microsatellie markers D2S123 and BAT26 (70, 74). 
Arrowheads indicate the position of alleles derived from DNA of uncloned P6 and P7 cells. 

of the five markers tested. Markers BAT25, 
D2S123, BAT26, D18S58, and APA3 re- 
vealed alterations in 75, 38, 92, 67, and 
54% of P6 clones, respectively (Fig. 2). No 
alterations were observed in P7 clones with 
four markers, and only one alteration with 
the fifth (BAT25). This comparison be- 
tween clones P6 and P7 was statistically 
significant (P < 0.005 by X2). 

To determine whether the observed in- 
stability was due to a defect in MMR, we 
measured MMR activity in extracts from 
the lymphoblasts. Two DNA substrates 
were used for these assays, one containing a 
single GT mispair and one containing a CA 
dinucleotide insertion in one strand (1 7). 
Extracts from H6 cells, a tumor cell line 
containing a homozygous mutation of 
M H I  and no wild-type hMLHl gene (4, 
5), displayed no measurable MMR activity 

(Table 2 and Fig. 3). Extracts from SO cells, 
a colorectal cancer cell line without micro- 
satellite instability (5), had MMR activity 
that was at least 20 times that of H6. Sub- 
stantial MMR activity was also observed in 
extracts from three lymphoblastoid lines de- 
rived from HNPCC patients P8, P9, and 
P10, each with an hMSH2 mutation not 
resulting in microsatellite alterations in 
non-neoplastic cells. Extracts from the well- 
studied non-HNPCC lymphoblastoid cell 
line TK6 (18) also had substantial activity 
in these assays. However, the three patients 
(P2, P4, and P6) with micrcpatellite insta- 
bility in their non-neoplastic cells had little 
or no measurable activity in identically pre- 
pared extracts (Table 2 and Fig. 3). 

The data described here document a 
profound MMR defect in the phenotypi- 
cally normal cells of a subset of HNPCC 

Table 1. Microsatellie atterations in phenotypically normal tissues. For lymphoblastoid cells the dier- 
ences between patients P2, P4, and P6 and the other individuals were significant @ test, P < 0.005, 
0.005, and 0.025, respectively). Their wlonic epithelial fraction was also significantly diierent from the 
epithelial fraction of the other tested individuals (P < 0.01 by ,y2). Epith., eptthdium; Q, Gln; R, Arg; ter, 
termination codon; ND, not done. 

% of PCR reactions revealina an 
Mutated Patient gene Mutation* Tissue fraction alteration in microsatellii~ 

N1 None - Lymphoblastoid 0 0 0 
Colon epith. 0 ND 0 

N2 None - Lymphoblastoid 0 0 0 
Colon epith. 4 ND 0 

PI hMSH2 Codons 265 to Lymphoblastoid 0 0 ND 
314 deleted Colon epith. 0 ND 0 

Colon nonepith. 0 ND ND 
P2 hPMS2 R134 ter Lymphoblastoid 22 29 28 

Colon epith. 25 ND 50 
Colon nonepith. 6 ND 10 

P3 hPMS7 Q233ter Lymphoblastoid 0 0 ND 
P4 hMLH7 Codon 61 8 Lymphoblastoid 7 10 12 

deleted Colon epith. 4 ND 22 
Colon nonepith. 0 ND 8 

P5 hMLH7 Frame shii at Lyrnphoblastoid 0 0 ND 
wdon 347 

P6 hPMS2 R134 ter Lymphoblastoid 14 33 33 
Colon epith. 20 ND 53 
Colon nonepith. 6 ND 3 
Urinary tract 20 ND 33 

epith.S 

'Described in (4.23). tBecause 0.5 to 3 cellular equivalents of DNA were used for each PCR, the fraction of cells with 
altered alleles can be estimated by dividing the values by a factor of 0.5 to 3. $Cells derived from urine sediment. 

Fig. 3. Nuclear extracts of P6 are deficient in 
MMR. Nuclear extracts of the cell lines TK6, SO, 
and P6 were incubated with 24 fmol of a G-T 
mismatch substrate (arrowhead) containing a sin- 
gle-stranded nick 125 bp 5' to the mispair (1 7). 
MMR restores a Hind Ill endonuclease recognition 
site. Repair was scored by cleavage with Hind I l l  
and Bsp 106. Arrows indicate repair products. 

patients. Our results suggest that normal 
human development is compatible with 
greatly reduced levels of MMR. Although 
we have not assessed embryonic cells di- 
rectlv. we assume that the same defect 

3 .  

present in the adult cells was also present 
during embryogenesis. 

One explanation for the MMR deficien- 
cy in these patients is that the wild-type 
allele co-inherited with the mutant MMR 
gene was lost or mutated somatically, as was 
observed in HNPCC tumors. However, this 
seems unlikely because no evidence of mu- 
tation or loss of the unaffected allele could 
be detected by sequencing the relevant 
complementary DNA or searching for trun- 
cated proteins (1 2). Alternatively, these pa- 
tients might have inherited mutations of 
other genes that participate in MMR, with 
multiple germline mutations leading to a 
reduction of MMR activity. Yet no muta- 
tions were detected in the other known 
MMR genes with the same methods. An- 
other explanation for the observed deficien- 

Table 2 Mismatch repair activity of nuclear ex- 
tracts. The extracts were tested for MMR a c t i i  
with 24 fmol of mismatched substrate (18). 

Repaired substrate (fmol) 
Cell line 

3' CA 5' G-T 

HNPCC lymphoblastoid 
4.9 
3.5 

C0.3 
c0.3 

Control lymphoblastdd 
7.6 

HNPCC cobrectal cmcer 
c0.2 

Sporadic cdorectal cancer 
11 
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cy would entail a dominant negative effect in HNPCC patients would therefore seem 13. T. A. Prolla, Q. Pang, E. Alanl, R. D. Kolodner, R. M. 

of specific hPMS2 and hMLHl mutations. critical once such therapeutic agents are 
Liskay, Science 265, 1091 (1994): G.-M. Li and P. 
Modrich, Proc. Natl. Acad. Sci. U.S.A. 92, 1950 

The mutated ~ro te ins  resulting from such developed. 11 9951. - 
mutations might be able to interact with  all^, the results suggest a strategy for 14. ~ormalin-ffxed, paraffin-embedded sections were 

prepared and sta~ned with hematoxolin and eosln. hMSH2 bound to mismatched DNA but making any cell MMR-deficient by the The epithelial and nonepithelial components were 
not be able to recruit the enzymes necessary transfer of genes encoding the mutant pro- separated with the a ~ d  of a d~ssectinq m~croscope. 
for proper excision and repair. Although teins found in patients P2 and P4. The  Pools of 10 sections of the ep~theliaifract~on (mu- 

cosa) or the submucosal-muscular~s proprla frac- inhibition of repair was not seen in mixing expression of the altered gene products 
tlon were at 58aC in protelnase (0,5 

experiments (Fig. 3), it is possible that the could be driven by cell type-specific pro- mglm~), 1 % SDS, 500 mM tris-HCI ( p ~  8.9), 20 mM 
mutant proteins might have been seques- moters to create highly mutable cell types EDTA, and 10 mM NaCI. Samples were then boiled 

tered in a preexisting protein complex. in transgenic organisms. This strategy for 10 mln, extracted with phenol-chloroform, eth- 
anol prec~p~tated, and resuspended In 50 FI of 3 

Given their elevated rates of mutation, might be useful for a variety of experimen- mM tris-HCI (pH 7.5) and 0.2 mM EDTA. Samples 
it was surprising that these patients did tal purposes. typ~cally conta~ned 1000 to 10,000 genome equlv- 

not have more colorectal cancers (CRCs). alents per microliter. Serlal 10-fold dllut~ons of DNA 

Patient P2 had no  C R C  at age 14, P6 had REFERENCES AND NOTES were used to determine the DNA concentratlon 
that would allow ampl~f~cat~on of one to SIX alleles 

One CRC at age and P4 had two CRCs 
1, P. Modrlch, Science 266, 1959 (1994). 

per reaction. 

at age 31' An increase in 2. R. F~shel etal., Cell75,1027 (1993); F. Palombo, M. 
15. The P6 and P7 clonal cells were cultured ~n 96-well 

CRC formation would be expected from 
plates ~n the presence of GM1899B feeder cells (5 x 

Hughes, J. J~r~cny, 0. Truong, J. Hsuan, Nature 367, 1 O4 per well) that had been Irradiated prev~ously w~th 
standard models of tumorigenesis which 417 (1994); C. E. Bronner et a/., ibid. 368, 258 40 Gy (absorbed dose of ~on~zing radiat~on) Clones 

(1 994). assume that rate-limiting muta- 3, F, S, Leach eta/,, Cell 75, 1215 (1993). 
were expanded in the absence of feeder cells before 
DNA was purif~ed. tions drive the process [reviewed in ( 1911. 4. N. Papadopoulos et a/., Science 263, I 625 (1 994): 6, A, K, Rustgl, N, Engl, J, Med, 331, 1694 (1 994). 

One interpretation of these observations is N. C. N1cOlaldes et Nature 371 , 75 (Igg4); B. Liu 17, Repair assays were performed with 50 p,g of nuclear 
that mutations per se may not be sufficient CancerRes. 545 4590 (1994). extract and 24 fmol of mispa~red DNA at 37°C for 15 

5. R. Parsons et a/., Cell 75, 1227 (1993). min. The 3' CA substrate was a CA d~nucleot~de in- for a high rate '' tumorigenesis' It has 6. P. Peltomaki et a/., Science 260,810 (1 993); A. L~nd- sertion heteroduplex conta~nlng a nick 181 base palrs 
been argued that exogenous mutagens are blom, P. Tannergard, B. Werellus, M. Nordenskjold, (bp) 3' to the m~smatch (5). The 5' G-T mlspalr con- 
carcinogenic not only because they induce Nat. Genet. 5, 279 (1993). talned a G-T m~smatch and a n~ck 125 bp 5' to the 

but also because they induce 7, A. Hemm~nk~ eta/., Nat. Genet. 8,405 (1994); B. Liu m~spair [S.-S. Su, R. S. Lahue, K. G. Au, P. Modr~ch, 
et a/., ibid. 9, 48 (1995). J. Biol. Chem. 263, 6829 (1988)l. The repair of the 

them in regenerating as a 8. J. R. Jass and S. Stewart, Gut 33,783 (1992). substrate restored a restriction endonuclease slte. 
result of the extensive cellular damage 9, Y. M. lonov, A. Peinado, S. Malkhosyan, D. Sh~bata, The repalr efficiency was measured by digest~on of 

associated with mutagenic compounds M. Perucho, Nature 363, 558 (1993). the react~on products wlth the appropriate restriction 
(20). ~ l ~ h ~ ~ ~ h  cells in normal environ- 10. S. N. Thibodeau, G. Bren, D. Schaid, Science 260, enzymes and resolving them on an agarose gel. None 

816 (1993); L. A. Aaltonen et a/., ibid., p. 812; G. of the defect~ve extracts ~nh~b~ted a repalr react~on 
ments undergo apoptosis when damaged Levinson and G. A. Gutman, Nucleic Acids Res. 15, conta~n~ng a wild-type nuclear extract. 

(21), cells in regenerating tissues may 5323 (1 987); M. Strand, T. A. Prolla, R. M. L~skay, T. 18. T. R. Skopeck et a/., Biochem. Biophys. Res. Com- 

have their apoptotic pathways repressed, D. Petes, Nature 365, 274 (1993). mun. 84, 41 1 (1 978). 
11. DNA was d~luted to 0.5 to 3 cellular equivalents per 19. A. G. Knudson, Cancer Res. 45, 1437 (1985); B. 

allowing cells with mutations in growth- reactlon and used ~n mult~ple parallel PCR reactions Vogelstein and K. W. K~nzler, Trends Genet 9, 138 
controlling genes to expand clonally. The of 40 cycles. PCR was performed ~n 96-well plates (1  993). 

patients described here had a continuously with a 32P-labeled prlmer (>1 o8 cprnlpg) as de- 20. B. N. Ames and L. S. Gold, Science 249,970 (1 990); 
scr~bed [J. Jen et a/., N. Engl. J. Med. 331, 213 S. M. Cohen and L. B. Ellwe~n, ibid., p. 1007: 1. B. 

high mutation rate, but perhaps their cells (I 994)]. Samples were analyzed by electrophores~s in We~nste~n, Cancer Res. 48, 41 35 (1 988). 
did not receive the tissue regenerative urea-formam~de polyacrylamide gels, fixed in meth- 21. A. H. Wyll~e, Br. J. Cancer 67, 205 (1993) 

stimulus afforded by exposure to high con- anol-acet~c ac~d (5% each) for 20 mln, dr~ed, and 22. J. Weissenbach et a/., Nature 359, 794 (1992). 
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