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moving helix-distorting lesions from cellu
lar genomes. The general strategy appears to 
be similar in organisms ranging from Esch
erichia coli to humans. This process is com
plex and requires the participation of a 
number of different proteins (1). Its role in 
ameliorating the carcinogenic consequenc
es of DNA damage has been inferred from 
studies of the genetic disease xeroderma 
pigmentosum (XP). Cells from XP patients 
are hypersensitive to the killing and muta
genic effects of ultraviolet light (UV) and 
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Transcription-Coupled Repair Deficiency and 
Mutations in Human Mismatch Repair Genes 
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Deficiencies in mismatch repair have been linked to a common cancer predisposition 
syndrome in humans, hereditary nonpolyposis colorectal cancer (HNPCC), and a subset 
of sporadic cancers. Here, several mismatch repair-deficient tumor cell lines and 
HNPCC-derived lymphoblastoid cell lines were found to be deficient in an additional DNA 
repair process termed transcription-coupled repair (TCR). The TCR defect was corrected 
in a mutant cell line whose mismatch repair deficiency had been corrected by chromo
some transfer. Thus, the connection between excision repair and mismatch repair pre
viously described in Escherichia coli extends to humans. These results imply that defi
ciencies in TCR and exposure to carcinogens present in the environment may contribute 
to the etiology of tumors associated with genetic defects in mismatch repair. 



are defective in the excision repair of their 
DNA. Nucleotide excision repair can be 
coupled to transcription. In normal human 
cells (2), E. coli (3), and Saccharomyces 
cerevisiae (4),  UV-induced cyclobutane py- 
rimidine dimers are removed more rapidly 
from the transcribed strands than from the 
nontranscribed strands of active genes. This 
feature of repair is generally termed tran- 
scription-coupled repair (here, referred to as 
TCR) (5). 

We have shown that mutations in two 
genes required for DNA mismatch repair, 
mu6  and mutL, abolish TCR of UV photo- 
products from the lac operon in E. coli (6). 
In contrast to nucleotide excision repair, 
mismatch repair corrects single-base mis- 
matches and small insertion or deletion mis- 
pairs that can be generated during replica- 
tion (7). Our results indicate an association 
between mismatch revair and nucleotide 
excision repair in E. coli and may implicate 
components of mismatch repair in the cou- 
pling of excision repair to transcription. 

In addition, this link could have impor- 
tant imvlications for human disease. Muta- 
tions in the human homologs of the E. coli 
mismatch repair genes mu6  and mutL 
(hMSH2, hMLH1, and hPMS2) are associ- 
ated with HNPCC (8, 9). This disease is 
one of the most common cancer predispo- 
sition syndromes and exhibits an autosomal 
dominant mode of inheritance. Patients are 
at risk for early onset of colon cancer 
(Lynch syndrome I) or early onset of colon 
cancer with tumors at additional sites, in- 
cluding the stomach, small intestine, kid- 
ney, ureter, and ovary (Lynch syndrome 11) 
(10, 11 ). Normal cells from affected indi- 
viduals are heterozygous, with a germline 
mutation in one of four mismatch repair 
genes (hMSH2, hMLH1, hPMS1, or 
hPMS2) (8, 9). Tumor cells from affected 
individuals have mutations in both alleles 
of a mismatch repair gene, and the inacti- 
vation of the second allele occurs as a con- 
sequence of a somatic mutation or a reduc- 
tion to homozygosity. 

In addition, mutations in hMSH2, 
hMLH1, and hPMS2 have been identified 
in sporadic tumor cell lines derived from 
the colon and endometrium (1 2-16). In 
general, both sporadic and HNPCC tumor 
cells with genetic defects in mismatch re- 
pair exhibit elevated spontaneous mutation 
rates in microsatellite sequences, and sever- 
al sporadic tumor cell lines have been found 
to be deficient in the processing of single- 
base mismatches and small insertion or de- 
letion mispairs (1 2, 13, 16). To determine 
whether mutations in human mismatch re- 
pair genes also affect the removal of envi- 
ronmentally induced DNA damage, we ex- 
amined here TCR in a collection of tumor- 
and HNPCC-derived lymphoblastoid cell 
lines. 

We measured the removal of cvclobu- 
tane pyrimidine dimers from individual 
strands of the gene encoding dih~drofolate 
reductase (DHFR) in UV-irradiated cells. 
Using strand-specific RNA probes, we ex- 
amined repair in a 20-kb Kpn I restriction 
fragment that resides within the transcrip- 
tion unit of the -30-kb gene. Cells were 
irradiated with UV light (10 J/mz) and ei- 
ther lvsed immediatelv to determine the 
initial frequency of pyrimidine dimers 
(-1.5 to 2 in each strand of the fragment) 
or incubated for increasing periods of time 
to allow repair and then lysed. Large mo- 
lecular mass DNA was purified and treated 
with restriction enzymes. Two portions of 
each DNA sample were analyzed: one was 
treated with T4 endonuclease V to produce 
a single-strand DNA break at each cyclobu- 
tane pyrimidine dimer and the other was 
mock-treated. Samples were subjected to 
electrophoresis under denaturing condi- 
tions and then transferred to a membrane. 
The membranes were then sequentially hy- 
bridized with strand-specific RNA probes to 
quantify the abundance of full-length re- 
striction fragments for each strand at each 
time point. 

As repair occurred, fewer T4 endonucle- 
ase-sensitive sites remained in the DNA, 
resulting in fewer strand breaks produced by 
the endonuclease and more full-length frag- 
ments appearing in the enzyme-treated 
sample. We determined the extent of repair 
by calculating (using the Poisson expres- 
sion) the average number of dimers per 
strand at each time point from the ratio of 
full-length restriction fragments in the en- 
zyme-treated and untreated samples. 

We first examined the mismatch repair- 
proficient colon tumor cell line SW480 
(12). As in our previous observations of a 
human cell line (2), here pyrimidine dimers 
were rapidly removed from the transcribed 
strand of the gene encoding DHFR, whereas 
repair in the nontranscribed strand was 
slower (Fig. 1). Comparison of the enzyme- 
treated samples probed for the two different 
strands revealed more full-length fragments 
for the transcribed strand than for the non- 
transcribed strand. Quantitation of data ob- 
tained from several autoradiograms showed 
that within 3 hours after UV treatment, 
almost 50% of the dimers were removed 
from the transcribed strand, whereas only 
20% were removed from the nontranscribed 
strand. This difference in the amount of 
repair was also observed 6 and 9 hours after 
exposure to UV. However, repair in both 
strands approached completion within 20 
hours after exvosure to UV. Similar results 
were obtained for the mismatch repair-pro- 
ficient endometrial tumor cell line KLE 
(16, 17). 

We next examined TCR in several spo- 
radic tumor cell lines that exhibit microsat- 

LoVo 

HEC 11 ----c - - -  NT 

0 3 6 9 12 15 18 21 0 3 6 9 12 15 76 21 
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Fig. 1. TCR in human sporadic colon and endo- 
metrial tumor cell lines. Repair was measured and 
DNA samples were taken at the times indicated at 
the top of the lanes. Strand-specific RNA probes 
were made with the use of pGEM0.69EH (34) as a 
template. Open symbols represent the tran- 
scribed strand, and closed symbols represent the 
nontranscribed strand. Each value plotted repre- 
sents data averaged from at least two indepen- 
dent biological experiments and at least four au- 
toradiograms. Treatment or no treatment with T4 
endonuclease V is indicated by "+" and "- ," 
respectively; T, transcribed strand; NT, nontran- 
scribed strand. 

ellite instability, have mutations in mis- 
match repair genes, and are defective in the 
repair of DNA-containing mismatches. The 
LoVo cell line, which arises from a colon 
tumor, has deletions in both alleles of 
hMSH2 (13); HEC59 is an endometrial tu- 
mor cell line with mutations in both alleles 
of hMSH2 (13, 18); and HEC 1A is an 
endometrial tumor cell line containing a 
nonsense codon in the hPMS2 gene and-no 
detectable wild-type hPMS2 transcript (1 6). 

Examination of representative autora- 
diograms revealed that there was no signif- 
icant difference in the repair of the tran- 
scribed and nontranscribed strands of the 
gene encoding DHFR in all three mutant 
cell lines (Fig. 1). The kinetics and extent 
of repair were determined by averaging re- 
sults from several experiments. In each mu- 
tant cell line, repair rates in the transcribed 
and nontranscribed strands of the gene were 
similar. In LoVo cells, there also appeared 
to be some slowing of repair in both strands 
relative to the nontranscribed strand of the 
repair-proficient SW480 cell line. In HEC59 
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Fig. 2. Restoration of TCR by chromosome 3 
transfer. Repair was assayed as described in Fig. 
1. The cell line with chromosome 3 transfer, 
HCTl16 3-6, was derived from HCTl16 by micro- 
cell fusion (20). Open symbols represent the tran- 
scribed strand, and closed symbols represent the 
nontranscribed strand. Treatment in lanes was as 
described in Fig. 1. 

HCTI 16 3-6 

HCTI 16 
LOVO 

UV dose (Jlm2) 

~ i g .  3. UV sensitivity of tumor cell lines. Cells were 
plated in duplicate in 60- or 100-mm dishes at 
densities of 1 x lo2 to 1 x lo3 cells per dish, 
incubated for 24 hours, and irradiated with UV 
doses ranging from 0 to 20 J/m2. Cells were grown 
until colonies were visible (-1 week), stained with 
crystal violet, and counted (shown on a logarithmic 
scale). Each data point represents the average ob- 
tained from three independent experiments. 

cells, there appeared to be a reduction in 
the extent of repair; only 50% of the lesions 
were removed from each strand 20 hours 
after UV treatment. Both cell lines with 
mutations in hMSH2 showed some reduc- 
tion in the extent of repair. A similarly 
modest reduction in overall nucleotide ex- 
cision repair has been observed in mutS 
strains of E. coli (6). 

Cell lines harboring mutations in mis- 
match repair genes show an elevated rate of 
spontaneous mutation and are continually 
accumulating genetic alterations at many 
sites throughout their genomes during 
growth (1 9). Consequently, the assignment 
of any repair deficiency to a mutation at 
one locus is difficult in the absence of some 
evidence for genetic correction. Mismatch 
repair deficiency and microsatellite instabil- 
ity observed in the colon tumor cell line 

Fig. 4. TCR in lymphoblastoid cell lines P7, P2, 0 3 6 9 20 hours 
P6, and P8. Cells were grown in suspension to a - +  - + - +  - + - +  
density of 1 x lo6 cells per dish, pelleted, re- p7 I' T 
susoended at the same densitv in ohosohate- 
buffered sallne, lrrad~ated wlth'l0 j/m2'of UV pq t g  T 
Lght, pelleted, and e~ther lysed lmmedlately or 
resus~ended ~n arowth med~um for the s~ec~fic P6 -' T 
times'shown andthen lysed. Samples were then 
processed as described in Fig. 1. 

HCT116, which has a homozygous muta- 
tion in the hMLHl gene (another human 
homolog of mud)  on chromosome 3, is 
corrected by transfer of a normal copy of 
chromosome 3 (20). 

Here, we examined TCR in the parental 
mutant HCT116 cell line and the chromo- 
some 3-transfer derivative of HCT116 
(HCT116 3-6) (Fig. 2). There was no dif- 
ference in the repair of the two strands of 
the DHFR gene in HCTl16, and the kinet- 
ics and extent of repair in both strands 
resembled that of the repair of the nontran- 
scribed strand of the repair-proficient 
SW480 cell line (Fig. 1). These results are 
similar to those obtained with mutL mutant 
strains of E. coli in that TCR was abolished 
and there was no obvious decrease in over- 
all repair (6). In contrast, introduction of a 
normal copy of chromosome 3 into the 
hMLHl mutant cell lines restored TCR. 
This is clearly shown by visual comparison 
of the abundance of full-length restriction 
fragments in samples treated with T4 endo- 
nuclease V and   robed for the two strands 9 
and 20 hours after UV treatment. Surpris- 
ingly, repair in the nontranscribed strand 
was reduced relative to the extent of repair 
observed in the parental HCT116 line. This 
may be a consequence of the presence of 
only one functional mismatch repair allele 
in the corrected cell line. 

The HCT116 and LoVo cell lines were 
somewhat more sensitive to the killing ef- 
fects of UV irradiation than the repair- 
proficient SW480 cell line (Fig. 3).  In ad- 
dition, the chromosome 3 derivative of 
HCT116 exhibited increased resistance to 
UV relative to its parental line, a result that 
is consistent with the restoration of TCR. 
Taken together, these results are consistent 
with studies that have shown a moderate 
increase in UV sensitivity in mfd (21), 
mutS. or mutL strains of E. coli (6) and in . , 
cells from patients with Cockayne's syn- 
drome (22), all of which are deficient in 
TCR (6, 23, 24). 

Recently, HNPCC patients were identi- 
fied with a heterozygous defect in hPMS2. 
Surprisingly, cells of nontumor origin from 
these patients exhibited hypermutability in 
microsatellite DNA (25). In addition, ex- 
tracts prepared from Epstein-Barr virus- 
transformed lymphoblastoid cells from 
these patients were virtually devoid of mis- 
match repair activity. It has been suggested 

that these s~ecific mutations ~roduce a 
dominant mutator phenotype. To  extend 
our investigation to human cells of nontu- 
mor origin, we investigated TCR in the 
mutant lymphoblastoid cell lines P7, P2; 
P6, and P8 (Fig. 4). P7 was derived from a 
patient with familial adenomatous polypo- 
sis. which is not associated with anv mis- 
match repair defect. No alterations in mic- 
rosatellite repeat length have been detected 
in this cell line. P2 and P6 are from 
HNPCC patients and are hPMS2 heterozy- 
gotes; both cell lines are deficient in the 
ability to process substrates containing a 
single-base mismatch or a dinucleotide in- 
sertion. They also exhibit microsatellite in- 
stability. P8 is an HNPCC hMSH2 hetero- 
zygote and, unlike P2 and P6, is proficient 
in mismatch repair. 

The kinetics and extent of repair in the 
transcribed strand of the gene encoding 
DHFR were reduced in both hPMS2 mutant 
cell lines (Fig. 4). Repair was also reduced 
in the hMSH2 heterozygous cell line P8, but 
more rapid repair of the transcribed strand 
was apparent 20 hours after UV treatment. 
A more extensive examination of mismatch 
repair-proficient heterozygous lymphoblas- 
toid cell lines is necessary to determine the 
significance of the reduced nucleotide exci- 
sion repair observed in the hMSH2 mutant 
cell line. 

Our results document an association be- 
tween defects in human mismatch repair 
genes and the loss of transcription-coupled 
nucleotide excision repair. All cell lines 
studied here with defects in TCR have been 
shown to be virtuallv devoid of mismatch 
repair activity in an in vitro assay of cellular 
extracts. In addition, TCR is restored in a 
mutant human cell line whose mismatch 
deficiency has been corrected by chromo- 
some transfer. That the loss of TCR is a 
direct consequence of mutations in mis- 
match repair genes is also supported by the 
observation that TCR is absent in PMS2-I- 
and MSH~-I- mouse embryonic fibroblast 
cell lines derived from animals generated by 
targeted disruption of the respective genes 
(26-28). Thus, the connection between 
mismatch repair and nucleotide excision. 
repair documented in E. coli extends to 
mammals. In contrast, no dramatic reduc- 
tion in TCR was observed in several veast 
strains with mutations in mismatch repair 
genes (29). Yeast also differ from E. coli and 
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matnmalian cells in that mutations in tnis- 
match revair genes do not result in a n  in- 

,> 

creased tolerance to treatment with the al- 
kylating agent hT-methyl-hT'-nitro-hT-ni- 
trosoguanidine ( M N N G )  (30).  It is possible 
that genetic redundancy and the expression 
levels of different tnismatch repair genes 
influence the biological consequences of a 
tnutation in a tnistnatch repair gene. 

It is thoueht that a n  increase in the " 

spontaneous accumulation of mutations 
that are the result of an inability to process 
tnispairs leads to  the development of cancer 
associated with HNPCC.  However, this 
theor\- does not explain the unique spec- 
trum of tutnors associated with H N P C C  
(predominantly colon) or the differences in 
the tutnors observed in mismatch repair- 
defective mice (lytuphomas) (26) and 
H N P C C  patients. It is possible that the 
inactivation of the ability to process mis- 
pairs is not the cause of tumorigenesis in 
HNPCC. Nucleotide excision r e ~ a i r  recop- 
nizes a wide spectrum of D N A  lesions pro- 
duced by physical and chemical agents 
present in the  environment (31).  Further- 
more, T C R  has been demonstrated for suh- 
strates of nucleotide excision repair and 
hase excision repair (32).  Although the en- 
hancement of excision repair by transcrip- 
tion may appear subtle, if mutations in hu- 
man ~uismatch repair genes abolish many 
types of TCR,  then a reduction in the repair 
of environmentallv induced D N A  damane 
could affect the development of cancer as- 
sociated with defects in mismatch repair 
genes. 

In addition, a subtle defect in the repair 
of D N A  darnage could have a tnore pro- 
found impact on tumorigenesis if it is less 
likely to  be lethal to the cell. Although 
predisposition to cancer is not associated 
with Cockayne's syndrome, these patients 
die on  average by 12 years of age (33).  In 
general, tumors associated with H N P C C  
develov later in a vatient's life. This could 
explain the observation tnade by Parsons et 
al. (25) that although there appeared to he 
widespread mutations in non-neoplastic 
cells frotn several different tissues in a sub- 
set of H N P C C  patients, there was n o  sig- 
nificant increase in the frequency of tu- 
mors. O n  the basis of these results, they 
suggested that an increase in spontaneous 
tnutations tnay not be sufficient for tutnor- 
igenesis and exposure to environmental 
tnutagens may have a part in the process. 
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Linkage of Replication to Start 
by the Cdk Inhibitor Sicl 

B. L. Schneider,* Q.-H. Yang," A. B. Futcherf- 

In Saccharomyces cerevisiae, three G, cyclins (Clns) are important for Start, the event 
committing cells to division. Sicl, an inhibitor of Clb-Cdc28 kinases, became phospho- 
rylated at Start, and this phosphorylation depended on the activity of Clns. Sicl was 
subsequently lost, which depended on the activity of Clns and the ubiquitin-conjugating 
enzyme Cdc34. Inactivation of Sicl was the only nonredundant essential function of Clns, 
because a sic1 deletion rescued the inviability of the cln1 cln2 cln3 triple mutant. In sic1 
mutants, DNA replication became uncoupled from budding. Thus, Sicl may be a sub- 
strate of Cln-Cdc28 complexes, and phosphorylation and proteolysis of Sicl may regulate 
commitment to replication at Start. 

Before  yeast can replicate DNA,  they must 
pass Start, which requires a cyclin-depen- 
dent protein kinase composed of a catalytic 
subunit (Cdc28) and one of three G,  cyc- 
lins ( C l n l ,  -2, or -3) (1 ) .  After Start, B-type 
cyclin-Cdc28 kinases such as Clb5-Cdc28 
and Clb6-Cdc28 must be activated to allow 
replication (2).  Although Clb5- and Clb6- 
Cdc28 cotnplexes are present in GI  phase, 
they are initially inactive because of inhi- 

bition by the Sicl  protein (2, 3) .  Activa- 
tion of Clh5- and Clb6-Cdc28 occurs after 
Sicl is targeted for proteolysis by the ubiq- 
uitin-conjugating enzyme Cdc34 (2).  Thus, 
a cdc34 mutant arrests with a I N  D N A  
content because it cannot degrade S ic l ,  but 
nevertheless buds, and duplicates its spindle 
pole body. 

It is not  known holv Start triggers Sicl 
inactivation or how replication is tied to 
other Start-dependent events such as hud- 

B. L Schneder and A B. Futcher, Post Offlce Box 100, ding alld dupiication of the spindle pole 
Cold Sprng Harbor Laboratory, Cold Sprng Harbor, NY 
1 1724 USA. hody. Is Start a single event that affects 
Q.-H. Yang, Post Office Box 100, Cold Sprlng Harbor multiple pathways, or is Start a collection of 
Laboratory, Cold Spring Harbor NY 11724, USA, and events, one of lvllich regulates Sicl  prote- 
Graduate Program In Genetics, State Unlversty of New 
York, Stony Brook NY I 1  79A, USA olysis and replication? 
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W e  asked whether Cln-Cdc28 complex- 
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