
cules is kept constant. and sp19 respectlvey. Pasm~ds sp179 lone UAS, 22. F. Palad~no e i  a1 . Cell 75 543 (19931. 
stel  and sp180 (t;vo UAS, stesl v/ere constructed 23 C T .  Chen. S. 3ucit. R. Sternganz. D Sliore. ~Clci. ,  

Because the structural and functional follov/s: lgO.lL,cleotldes i271 vJere elid- p.  531 

properties of teloll~eres nppear to be 11iqhlv f e d ,  Ih~aied 1:/1th a B Q  I n i ter,  c ~ t  1:dlth 3 q  I .  and 24. S. Marcand. S W. 3ucli. P. Moretti. E. G~lson. C . . -. 

conserved, our i i ~ l ~ i i ~ l g s  may be relevant to ~liserte; ~ n t o  sp59 cut h l th  3am rll. A thrd GAS, ste Sliore Genes Dev. 1 0  1297 (19961 

telomere length regulation in human., ?,das gated ;vth Bg I - c ~ t  sp180 to gibe plasn-ld 25. C. I Nugent. T. R. ~ iughes.  N. F. L L ~ ,  V. Lundblad. 
so l " ,  Lev130. Leb132 and Lev134 r e s ~  t f ro7 ?he Soence 274. 249 (19961 J -J. L n  and \I. A Zakan. 

~vhich has been associated with aginq and tiansformaton of Le\p95 ;vlti, the Inearzed plasm ds Pioc Nai'. Acau. Set, u.S.A 93. 13760 11 996): N. 
cancer 129). The illscovery of human pro- sp1 79, s p l 8 0  and sp181, respect~vely. Grandin. S I Reed. M. Charbonneau, Geqes Dev, n 

teins that bill'{ specifically to telollleric re- 
peats (3C), allc{ more recent f ~ l ~ ~ c t i o n a l  stud- 
ies (3 1 )  on one of these proteins, TRF1, 
suggest that a protein-counting mechanism 
similar to that described here may reg~~late  
telonlere le~lgth in human cells. 
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Defective Transcription-Coupled Repair of 
Oxidative Base Damage in Cockayne Syndrome 

Patients from XP Group G 
Priscilla K. Cooper," Thierry Nouspikel, Stuart G. Clarkson, 

Steven A. Leadon 

In normal human cells, damage due to ultraviolet light is preferentially removed from 
active genes by nucleotide excision repair (NER) in a transcription-coupled repair (TCR) 
process that requires the gene products defective in Cockayne syndrome (CS). Oxidative 
damage, including thymine glycols, is shown to be removed by TCR in cells from normal 
individuals and from xeroderma pigmentosum (XP)-A, XP-F, and XP-G patients who 
have NER defects but not from XP-G patients who have severe CS. Thus, TCR of 
oxidative damage requires an XPG function distinct from its NER endonuclease activity. 
These results raise the possibility that defective TCR of oxidative damage contributes to 
the developmental defects associated with CS. 

N u c ~ e o t i d e  excision repair is an evolution- 
arily conserved p a t h ~ ~ a y  by 'ivhich cells re- 
rn(nre a x i J e  variety of helix-distorting le- 
sions from DNA. It is a complex multipro- 
rein process i n ~ . o l ~ i ~ l g  dual incisions on ei- 

? K. Cooper, Llfe Scences 31v1s1on. 3 u  dng  934. Lav/- 
rence Beritele:~ Natona Labolato?, Unversty of Callfor- 
n a  1 C:~clotron Road, 3erkee). CA 94720, USA. 
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and Microbolog:~, Unl\'erslty Medlca Center (CMU), 
121 1 Geneva 4 S~:d~tzelland 
S. A. Leadoti Depa, i l~ent of Rad aton Oncolog:~. Un -  
verst:~ of Nolth Carona School of bledcne, Chapel H I ,  
NC 27599-751 2 USA. 

'To ;vhom correspondence s h o ~ l d  be addressed 

ther side of the lesian and remo~ral of an 
oligonucleotide colltail~il~g the damage ( 1  ) .  
Defects in ally of seven differe~~t  human 
genes (XPA through XPG) encoding pro- 
teins ~ v i t l ~  f~~nc t ions  in the early steps of 
NER result in the hereditary disease xero- 
derlna pigmentosum, characterized by sen- 
sitivity to sunlight, lllarkeci skin changes in 
exp(~sed areas, and extrenle susceptibility to 
skin cancer. Cells fro111 patients nit11 anoth- 
er hereditary disease. Cockayne syndrome, 
are specifically defecti~re in the preferelltlal 
remox-a1 of lesiolls fl-om transcribeid strands 
of acti1.e genes by a TCR process that has 

990 SCIENCE * \'OL, 275 14 FEBRUARY 1997 * h t t p : / / n n . n . s c ~ e ~ l c e ~ ~ ~ a g . o r g  



been regarded as a subclass of NER (2). 
Aside from sun sensitivity, however, there 
is little overlap in the clinical symptoms of 
XP and CS, with the latter including char- 
acteristic dwarfing with skeletal abnormal- 
ities and obligate neurological dysfunction 
(3). Two genes required for TCR, CSA and 
CSB, have been cloned, but their precise 
roles remain to be elucidated (4). 

XP and CS are usually genetically as well 
as clinically distinct, with the great majority 
of CS patients belonging to the CS-A or 
CS-B complementation groups. However, a 
few CS patients belong to XP complemen- 
tation groups B, D, or G (5). Both XPB and 
XPD are helicases and are subunits of the 
transcription factor TFIIH, which is re- 
quired both for initiation of transcription by 
RNA polymerase I1 and for NER, in which 
it presumably opens the DNA helix near 
the lesion (I  ). The XPG gene (6) encodes a 
large protein with an endonuclease activity 
required for making the 3' incision in NER 
(1, 7). The dual role of XPB and XPD in 
transcription and in NER provides an ex- 
planation for the essential function of their 
homologs in Saccharomyces cerevisiae and 
has led to the suggestion that CS may be a 
transcription disorder rather than a repair- 
deficiency disease (5). The absence of CS 
in XP-A patients completely lacking in 
NER due to defective damage recognition is 
consistent with this idea. However, this 
model does not readily apply to XPG, be- 
cause it has no known function in transcrip- 
tion and because disruptions of RAD2, en- 
coding its S. cerevisiae homolog, are viable. 

We previously showed that both normal 
human cells and cells with mutations in the 
XPA gene preferentially remove ionizing 
radiation-induced damage from transcribed 
strands but that CSA and CSB mutant cells 
are defective in this TCR process (8). This 
observation suggested that lesion removal 
by a pathway other than NER might also be 
coupled to transcription and that such a 
repair pathway might be defective in CS. 
To examine the possible relation between 
TCR of ionizing radiation damage, CS, and 
NER functions, we measured TCR in x- 
irradiated XP-G mutant cell strains from 
patients with and without clinical symp- 
toms of CS. 

There is considerable clinical heterogene- 
ity among the few known XP-G patients. 
XP125LO is one of two siblings with a mild 
XP phenotype but no other clinical symptoms 
(9). Causative mutations have been identified 
in both XPG alleles, with the maternal allele 
resulting in a full-length protein with a mis- 
sense mutation in the presumed active site 
of the endonuclease ( 10, 1 1 ). In contrast, 
three patients with severe infantile CS- 
XPCSlLV, XPCSZLV, and 94RD27 (12)- 
have mutations that would lead to truncated 

XPG proteins (I I). Strand-specific repair in 
the active metallothionein LA (MTIA) gene 
was measured in x-irradiated primary fibro- 
blasts from all these XP-G patients and from a 
normal individual (Fig. 1). In normal fibro- 
blasts there was a much higher rate of repair in 
the transcribed strand (TS) than in the non- 
transcribed strand (NTS) or in the genome 
overall. In contrast, all three XP-G/CS cell 
strains (XPCSlLV, XPCSZLV, and 94RD27) 
were completely defective in this preferential 
repair, with transcribed strands being repaired 
at the same rate as NTS or total DNA. More- 
over, repair in total DNA was reduced relative 
to that in normal cells (compare right and left 
panels in Fig. 1B). 

As in XP-A cells (8), TCR was normal in 
x-irradiated XP-F cells (Fig. 1, left), which are 
defective in the endonuclease activity that 
incises on the 5' side of NER-recognized le- 
sions (1 3). Repair of x-ray-induced damage in 
the XP-G mutant XP125LO was also identical 
to that in normal cells (Fig. lB, middle). 
Although full-length XPG is produced in 
XP125LO cells (I I), their XPG mutations 
completely prevent NER by several criteria. 
The cells have low levels of unscheduled 
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DNA synthesis after ultraviolet (UV) irradi- 
ation (6), and XP125LO extracts neither sup- 
port repair synthesis on UV-irradiated DNA 
nor incise cisplatin-adducted DNA (1 3, 14). 
Furthermore, there is no detectable removal 
of cyclobutane pyrimidine dimers from either 
strand of the MTlA gene in UV-irradiated 
XP125LO cells (1 1). Thus, defects in three 
different genes that result in inactivation of 
NER (XPA, XPF, conservative mutation in 
XPG) do not affect TCR of ionizing radiation 
damage, whereas mutations that severely 
truncate the XPG protein eliminate it. 

Oxidatively damaged bases are the most 
abundant class of damage from ionizing radi- 
ation or other processes that generate reactive 
oxygen species, including normal cellular me- 
tabolism (1 5). One of these is thymine glycol 
(Tg), a prevalent, stable, and lethal lesion 
that blocks transcription (1 6). To determine 
whether the ionizing radiation repair defect in 
the XP-G/CS strains affected removal of Tg, 
we quantified its production and removal with 
a monoclonal antibody (1 7). In x-irradiated 
normal and XP-F mutant cells, Tg was re- 
moved rapidly [half-time (tl12) < 45 min] 
from the genome overall (Fig. 2, left). Remov- 
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Fig. 1. Transcription-coupled repair in a restriction 
fragment containing the MTlA gene after exposure of 
primary human fibroblasts to x-irradiation (10 Gy). 
Experiments were performed as in (8), with TCR mea- 
sured by an immunological assay detecting incorpo- 

ration of BrdU in repair patches. Briefly, cuttured fibroblasts labeled with [3H]thymidine were irradiated 
and allowed to repair in the presence of BrdU. Purified DNA was digested with Eco RI and incubated with 
a monoclonal antibody against BrdU (anti-BrdU). Total repair was assessed by the amount of 3H-labeled 
DNA bound. Gene-specific repair was determined by subjecting to electrophoresis on agarose gels 
equal amounts of DNA from the bound and free fractions and then quantitating the intensity of 
hybridization to specific restriction fragments of an RNA probe for either strand of the human metallo- 
thionein (MT) gene family. Results are presented for the MTlA gene, which is located on a 10-kb 
restriction fragment and which is transcribed at basal levels in all cell lines and tissues where it has been 
examined. The value for the intensity of hybridization to the fragment of interest is multiplied by the 
proportion of DNA in the bound or free fractions to determine the total amount of the gene in each 
fraction. The percentage of the gene containing BrdU is then calculated from the total amount of the 
gene in the bound fraction divided by the total amount of the gene in the bound plus free fractions. The 
autoradiograms in (A) are from representative experiments: values plotted in (6) are means of one to five 
such independent experiments for each cell strain as indicated, with overlapping symbols displaced for 
clarity. Error bars (SEM) in most cases are smaller than the symbol. b, DNA bound by anti-BrdU; f, DNA 
free of antibody; TS, transcribed strand; NTS, nontranscribed strand. (B) Filled symbols, TS: open 
symbols, NTS; X, total DNA. (Left) NF (normal fibroblasts, GM38 from the NlGMS Human Mutant Cell 
Repository, Carnden, NJ), squares (five experiments); XP-F strain XP2YO (GM4313), circles (one 
experiment). (Middle) XP-G strain XP125L0, squares (two experiments). (Right) Three XP-G/CS cell 
strains: XPCS1 LV, squares (three experiments); XPCS2LV, circles (one experiment); 94RD27, triangles 
(one experiment). 
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a1 was normal in the XP-G strain XP125LO 
but was significantly slower in the XP-G/CS 
strain XPCSlLV. Damage induced by treat- 
ment of cells with H202 to produce an -100- 
fold higher frequency of Tg was also removed 
efficiently both by normal cells and by XP-A, 
XP-F, and CS-B mutant cells (Fig. 2, right). In 
all three HzOz-treated XP-G/CS mutants Tg 
was removed at about half the initial rate of 
the normal cells, whereas in the XP-G mutant 
XP125LO the rate of Tg removal was normal. 
These results suggest that the reduced level of 
total repair in the x-irradiated XP-G/CS mu- 

tants (Fig. 1) reflects impaired removal of Tg 
and related damage. They further suggest the 
existence of two mechanisms for Tg removal 
in the genome overall. One of these requires a 
function of XPG other than incision, which is 
defective in both the XP-G and the XP-G/CS 
mutants (I I), but neither requires NER. 

To examine gene-specific removal of Tg, 
we purified DNA from H202-treated cells, 
incubated it with antibodies to Tg (anti-Tg), 
and separated the antibody-bound DNA from 
free DNA not containing Tg (18). Analysis of 
repair in the active MTlA gene of normal 

Fig. 2. Global (genome overall) removal of Tg after loo 
exposure of human fibroblasts to x-rays (1 0 Gy) or 
hydrogen peroxide (10 mM). Cells were treated 

8 8 0  with H 2 0 2  in culture medium for 15 min at 37°C. 
After removal of the medium, cells were washed 60 
with buffered saline and either harvested immedi- ';ii 

ately by lysis or incubated in medium to allow 40 
repair. The Tg content of purified DNA was ana- 
lyzed by an enzyme-linked immunosorbent assay ?20 
(ELISA) with a monoclonal antibody toTg (anti-Tg) 
(7 7). X-rays (1 0 Gy) induced an average of 0.95 Tg o 
per 1 O6 bases (SD = 0.1 2; 13 independent deter- 3 4 0  1 2 

Time (hours) 
minations), whereas the H20, treatment induced 
an average of 1.1 Tg per 10 kb (SD = 0.29; 16 
independent determinations). Values for Tg removal are means of determinations from one to five 
separate experiments per strain; replicate determinations from the same experiment for any given 
sample were typically within 5% of each other. Overlapping symbols have been displaced for clarity. NF 
(normalfibroblasts, GM38), M; XP-G (XP125LO), 0: XP-G/CS (XPCSl LV), A; XP-G/CS (XPCS2LV), +; 
XP-G/CS (94RD27), V; XP-A (XP12BE, GM5509), 0; XP-F (XP2Y0, GM4313), 0; CS-B (CSIAN, 
GM739), A. 
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Fig. 3. Transcription-coupled removal of 

(CS-0) s m - &fa NrS Tg from a restnctlon fragment conta~n~ng 
the MnA aene of lsrimarv human fibro- 
blasts that had been treated with 10 mM 

H,O,. Purified DNA was digested with Eco RI, incubated with anti-Tg, and the extent of repair deter- 
mined (18). (A) Representatwe autoradiograms. b, DNA bound by the antibody; f, DNAfree of antibody; 
TS, transcribed strand; NTS, nontranscribed strand. (6) Plots of values determined from one to three 
such experiments for each strain; in most cases when only one experiment was performed, duplicate 
samples were analyzed. Filled symbols, TS; open symbols, NTS: X, total DNA. (Upper left) NF (normal 
fibroblasts, GM38), squares; XP-A (XPl2BE, GM5509), circles; XP-F (XPBYO, GM3542; this patient is 
the grand-nephew of XP2YO used in Figs. 1 and 3), triangles. (Upper right) XP-G (XP125LO), squares. 
(Lower.left) XP-G/CS strains (XPCS2LV), squares; (94RD27), circles. (Lower right) CS-B (CSIAN, 
GM739), squares; 

cells by hybridization of strand-specific probes 
revealed that Tg was removed more rapidly 
from the transcribed strand than from the 
nonuanscribed strand or from the total DNA 
(Fig. 3). This was also true for both XP-A and 
XP-F mutants as well as for the XP-G strain 
XP125L0, all of which are defective in NER. 
In contrast, there was no preferential removal 
of Tg in any of the XP-G/CS mutants or in 
the CS-B mutant CSlAN, which is also de- 
fective in TCR of ionizing-radiation damage 
(8). Thus, preferential removal of Tg from 
transcribed strands of active genes correlates 
with TCR of ionizing radiation damage, and 
neither ~roceeds bv NER. 

~ l t h b u ~ h  repair of a subclass of lesions 
induced by ionizing radiation depends on 
XP factors (19), most ionizing radiation- 
induced base lesions and single-strand 
breaks are thought to be repaired by the 
process of base excision repair (BER), in 
which damaged bases are removed by specif- 
ic N-glycosylases, followed by strand scission 
at the resulting apuriniclapyrmidinic (AP) 
site by an AP endonuclease (20). Presum- 
ably, Tg removal occurs by glycosylase-AP 
endonuclease action that is facilitated by 
XPG. The hypersensitivity to ionizing radi- 
ation, H202, and oxidative stress of human 
cells deficient in AP endonuclease is consis- 
tent with this hypothesis (21). The roles of 
XPG and of CSB in removal of oxidative 
base damage are clearly different, because 
XPG participates in global removal as well 
as being essential for TCR, whereas absence 
of CSB affects only the TCR process (Figs. 2 
and 3). The XPG homolog RAD2 similarly 
participates in TCR of Tg in S. cerevisiae, 
although its requirement is not as absolute as 
for XPG in human cells, and the mechanism 
in yeast is also distinct from NER (22). 
Within XP group G, defects in TCR corre- 
late with severe truncations of the XPG 
protein (I I), consistent with the idea that 
certain domains of XPG are essential for 
protein-protein interactions that are re- 
quired for efficient and preferential removal 
of Tg. Recent studies of the mechanism of 
NER have shown that the 5'-incisions in 
NER by ERCClIXPF do not occur in the 
absence of XPG and have implicated XPG 
in assembly of a preincision complex in 
NER (23). Our data suggest that XPG may 
have a similar role in BER as well as inter- 
acting with proteins required for TCR, such 
as TFIIH, CSA, or CSB (24). 

In the case of genetic diseases for which 
the altered gene product has been identi- 
fied, it is frequently not apparent how the 
clinical manifestations relate to the known 
biochemical defect. This is particularly so 
for CS, for which the difficulty is com- 
pounded by the fact that mutations in five 
different genes can give rise to the clinical 
syndrome. Among XP-G patients, we find a 
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direct correlation between the clinical pres
ence of CS and mutations that inactivate a 
second function of XPG, its role in TCR of 
oxidative damage. Mutations in CSA and 
CSB also affect TCR of oxidative damage, 
further suggesting that this repair defect 
may relate directly to the clinical outcome. 
The unusual severity of the syndrome in the 
XP-G/CS patients, all of whom died in 
infancy or early childhood, may reflect the 
additional deficit in global removal of oxi
dative damage from the genome. The sim
plest interpretation of our results is that 
failure to rapidly repair endogenous oxida
tive base damage in critical active genes, 
rather than subtle transcription defects, re
sults in the developmental defects of CS. 
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In organisms such as Xenopus and Drosoph-
ila, the S phase (during which DNA is 
replicated) lasts only a few minutes in em
bryonic cells whereas it takes several hours 
in somatic cells. This difference exists be
cause embryonic replicons are much smaller 
than somatic replicons (I, 2). The transi
tion from small to large replicons probably 
takes place at about the 12th cell division 
cycle after fertilization {3-5), at the time of 
the mid-blastula transition (MBT). The 
mechanism regulating replicon size is not 
known. One clue is that the MBT occurs 
after a critical number of nuclei accumulate 
in the embryo (3, 4), suggesting that the 
nucleo-cytoplasmic ratio might regulate 
replicon size, perhaps through depletion of 
an initiation factor (I, 3, 6). To study the 
mechanism controlling replicon size, we 
used Xenopus egg extracts, which assemble 
Xenopus sperm chromatin into nuclei that 
undergo one complete round of DNA rep
lication (7). We attempted to modulate 
replicon size in vitro by altering the nucleo-
cytoplasmic ratio in these egg extracts. 

The time required for nuclei to enter 
mitosis in Xenopus egg extracts increases 
with increasing concentrations of nuclei, 
perhaps reflecting an increase in the length 
of the S phase (8). To directly measure the 
effect of the nuclei concentration on the 
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length of the S phase, we formed nuclei at 
2000 and 10,000 per microliter and synchro
nized them at the start of S phase with 
cytosine P-D-arabinofuranoside 5'-triphos
phate (Ara-C), a deoxycytidine triphosphate 
(dCTP) analog that blocks elongation 
through its action on DNA polymerase but 
does not prevent initiation (9) (and see be
low). After incubating the nuclei for 40 min 
with Ara-C, we added excess dCTP to re
verse the inhibition by Ara-C and measured 
the time subsequently required for comple
tion of DNA replication. The length of the S 
phase in reactions with 10,000 nuclei/JJLI was 
eight times that in reactions with 2000 nu
clei/(Jil (Fig. 1A). However, the addition of 
dCTP did not completely reverse the effect 
of the Ara-C as the rate of polymerization 
was about 44% the rate in the absence of 
Ara-C (decreased by a factor of—2.25) (10). 
Correcting for this, the actual length of the S 
phase was —10 min at 2000 nuclei/JJLI and 
-80 min at 10,000 nuclei/pl 

We next measured the length of the S 
phase over a range of nuclei concentrations 
and found it was constant at —10 min be
tween 125 and 2000 nuclei/fil and increased 
significantly at concentrations greater than 
2000 nuclei/fxl, reaching 80 min at 10,000 
nuclei/jxl (Fig. IB). Similarly, the S phase in 
developing Xenopus embryos is 10 to 15 min 
during the divisions preceding the MBT, after 
which it gradually increases (3, 5). In the 
absence of Ara-C, the S phase also lengthens 
at concentrations of nuclei >2000 per micro-

Regulation of Replicon Size in 
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Once a specific number of cells have been produced in the early Xenopus laevis embryo, 
replicon size during the S phase of the cell cycle increases. Here, it is reported that similar 
increase in replicon size occurred when the concentration of nuclei in replication-com
petent Xenopus egg extracts exceeded a critical threshold. In this system, the origin 
recognition complex (ORC) did not become stoichiometrically limiting for initiation, and 
similar amounts of this complex bound to chromatin regardless of replicon size. These 
data suggest that in early development, an unidentified factor controls how many pre
formed ORC-DNA complexes initiate DNA replication. 
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