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The xeroderma pigmentosum variant (XPV) is a genetic disease
involving high levels of solar-induced cancer that has normal excision
repair but shows defective DNA replication after UV irradiation
because of mutations in the damage-specific polymerase hRAD30. We
previously found that the induction of sister chromatid exchanges by
UV irradiation was greatly enhanced in transformed XPV cells, indi-
cating the activation of a recombination pathway. We now have
identified that XPV cells make use of a homologous recombination
pathway involving the hMre11yhRad50yNbs1 protein complex, but
not the Rad51 recombination pathway. The hMre11 complexes form
at arrested replication forks, in association with proliferating cell
nuclear antigen. In x-ray-damaged cells, in contrast, there is no
association between hMre11 and proliferating cell nuclear antigen.
This recombination pathway assumes greater importance in trans-
formed XPV cells that lack a functional p53 pathway and can be
detected at lower frequencies in excision-defective XPA fibroblasts
and normal cells. DNA replication arrest after UV damage, and the
associated S phase checkpoint, is therefore a complex process that can
recruit a recombination pathway that has a primary role in repair of
double-strand breaks from x-rays. The symptoms of elevated solar
carcinogenesis in XPV patients therefore may be associated with
increased genomic rearrangements that result from double-strand
breakage and rejoining in cells of the skin in which p53 is inactivated
by UV-induced mutations.

UV light u postreplication repair u recombination u sister chromatid
exchange u skin cancer

Xeroderma pigmentosum (XP) is a rare autosomal recessive
disorder characterized by sun sensitivity, cutaneous and ocular

deterioration, and premature malignant skin neoplasms upon sun
exposure (1). The mechanism of cancer development in XP remains
a matter of conjecture, despite the appealing association of defec-
tive excision repair of UV damage to DNA in the cells of the skin
with increased risk of actinic cancer (2, 3). One of the difficulties
with this notion is that about a quarter of XP patients with
characteristic symptoms of sunlight-induced cancer do not have
deficiencies in DNA excision repair (1, 4). These patients have been
classified with a different abnormality in the response to UV
irradiation involving semiconservative DNA replication (postrep-
lication repair) and are known as XP variants (XPVs) (5, 6). This
defect is associated with increased rates of UV-induced mutagen-
esis (7–11), with cells being less likely to incorporate adenine
opposite pyrimidine dimers (10).

The XPV gene was recently cloned by homology with a
corresponding gene from Saccharomyces cerevisiae (12) and by
development of a cell-free DNA replication system (13). They
showed that the gene hRAD30 corresponded to an error-free
DNA polymerase, pol h, homologous to a member of the S.

cerevisiae RAD6 epistasis group, which encompasses many genes
involved in postreplication repair. The fact that this polymerase
seems to be part of an error-free pathway for processing UV
damage may be attributable to a fortuitous combination of
factors. The polymerase shows a relaxed substrate specificity and
replicates damaged and undamaged DNA equally, with a high
error rate (14). However, operation of the ‘‘A’’ rule on photo-
products that are predominantly thymines will result in accurate
replication of damaged DNA. The definition of error-free and
error-prone pathways therefore may be restricted to UV dam-
age, and this classification may not hold for all forms of damage.

Postreplication repair in many prokaryotes and lower eu-
karyotes employs both replication bypass and recombinational
modes of recovery from DNA damage (15). A recombination
pathway for postreplication repair has been difficult to detect in
human and other mammalian cells, in part, because of the
complexity of chromosomal DNA replication from multiple
origins (16–19). We recently showed that one form of recom-
bination, sister chromatid exchange (SCE), that occurs during
the S phase was greatly enhanced in the XPV cells after
transformation (20).

In this paper, we report a further investigation of the mechanism
of UV-induced recombination in XPV cells as well as a role for the
recombination pathway involving the hMre11yhRad50yNbs com-
plex (the hMre11 complex) (21, 22).

Materials and Methods
Cell Cultures. Primary and simian virus 40 (SV40)-transformed
human fibroblasts included repair-proficient (normal), nucleo-
tide excision repair-deficient (XPA), and replication bypass-
deficient (XPV) genetic backgrounds (20). Cells were grown in
Eagle’s MEM, supplemented with 2 mM glutamine, 100
unitsyml penicillin, 100 mgyml streptomycin, and 10% FBS
(Life Technologies, Gaithersburg, MD). The normal primary
fibroblast FS was obtained from a local foreskin biopsy. The
XPA fibroblasts (XP19BR and GB) were gifts from C. Arlett
(University of Sussex, England) and D. Busch (Armed Forces
Institute of Pathology, Washington, DC), respectively, and were
homozygous for a splice site mutation or a 2-nt deletion in the
XPA gene that impairs nucleotide excision repair. XP12R0 is an
SV40-transformed group A cell line that is homozygous for a
stop codon in the XPA gene. The XPV (GM3617) fibroblasts

Abbreviations: XP, xeroderma pigmentosum; XPV, XP variant; XPA, XP group A; SCE, sister
chromatid exchange; NHEJ, nonhomologous endjoining; SV40, simian virus 40; PCNA,
proliferating cell nuclear antigen.
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were obtained from The Human Genetic Mutant Cell Reposi-
tory, Camden, NJ. The normal fibroblast cell line (GM037) was
permanently transformed by SV40 and maintained for many
generations as GM637. The XPV fibroblast GM3617 (also
designated XP30R0) was transformed with SV40 to produce the
permanently transformed line XP30R0 (23). The primary hu-
man fibroblast GM3617 contains a mutation in the XPV gene,
which results in a chain termination of DNA polymerase h.

Immunofluorescence. One day before irradiation, 1 3 105 cells
were seeded in dual-chambered slides (Nalge Nunc, Naperville,
IL) and allowed to anchor. Exponentially growing cells were
exposed to either UV light (254 nm at a fluence of 1.3 Wzm22)
or x-rays (Phillips RT250 x-ray machine; 250-kV peak, 15 mA,
half-value layer 1.0 mm copper, at a dose rate of 2.5 Gyymin)
and were fixed 4–8 h after irradiation in ice-cold methanol for
20 min, then air-dried and stored at 270°C.

Fixed cells were permeabilized in an ice-cold 50:50 ac-
etone:methanol and allowed to come to room temperature
before air drying. Cell preparations were blocked for 1 h in 10%
FBS in PBS at 37°C, rinsed, and incubated with primary antibody
for 1 h at 37°C. Rabbit polyclonal anti-hMre11 antibody (Novus
Biologicals, Littleton, CO) was diluted 1:100. Mouse monoclonal
anti-human proliferating cell nuclear antigen (PCNA) antibody
(Santa Cruz Biotechnology) was diluted to 5 mgyml. Secondary
IgG (heavy plus light) antibodies (Pierce) were selected to
provide the appropriate combinations of species specificity (goat
anti-rabbit or -mouse) and color discrimination (conjugated to
either fluorescein or rhodamine). These antibodies were diluted
1:200 and incubated with cells for 1 h at 37°C. Cells were
counterstained with 0.1 mgyml of 49,6-diamidino-2-phenylindole
in Vectashield (Vector Laboratories). All incubations were
interspersed with three 5-min washes in PBS, multiple primary
or secondary antibody combinations were incubated simulta-
neously, and all antibodies were diluted in 13 PBS in 1% BSA.

Foci Quantification and Digital Image Analysis. Fluorescently labeled
cell preparations were examined using a Zeiss Axioplan micro-
scope equipped with a charge-coupled device digital camera
(24). Cells were examined by eye at a magnification of 3600 for
the presence of Mre11 foci. Those cells showing at least five or
more foci per nucleus were scored positive. Excitation of indi-
vidual f luorochromes was accomplished by using single and dual
bandpass filter sets allowing for the visualization of FITC,
rhodamine, and 49,6-diamidino-2-phenylindole. This filter set
made it possible to collect sequential, properly registered images
(red, green, blue) with three excitation wavelengths (green, blue,
UV). The three-color images were captured and processed with
a Sun IPX workstation and processed by using SCIL-IMAGE
analysis software (Univ. of Amsterdam, Amsterdam).

Apoptosis. UV-irradiated SV40-transformed cells detached from
the substrate between 10 and 20 h after UV exposure. Floating
cells had the hallmarks of apoptosis: They were positive for
annexin V immunofluorescence and contained cleaved poly-
(ADP-ribose) polymerase, whereas attached cells were not
apoptotic. Annexin V binding, which detects phosphatidylserine
residues externalized to the outer leaflet of the plasma mem-
brane, was measured by using the ApoAlert Annexin V Apo-
ptosis Kit (CLONTECH). Inhibition of caspase 3 with zVAD
(Sigma) prevented detachment completely. Apoptosis therefore
was recorded in these experiments as the percentage of cells
detached at 16–20 h after doses of UV light. A balance sheet for
the total number of cells in floating and attached populations
showed that loss of cells through complete lysis and degradation
occurred only at high doses of 13 Jzm22 and above. Caffeine (1
mM) andyor the anti-apoptotic peptide zVAD (1 mgyml) were

added immediately after UV irradiation and remained until cells
were assayed for apoptosis or Mre11 foci.

Results
We previously reported that in SV40- and HPV16 (E6 or E7
genes)-transformed XPV cells, UV damage induced a much higher
frequency of SCEs than it did in normal cells (20). Because SCEs
represent recombination events occurring in the S phase (25), this
finding could represent the activation of a recombination pathway
for postreplication repair that has been previously difficult to
demonstrate (26). Our initial experiments concentrated on
hRad51yBrca1, because these have been shown to require p53 (27),
which is inactivated by both methods of transformation. However,
we were unable to demonstrate any differences, by using immuno-
fluorescence, between normal and XPV cells in the response of
hRad51yBrca1 to UV damage (R. Scully and J.E.C., unpublished
observations). We therefore turned to the hMre11 complex that has
been associated with NHEJ of DNA double-strand breaks from
ionizing radiation (21). The hMre11 complex undergoes a redis-
tribution after x-irradiation, becoming associated in large nuclear
structures at sites of DNA breaks, referred to as foci (21). We
compared the formation of these foci after x- and UV irradiation
in primary fibroblasts and SV40-transformed normal and XP cells
(group A and variant).

X-Ray-Induced hMre11 Foci in Primary and SV40-Transformed Human
Fibroblasts. We first established that normal and XP cells showed
hMre11 foci after x-ray damage, as seen in other human cell
types (21). Primary human fibroblasts were x-irradiated, and
each primary cell line exhibited a similar capacity to form foci
after a 6-Gy dose of x-rays (Table 1). X-ray-induced foci formed
in XP30R0 cells 4 h after 6 Gy showed the typical scattered
nuclear distribution previously reported in other cell types (Fig.
1 a, d, and g). GM037 (normal), XP19BR (XPA), and GM3617
(XPV) cells showed 33, 33, and 52% foci-positive cells when
examined 8 h after x-irradiation (Table 1).

SV40-transformed human fibroblasts were similarly exposed
to x-rays, and each cell line showed a similar capacity to form foci
after 6 Gy of x-rays (Table 1). GM637 (normal), XP12R0 (XPA),
and XP30R0 (XPV) cell lines showed 34, 49, and 36% foci-
positive cells when examined 4–8 h after x-irradiation (Table 1).
These results show that relocalization of the hMre11 complex
within the nuclei after x-irradiation was independent of the XP
genotype.

Table 1. hMre11 foci in x-irradiated human cells

Cell
line Genotype

Dose,
Gy

Time,
h

Foci-positive
cellsytotal cells

%
Foci-

positive

GM037 Normal 0 8 0y500 0
GM037 Normal 6 8 176y540 33
GM637 Normal(SV40) 0 8 0y500 0
GM637 Normal(SV40) 6 4 262y681 38
GM637 Normal(SV40) 6 8 309y1020 30
XP19BR XPA 0 8 0y500 0
XP19BR XPA 6 8 165y500 33
XP12R0 XPA(SV40) 0 8 0y500 0
XP12R0 XPA(SV40) 6 4 272y500 54
XP12R0 XPA(SV40) 6 8 573y1228 47
GM3617 XPV 0 8 1y500 0.2
GM3617 XPV 6 8 259y500 52
XP30R0 XPV(SV40) 0 8 0y500 0
XP30R0 XPV(SV40) 6 4 585y1573 37
XP30R0 XPV(SV40) 6 8 419y1190 35
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UVC-Induced hMre11 Foci in Primary Human Fibroblasts. UV expo-
sure has not previously been reported to induce hMre11 foci
and we confirmed they were not detectable in primary normal
or XPA fibroblasts (XP19BR, GB) (Table 2). In XPV
(GM3617) fibroblasts, however, at 4 and 8 h after a f luence of
13 Jzm22 of UV light, there was a very low, but non-zero
frequency, of hMre11 foci (Table 2). The precise value is
uncertain without more extensive investigation, but the level
was clearly different from that in normal cells. Occasional
foci-positive cells were observed in the XPV cells, whereas
none was seen in other cell types.

UVC-Induced hMre11 Foci in SV40-Transformed Human Fibroblasts.
SV40-transformed human fibroblasts were exposed to UV light,
fixed, and processed to visualize the formation of nuclear foci,
and very different results were obtained. Foci were detected at
a low frequency in normal (GM637) cells but were readily
observed in both XPA and XPV cell types (Figs. 2 and 3). Foci
were especially prominent in XPV cells (Fig. 2 b, e, and h), and
in XP12R0 cells, foci were intermediate between those found in
normal and XPV cells (Fig. 3). Frequencies were similar at 4 and
8 h after UV irradiation, so these values were combined (Fig. 3),
but UV-induced foci could be observed as early as 1 h after

Fig. 1. Immunofluorescence of hMre11 and PCNA after x-irradiation. XP30R0 cells were fixed 4 h after 6 Gy of x-rays and processed for the visualization of
hMre11 (red rhodamine signal, a, d, and g) and PCNA (green fluorescein signal, b, e, and h). Merged images (e, f, and i) show the lack colocalization of each
protein. The majority of cells show either hMre11 or PCNA foci (a–f ), whereas those cells showing both do not show colocalized foci (g–i).
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irradiation. In XPV cells, the percentage of foci-positive cells
increased rapidly up to 10 Jzm22, before leveling off at higher
fluences (Fig. 3).

Influence of Apoptosis on hMre11 Foci in XP30R0 Cells. We observed
that UV damage to SV40-transformed cells caused apoptosis and
detachment from the substrate within a cell cycle (Table 3), and
there was a possibility that the foci we observed could have been a
consequence of apoptosis. We therefore exposed UV-damaged
XPV cells to agents that we observed to stimulate (caffeine) or
inhibit (zVAD) apoptosis, as determined by the percentage of
detached and floating cells (Table 3). XP30R0 cells were examined
for the formation hMre11 foci after UV exposure and showed no
significant change in the yield of foci-positive cells (Table 3).
Although the presence of caffeine increased the level of apoptosis
by an average of 65% (over 1.3 to 13 Jzm22) and results in greatly
increased levels of cell killing (28), it increased the formation of
hMre11 foci by an average of only 11%.

The anti-apoptotic peptide zVAD blocked the action of caspase
3 and prevented cell detachment (Table 3). UV-irradiated XP30R0
cells that were treated with zVAD showed a large reduction in the
frequency of floating apoptotic cells but there was no change in the
number of foci-positive cells (Table 3).

hMre11 Foci Coincide with PCNA at Arrested Replication Forks After
UV Irradiation. XPV cells are defective in a polymerase-involved
bypass replication of damaged DNA templates, and the defect is
expressed as an enhancement in DNA replication arrest or the
S phase checkpoint (29–32). Experiments therefore were un-
dertaken to determine whether the hMre11 foci we observed
after UV irradiation were formed in replicating cells. S phase
cells were visualized through immunofluorescence of PCNA,
and XP30R0 cells exposed to either x-rays or UV light were
subjected to fixation conditions that solubilized unbound PCNA,
leaving only the fraction bound in replication complexes (33).
Cells were fixed at least 4 h after irradiation, so that excision
repair was essentially over and PCNA would no longer be
associated with excision repair sites (33).

XP30R0 cells were exposed to UV light and subjected to dual
immunofluorescent staining to determine the number of cells
staining positively for PCNA and hMre11. There was a one-to-
one correspondence between cells staining positive for both
hMre11 and PCNA foci (Fig. 2). The rhodamine (red) signal
(Fig. 2 a, d, and g) corresponds to PCNA, the fluorescein (green)
signal (Fig. 2 b, e, and h) corresponds to hMre11, and the merged
signals (Fig. 2 c, f, and i) show the colocalization of each protein.
In a scored population of 1,710 XP30R0 cells, 29.7% were

PCNA-positive and 14.7% were hMre11-positive. But all of the
hMre11 foci were in PCNA-positive cells, representing 49.4% of
the PCNA-positive population. These results demonstrate that
UV-induced hMre11 foci occur exclusively in replicating
XP30R0 cells and colocalize with PCNA. However, not all S
phase cells contain hMre11 foci. The colocalization observations
suggest that hMre11 foci are formed at the sites of DNA
replication arrest and are associated with PCNA. In contrast, in
our preliminary experiments, hRAD51 and Brca1 did not colo-
calize with PCNA in XP30R0 cells after UV irradiation (R.
Scully and J.E.C., unpublished observations).

hMre11 Foci Do Not Coincide with PCNA After X-Irradiation. XP30R0
cells were exposed to 6-Gy x-rays, fixed 4 h later, and subjected to
dual immunofluorescent staining. The majority of cells (.95%)
showing x-ray-induced hMre11 foci did not show PCNA foci,
whereas the majority of cells (.95%) showing PCNA foci did not
show hMre11 foci (Fig. 1). For these experiments, the rhodamine
(red) signal (Fig. 1 a, d, and g) corresponds to hMre11, the
fluorescein (green) signal (Fig. 1 b, e, and h) corresponds to PCNA,
and the merged signals (Fig. 1 c, f, and i) show the lack of
colocalization of each protein. In sharp contrast to the images after
UV irradiation (Fig. 1), most of the x-ray-damaged cells showed
either hMre11 foci or PCNA foci (Fig. 1 a–f). Less than 5% of the
PCNA-positive cells also showed hMre11 foci. When the same cell
did contain both foci, the two protein complexes were not colo-
calized (Fig. 1 g–i). The lack of colocalization and paucity of cells
showing both kinds of foci after x-ray damage is in marked contrast
to the colocalization and the high frequency of cells exhibiting both
foci after UV irradiation.

Discussion
The results we have described reveal an unexpected connection
between the mechanisms involved in arrest of DNA replication
by UV damage and those involved in double-strand break repair
and recombination. The absence of polymerase h in transformed
XPV cells, and to a lesser extent in the corresponding primary
fibroblasts, resulted in accumulation of protein complexes in-
volving the three components hMre11, hRad50, and Nbs1. These
complexes were coincident with PCNA and therefore had ac-
cumulated at the replication forks as a result of the enhanced
replication arrest seen in these cells. We need to place the results
in the context of what is now known about the XPV comple-
mentation group, which includes: (i) the mechanism of DNA
replication arrest, (ii) the roles of the damage-specific poly-
merases, (iii) the presence of multiple factors in the DNA
replication fork complexes, (iv) the functions of the hMre11
complex, (v) the S phase checkpoint, and (vi) the role of p53.

(i ) The Mechanism of DNA Replication Arrest by UV Damage. The
mechanism by which human cells replicate UV-damaged DNA
initially was studied on the basis of the sizes of newly replicated
DNA (34, 35). Early results indicated that normal human cells had
a very efficient bypass mechanism that could replicate damaged
templates. During bypass, gaps could be detected in newly repli-
cated DNA (16) that were subsequently filled in by patches up to
1 kb (36). XPV cells showed a larger reduction in the sizes of newly
replicated DNA, indicating that the replication apparatus stopped
immediately on encountering most pyrimidine dimers (29, 30).
XPV cells subsequently were shown to be unable to replicate DNA
past photoproducts on the leading strand of the replication fork, but
the lagging strand was much less vulnerable (32). Leading strand
blocks resulted in the lagging strand extending further, leaving long,
single-stranded regions of parental DNA. These regions of single-
stranded DNA are likely to be coated with phosphorylated repli-
cation protein A (37) that could then be involved in subsequent
signal transduction processes. Because replication protein A inter-
acts directly with both termini of p53 (38), there could be a direct

Table 2. hMre11 foci in UV-irradiated primary human fibroblasts

Cell line Genotype
UV,

Jzm22

Time,
h

Foci-positive
cellsytotal cells

FS Normal 0 8 0y500
FS Normal 13 4 1y500
FS Normal 13 8 0y500
GM037 Normal 0 8 0y500
GM037 Normal 13 8 0y500
GB XPA 0 8 7y1000
GB XPA 13 4 0y500
GB XPA 13 8 2y500
XP19BR XPA 0 8 0y1000
XP19BR XPA 13 4 0y500
XP19BR XPA 13 8 2y1000
GM3617 XPV 0 8 0y500
GM3617 XPV 13 4 8y500
GM3617 XPV 13 8 9y1000
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route for signal transduction from an arrested replication fork to a
p53-dependent pathway.

In early experiments, cells showed less replication arrest as time
passed after irradiation, despite the absence of dimer excision
during this time period (39). This increased replication capacity
could partly be explained by rapid excision of 6–4 photoproducts,
but also required activation of increased capacity to replicate
pyrimidine dimers, even in XPV cells. When DNA fragments that
were synthesized soon after irradiation were allowed to extend
during subsequent incubation, the DNA increased to parental sizes

at similar rates as those in normal and XPV cells (35). There was,
therefore, early evidence that although XPV cells were defective in
a major replication factor, they also retained significant capacities
for reconstruction of nascent DNA.

(ii ) The Roles of the Damage-Specific Polymerases. The XPV gene
hRAD30 encodes a new DNA polymerase, pol h, that has the
capacity to replicate pyrimidine dimers in parental DNA (12, 13,
40). With the identification of pol h came the recognition that there
are multiple damage-specific polymerases in mammalian cells,

Fig. 2. Immunofluorescence of hMre11 and PCNA after UV irradiation. XP30R0(sv) cells were fixed 4 h after 13 Jzm22 of UV light and processed for the visualization
of PCNA (red rhodamine signal, a, d, and g) and hMre11 (green fluorescein signal, b, e, and h). Merged images (e, f, and i) show the colocalization of each protein, and
the one-to-one correspondence of nuclei showing hMre11 foci with those showing PCNA foci indicate these foci are formed exclusively in S phase cells.
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many of which are actively involved in error generation. These
include the polymerases encoded by the genes hREV1 (41) and
hREV3y7 (42) that are required for mutagenesis after UV damage.
Loss of function of pol h in XPV cells reduced UV survival slightly
(20, 43) but increased mutagenesis (44) because of loss of its
accurate, damage-specific replication ability and the greater de-
pendence of cells on the remaining error-prone polymerases (40).

The arrest of replication forks in XPV cells occurs immedi-
ately upon irradiation, suggesting that pol h is a constitutive part
of the replication apparatus (39). The ability of extracts from
normal cells, but not from XPV cells, to replicate damaged DNA
also suggests that pol h is constitutively present in the replication
complex. However, its activity must be tightly regulated, other-
wise its lack of precision might cause greater genomic instability,
even in undamaged cells (14). The gradual acquisition of in-
creased replication capacity and the reassembly of short DNA

fragments to high molecular weight (35, 39) may then depend on
activation of other polymerases or recombinases. They might be
damage-inducible and synthesized de novo through increased
transcription or alterations in the mRNA transcripts. The hRev3
gene, for example, has several ATG start sites from which
alternative transcripts may be generated, only one being authen-
tic (45). The polymerases might, alternatively, be activated at the
protein level by phosphorylation through ATM, ATR, Chk1,
DNA-protein kinase, or other kinases (46).

(iii ) The Presence of Multiple Fidelity Factors at the DNA Replication
Fork. Waga and Stillman (47) showed that in vitro replication of
eukaryotic viral DNA required only a minimal set of proteins
consisting of a helicase (T antigen), replication protein A,
PCNA, replication factor C, and DNA polymerases a and d.
These factors, however, contained no additional provision for
monitoring fidelity of replication other than the editing functions
of the DNA polymerases. PCNA, however, is regulated by p21
activation in irradiated cells, providing one pathway for an S
phase checkpoint that is not targeted at the sites of damage, but
through a phosphorylation and activation cascade (46, 48).

DNA replication in the nucleus occurs at large macromolec-
ular complexes, ‘‘factories,’’ that appear to involve multiple
replication sites and can be identified by BrdUrd and PCNA
immunofluorescence (49). Our results, and others, indicate that
these factories may involve many fidelity factors. Other factors
reported include 5-MeC transferase (50), poly(ADP-ribose)
polymerase (51), uracil DNA glycosylase (52), and Rad51 and
Brca1 (53). Our results indicate that the replication apparatus
also requires pol h and can recruit the hMre11 recombination
complex under certain circumstances as an additional compo-
nent to the checkpoint pathways. A major function of replication
factories therefore may involve localization of a large number of
factors that are required for monitoring the accuracy of DNA
replication subsequent to replication fork progression. A similar
concept recently has been advocated for ‘‘rebooting’’ DNA
replication in damaged Escherichia coli cells (54).

(iv) Functions of the Mre11yRad50yNbs Complex in Repair. The
hMre11 complex is involved in signaling the presence of x-ray-
induced DNA double-strand breaks and some other kinds of
DNA damage, but not pyrimidine dimers (refs. 21 and 22; and
C.L.L., unpublished observations). Mutations in components of
the complex are associated with the human diseases ataxia
telangiectasia and Nijmegen breakage syndrome (55). The func-
tions of the complex have been defined in human cells and in S.
cerevisiae, and it is unclear whether the complexes have identical
functions in both systems. Clearly, the greater dependence of
human cells for nonhomologous endjoining (NHEJ) suggests
that the functions of the hMre11 complex may be very cell-type
dependent (22).

The hMre11 complex is involved in both DNA repair and
telomere maintenance (56). It localizes at telomeres in yeast (56, 57)
and seems to mediate an alternative, recombinational mechanism
of telomere maintenance involving Rad50 and Rad51 (57). Al-
though the hMre11 complex seems involved in NHEJ (22), it may
have a dual role. Ku70 was required to direct hMre11 into foci
involved in NHEJ, but in its absence, hMre11 was involved in
homologous break repair (58). NHEJ involving hMre11 is error-
prone in Saccharomyces pombe, possibly because of mispairing in
the short regions of overlap (56).

The hMre11 complex has several properties that may be
important for resolving blocked DNA replication forks. The
complex has ATP-dependent DNA strand unwinding activity,
endonuclease activity at DNA hairpin structures, and a 39–59
exonuclease capacity (59, 60). The hMre11 complex that we have
identified at arrested replication forks, in combination with the
remaining damage-specific polymerases, may therefore be re-

Fig. 3. Induction of hMre11 foci in transformed normal (F, GM637), excision-
defective XPA (Œ, XP12R0), and XPV (■, XP30R0) cells by various doses of UV
light. The frequencies of foci were determined at 4 and 8 h after UV irradia-
tion, and the data were combined because the values were not significantly
different at these doses.

Table 3. Dependence of UV-induced hMre11 foci on agents that
modulate apoptosis in transformed XPV (XP30R0) cells

Treatment
UV,

Jzm22

Apoptotic
cells,
%*

Time,
h

Foci-positive
cellsytotal cells

% Foci-
positive

cells

Sham UV 0 2.6 7 1y1000 0.1
Caffeine† 0 2.5 5 0y1000 0
zVAD‡ 0 2.1 7 0y1000 0
UV 1.3 11 8 17y500 3.4
UV 1 caffeine 1.3 28 8 11y500 2.2
UV 5.2 39 5 97y1000 9.7
UV 1 caffeine 5.2 56 5 63y412 15
UV 10.4 45 5 74y600 12
UV 1 caffeine 10.4 54 5 145y900 16
UV 13 44 4 32y232 14
UV 1 caffeine 13 63 4 29y213 14
UV 13 ND 7 93y600 16
UV 1 zVAD 13 2.5 7 171y1000 17

ND, not determined.
*Apoptosis measured 16 h after UV irradiation by the percentage of cells
detached from the substrate. Floating cells were confirmed as apoptotic by
annexin V fluorescence and poly(ADP-ribose) polymerase cleavage.

†Caffeine (1 mM) added directly after UV irradiation to stimulate apoptosis.
‡zVAD (1 mgyml) added directly after UV irradiation to inhibit caspase 3-
mediated apoptosis.
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sponsible for processing the DNA structures into high-molecular
weight DNA, recombination products, and SCEs. hMre11 com-
plexes also could be involved in a signal transduction pathway
resembling that seen in cells containing DNA breaks, in which
there are both upstream (e.g., ATM, ATR, Chk1, and DNA-
protein kinase) and downstream effectors to hMre11 (46, 61).
One question that remains to be resolved is whether the immu-
nofluorescence we have identified at replication forks represents
the complete hMre11yhRad50yNbs heterotrimer, because this
will influence the enzymatic and signal transduction properties
displayed by the complex. Phosphorylation of the hMre11 com-
plex seems to require the presence of the complete heterotrimer,
especially Nbs1 (62), and is carried out by the ATM protein. If
this occurs in XPV cells, then it suggests that there is a role for
ATM in the UV-induced S phase checkpoint, which was previ-
ously attributed to ATR, unless ATR also can phosphorylate the
hMre11 complex (63, 64).

Our observations that hMre11 foci are seen in approximately
half of S phase, PCNA-positive nuclei raise the question of
whether the foci are formed at specific stages in the S phase.
These foci could represent a late attempt of cells to resolve
arrested replication forks toward the latter part of S phase. The
foci would then occur at a stage known to be involved in the
repair of x-ray damage by homologous recombination, involving
proteins such as Rad51, XRCC2, and XRCC3 (65). The very low
proportion of cells with foci seen in normal SV40-transformed
cells, and in primary XPV fibroblasts, would indicate that these
cells preferentially resolve arrested replication forks by bypass
mechanisms using pol z or hREV1 (40).

(v) S Phase Checkpoint Controls. The functions of cell-cycle check-
points in G1 and G2 and at phase transitions have received major
attention, but the functions of checkpoints within the S phase
have been less clear. This lack of clarity may be because there are
multiple pathways for regulating the S phase at all stages
including replicon initiation, chain growth, and macromolecular
assembly (46). Initiation of replication at the G1yS boundary and
during S at individual replicons may be under different regula-
tion than that required for continuation of DNA chain growth
(48, 66).

Our observations suggest that arrested replication forks in
XPV cells recruit components of the homologous repair
system. The arrested replication forks represent targeted
events, occurring at the sites of DNA damage. The arrested
replication fork, and the proteins that accumulate there, also
may act as the starting points of signal transduction pathways
that exert effects elsewhere in the cell in a nontargeted
manner. Arrested replication, for example, results in changes
in the phosphorylation status of replication protein A (37) and
in p21 binding to PCNA (48), which could be a starting point
for signal transduction.

Early observations also showed that UV damage in human
cells inhibited replicon initiation during S and the G1yS check-
point, both of which represent nuclear-wide events that are not
targeted at the sites of damage (66–68). These S phase and G1yS
checkpoints appear to involve the ATMyATR and other kinases
(46). Cells from patients with ataxia telangiectasia or Nijmegen
breakage syndrome, who have defects in the ATM kinase or the
hMre11 complex, are unable to down-regulate DNA replication

after x-ray or UV damage (67, 68). This inability is because of
a failure of the ATM kinase to phosphorylate a number of
downstream targets, including p53, Mre11, Nbs1, Brca1, etc.
(61). But there are major differences in the x-ray and UV signal
transduction pathways, because p53 is phosphorylated on dif-
ferent residues after these two kinds of DNA damage, and x-rays
induce less targeted replication arrest (63). In addition, caffeine
increases S phase arrest after UV damage (69) but reverses the
G1yS and G2yM checkpoint delays in x-ray-damaged cells by
inhibiting the ATMyATR kinases (70).

(vi ) SCEs, p53, and Recombination. Our previous observation of
high levels of SCEs in UV-irradiated p53-null XPV cells (20)
suggested to us that SCEs represented a recombinational path-
way during postreplication repair (25, 71). We initially consid-
ered that this might involve Rad51 and Brca1, which are
inhibited by p53 (27). This pathway appears to be involved in
SCE formation and postreplication repair in chick cells, which
have a much more prominent homologous recombination system
(71). However, we did not find any evidence for a role of these
proteins in UV-damaged XPV cells that differed from normal
cells (R. Scully and J.E.C., unpublished observations). Instead,
we now have discovered that postreplication repair defects and
high levels of SCEs in XPV cells are correlated with the
formation of hMre11 complexes. These complexes may mediate
the formation of SCEs through dual scission and exchange
of duplex DNA (25). Our results with XPA cells (Table 2 and
Fig. 3) suggest that there may be multiple pathways for SCE
formation, because these cells show high SCE frequencies after
UV irradiation (72) but only intermediate levels of hMre11
foci (Fig. 3). The hMre11 foci correlate more closely with the
functional deficit in postreplication repair in XPA and XPV
cells (73).

The previous observation that high levels of SCEs were
formed by UV damage in p53-negative XPV cells (20) suggests
that some of the functions of DNA replication arrest and hMre11
complex formation are under p53 control. The inactivation of
p53 consequently uncovers an alternative pathway for resolving
an arrested replication fork involving DNA double-strand breaks
and recombination. The suppression of this pathway by the
presence of wild-type p53 accounts for why previous attempts to
demonstrate recombination during postreplication repair in
human cells were inconclusive. Further investigations of the role
of polymerase h, p53, ATMyATR, and hMre11 therefore are
warranted to understand the mechanisms of the S phase check-
point after UV damage.
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