
Carcinogenesis vol.31 no.5 pp.751–765, 2010
doi:10.1093/carcin/bgp230
Advance Access publication September 30, 2009

REVIEW

The human intra-S checkpoint response to UVC-induced DNA damage
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The intra-S checkpoint response to 254 nm light (UVC)-induced
DNA damage appears to have dual functions to slow the rate of
DNA synthesis and stabilize replication forks that become stalled
at sites of UVC-induced photoproducts in DNA. These functions
should provide more time for repair of damaged DNA before its
replication and thereby reduce the frequencies of mutations and
chromosomal aberrations in surviving cells. This review tries to
summarize the history of discovery of the checkpoint, the current
state of understanding of the biological features of intra-S check-
point signaling and its mechanisms of action with a focus primar-
ily on intra-S checkpoint responses in human cells. The
differences in the intra-S checkpoint responses to UVC and ion-
izing radiation-induced DNA damage are emphasized. Evidence
that [6-4]pyrimidine-pyrimidone photoproducts in DNA trigger
the response is discussed and the relationships between cellular
responses to UVC and the molecular dose of UVC-induced DNA
damage are briefly summarized. The role of the intra-S check-
point response in protecting against solar radiation carcinogene-
sis remains to be determined.

‘‘DNA is, in fact, so precious and so fragile that we now know
that the cell has evolved a whole variety of repair mechanisms to
protect its DNA from assaults by radiation, chemicals and other
hazards. This is exactly the sort of thing that the process of
evolution by natural selection would lead us to expect.’’ Francis
Crick in What Mad Pursuit.

Introduction to DNA damage checkpoints

Cell cycle checkpoints represent positions of control that coordinate
the temporal sequence of required events during the cell division cycle
to achieve complete and accurate replication and segregation of the
nuclear genome once per cycle. Just as a checkpoint may regulate the
transit of travelers from one country to another, cell cycle checkpoints
regulate progression from one phase of the cell division cycle to the
next phase. The cell division cycle is for the most part composed of
irreversible phase transitions. Once DNA replication is begun, the cell
is committed to complete DNA replication before returning to G1.
Similarly, once anaphase is initiated during mitosis, cells will not
normally revert to metaphase but rather proceed to cytokinesis. Be-
cause cycle phase transitions are irreversible, it is important that pro-
gression from one cycle phase to the next will not occur until
conditions are appropriate and opportune. It is inappropriate to begin
mitosis before DNA replication is complete, and it is inopportune to
replicate damaged DNA. Thus, checkpoints ensure the completion of

dependent events during cell division and they provide more time for
repair of DNA damage. Checkpoint signaling also can cause heavily
damaged cells to die by apoptosis and stabilize replication forks that
become stalled at sites of DNA damage. Checkpoint failure has seri-
ous consequences including generation of daughter cells with abnor-
malities of chromosome number (aneuploidy and polyploidy) and
structure (allelic deletion, duplication or rearrangement). When these
abnormalities are generated during development, various birth defects
such as microcephalies can occur. When generated in differentiated
somatic cells or tissue stem cells, cancer may develop. Cell cycle
checkpoints, therefore, appear to play a vital role in maintaining
cellular and organismal health.

The concept of a cell cycle checkpoint originated with studies by
Weinert and Hartwell (1) showing that ionizing radiation (IR)-induced
DNA damage caused yeast cells to delay growth in the G2 phase of the
cell cycle. This delay was not simply a passive consequence of met-
abolic damage within cells, as certain gene mutations could prevent
the delay. A checkpoint was seen as an active response to stress,
dependent upon the gene product that, when mutated, reversed the
delay. RAD9 was the first gene that was shown to enforce a checkpoint
response to DNA damage. Treatment with IR or the alkylating agent
methylmethanesulfonate caused cells with wild-type RAD9 to delay
in G2, whereas cells with mutant RAD9 did not. This discovery solved
an important conceptual problem in radiation biology and carcino-
genesis, how to explain the attenuation or ablation of a DNA damage
response.

The phenomenology of cell division delay during a DNA damage
response had been described well before the concept of checkpoints
appeared (2). It is possible to identify reports of IR-induced G2 delay
in human cells dating back to 1959 (3) and drugs that reversed
IR-induced G2 delay were recognized in 1969 (4). The ability of
caffeine to reverse carcinogen-induced cell cycle delays was estab-
lished in the 1970s and in 1980 Murnane et al. (5) showed that caf-
feine and other methylxanthines reversed an intra-S checkpoint
response to the DNA cross-linking poison, nitrogen mustard. In this
same year appeared three studies reporting that a cell cycle delay
response to DNA damage was defective in patients with the inherited
radiation hypersensitivity syndrome, ataxia telangiectasia (AT). Cells
from AT patients displayed less inhibition of DNA replication than
normal after treatment with IR (6–8). This radioresistant DNA syn-
thesis included less inhibition of replicon initiation as well as less
inhibition of DNA chain elongation (6). Zampetti-Bosseler and Scott
(9) subsequently showed that the IR-induced G2 delay also was atten-
uated in cells from AT patients. The first models for the defect in AT
cells proposed an alteration in chromatin structure that interfered with
the DNA damage to prevent the cycle phase delays. We now know that
AT cells have mutations that inactivate ATM (10), a phosphatidyl
inositol kinase-like protein kinase that is activated by DNA double-
strand breaks (dsb) and phosphorylates many proteins to slow or arrest
progression through the cell cycle. Over the past 30 years, at least 50
genes have been shown to contribute to human cell cycle checkpoint
responses (Table I). More genes are being added to the list yearly. In
2007, Matsuoka et al. used a high-throughput screen to identify .700
proteins that were phosphorylated by ATM or the ATM- and Rad3-
related checkpoint kinase ATR in response to DNA damage. Of 37
proteins that had not previously been associated with DNA damage
response and are not listed in Table I, 29 were found to affect the
intra-S or G2 checkpoint responses to IR-induced DNA damage (56).
ATM- and ATR-dependent DNA damage responses must occupy
extensive cellular signaling networks.

The importance of DNA damage checkpoint responses is revealed
in cells that are unable to mount the response. AT cells are

Abbreviations: AT, ataxia telangiectasia; ATRIP, ATR-interacting protein;
BPDE, benzo[a]pyrene diolepoxide I; CldU, chloro-deoxyuridine; CPD,
cyclobutane-type pyrimidine dimers; IR, ionizing radiation; MAPK,
mitogen-activated protein kinase; NER, nucleotide excision repair; 6-4PP,
[6-4]pyrimidine-pyrimidone; 9-1-1, Rad9-Rad1-Hus1; RFPC, replication fork
protection complex; ROS, reactive oxygen species; TLS, translesion synthesis;
XP, xeroderma pigmentosum.
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radiosensitive and display significantly increased frequencies of chro-
mosomal aberrations after treatment with IR (57,58). Although AT
cells do not display hypersensitivity to inactivation of colony forma-
tion by UVC, they do display increased frequencies of UVC-induced
chromosomal aberrations (59,60), perhaps due to defective response
to UVC-induced DNA dsb. AT patients also are radiosensitive and
cancer prone, developing leukemias and lymphomas with 100-fold
increased incidence rates (61). Because repair of DNA damage can
ameliorate the genotoxicity of these radiations, the more time that
cells have for DNA repair before DNA replication and mitosis the
less induction of mutations and chromosomal aberrations as poten-
tially heritable changes in the genome.

Checkpoint signaling not only provides more time for repair but
also may enhance DNA repair. The checkpoint kinases ATM and ATR
can activate p53, as the guardian of the genome, not only to induce
expression of p21Waf1 for G1 arrest and BAX and PUMA for apoptosis
but also XPC and XPE to enhance nucleotide excision repair (NER) of
certain forms of DNA damage (62). ATR may phosphorylate XPA
(56) to enhance NER in S phase cells (63). When activated by IR-
induced DNA damage, ATM phosphorylates KAP-1 to enhance the
repair of DNA dsb in heterochromatin (64). Thus, checkpoint signal-
ing not only provides more time for DNA repair but also enhances or
stimulates repair.

A full discussion of the field of cell cycle checkpoints is beyond the
scope of this review and the reader is referred to other excellent
reviews for primary references (62,65–68). Here the focus will be on

a selected subtype of DNA damage checkpoint, the intra-S checkpoint
response to UVC-induced DNA damage, that includes cyclobutane-
type pyrimidine dimers (CPD) and [6-4]pyrimidine-pyrimidone (6-
4PP) photoproducts in DNA as the principal forms of DNA damage.

Why study the effects of ultraviolet radiation on DNA replication?

Analysis of the mechanisms of chemical carcinogenesis in rat liver
indicated that the combination of DNA damage and cell proliferation
was essential; induction of DNA damage in quiescent hepatic tissue
was without carcinogenic effect and hepatocyte proliferation alone
did not induce liver cancer (69). In contrast, the combination of a sin-
gle treatment with a chemical carcinogen during the phase of active
cell division after a two-thirds partial hepatectomy produced liver
cancer in a significant number of treated animals (70–72). The timing
of the treatment with carcinogen was also important as hepatocytes
appeared to display greatest risk of carcinogenesis at the time of DNA
synthesis. Proliferating hepatocytes before or after the peak of DNA
synthesis appeared to be less susceptible to carcinogenesis than hep-
atocytes during the peak of DNA synthesis. As the carcinogens that
were used were direct acting and not influenced by variation in met-
abolic function after partial hepatectomy, it was concluded that
replication of carcinogen-damaged DNA was required for initiation
of carcinogenesis, and DNA repair before DNA replication reduced
hepatocyte risk of initiation (Figure 1).

Analysis of carcinogenesis using human skin fibroblast cultures
reached similar conclusions concerning the sensitivity of S phase cells

Table I. Human cell cycle checkpoint genes

53BP1 (11), BRCT repeat-containing protein
that mediates responses to DNA dsb

Chk2 (12), non-essential checkpoint kinase
that phosphorylates Cdc25 and p53

Plk1 (13), mitotic protein kinase that mediates
recovery from G2 checkpoint

ATM (10), non-essential checkpoint kinase
that is activated by DNA dsb and changes
in chromatin

Claspin (14), Chk1- and Tim-associated check-
point mediator

PP2A (15), phosphatase that regulates check-
point kinase activity

Abraxas (16), chaperone that with Rap80
brings BRCA1 to sites of DNA dsb

DNA-PK (17), non-essential protein kinase
that is required for repair of DNA dsb by
non-homologous end joining

PPM1D (18), p53-transactivated phosphatase
that regulates checkpoint kinase activity

ATF2 (19), transcription factor in AP1 hetero-
dimers that mediates ATM-dependent intra-
S checkpoint

FAAP24 (20), with FANCM regulates FA com-
plex loading on chromatin and mediates
ATR/Chk1 signaling

Rad1 (21), member of 9-1-1 checkpoint clamp

ATR (22), essential checkpoint kinase that is
activated by stalled replication forks

FANCM (20), DNA translocase that mediates
ATR/Chk1 signaling

Rad17 (23), in complex with RFC2–5, loads 9-
1-1 checkpoint clamp around DNA

ATRIP (24), ATR-interacting protein that binds
RPA to bring ATR to stalled forks

H2AX (25), minor histone variant that or-
ganizes repair of DNA dsb

Rad18 (26), with Rad6 forms ubiquitin ligase
that modifies PCNA

BACH1 (27), BRCA1-associated factor that
mediates intra-S checkpoint response to IR

HCLK2 (28), circadian clock gene that regu-
lates ATR expression

Rad50 (29), member of MRN complex that
processes DNA dsb for repair and check-
point activation

BARD1 (30), cofactor for BRCA1-associated
ubiquitin ligase

HDAC4 (31), histone deacetylase that mediates
checkpoint response

Rad9 (32), member of 9-1-1 checkpoint clamp
that recruits the ATR cofactor TopBP1

BRCA1 (33), checkpoint mediator required for
repair of DNA dsb by homologous recom-
bination

HNF8 (34), ubiquitin ligase that mediates re-
sponses at DNA dsb

Rap80 (16), ubiquitin-binding protein that in-
teracts with abraxas to bring BRCA1 to
DNA dsb

BRIT1/MCPH1 (35), mediator of checkpoint
signaling

Hus1 (36), member of 9-1-1 checkpoint clamp RB (37,38), regulates E2F transcription factors
to control cell division

Bub1 (39), required for spindle assembly
checkpoint

Mad1 (40), required for spindle assembly
checkpoint

SMC1 (41), member of cohesin complex that
mediates intra-S checkpoint

Bub1R (42), required for spindle assembly
checkpoint

Mad2 (40), required for spindle assembly
checkpoint

SMC3 (43), member of cohesin complex that
mediates intra-S checkpoint

Cdc25A (44), phosphatase that activates cyclin-
dependent kinases

MDC1 (45), BRCT repeat containing mediator
of DNA damage checkpoints

Tim (46), member of RFPC that mediates intra-
S checkpoint response to UVC

Cdc25B (47), phosphatase that activates cyclin-
dependent kinases

MRE11 (29), member of MRN complex that
processes DNA dsb for repair and check-
point activation

Tipin (48), member of RFPC that mediates
intra-S checkpoint response to UVC

Cdc25C (49), phosphatase that activates cyclin-
dependent kinases

Myt1 (50), kinase that phosphorylates and in-
activates cyclin-dependent kinases

TopBP1 (51), cofactor for essential ATR
checkpoint kinase

Cep164 (52), mediator of checkpoint signaling Nbs1 (29), member of MRN complex, medi-
ates ATM activation

Wee1 (50), protein kinase that inhibits cyclin-
dependent kinases

Chk1 (53), essential checkpoint kinase required
for UVC-induced intra-S checkpoint

P53 (54), transcriptional activator and repres-
sor that regulates checkpoint responses in
trans

XPA (55), NER protein that mediates Chk1
activation

Genes that have been shown to regulate or influence cell cycle checkpoint responses in human cells.
BRCT, BRCA1 carboxy terminus; MRN, MRE11/Rad50/NBS1 complex.
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(73). For example, treatment with UVC at the time of entry of syn-
chronized fibroblasts into S induced more mutations (74), chromo-
somal aberrations (60) and cellular transformation (75) than treatment
early in the pre-replicative phase of growth or after completion of
DNA synthesis. It appears that the S phase cell is the target of UVC
carcinogenesis. Thus, it is important to understand how S phase cells
respond to UVC-induced DNA damage.

UVC treatment inhibits DNA replication in S phase cells and delays
progression through S phase (76). The inhibition of DNA replication
is dose dependent, with increasing doses of DNA damage producing
greater inhibitions of DNA synthesis (77). The recovery of DNA
replication after UVC irradiation is also dose dependent. The greater
the dose of DNA damage the longer that DNA replication is inhibited.
UVC inhibits DNA synthesis by effects on two components of DNA
replication, the rate of replicon initiation to generate active replication
forks and the rate of DNA chain elongation in active replicons (78,79).
The responses of human fibroblasts to UVC-induced DNA damage
are not unique but rather are quite similar to responses produced by
the chemical carcinogen, benzo[a]pyrene diolepoxide I (BPDE).
Treatment with UVC or BPDE produced similar effects on DNA
replication, with low doses inhibiting replicon initiation and higher
doses inhibiting DNA chain elongation in active replicons (80,81). As
the responses to UVC are similar to the responses to the chemical
carcinogen, it appears that human fibroblasts display a stereotypic
response to DNA damage. Thus, analysis of the specific effects of
UVC on DNA replication in diploid skin fibroblasts may reveal details
that are generally true for proliferating human cells in many tissues
after exposure to a variety of environmental carcinogens. As replica-
tion of damaged DNA appears to be required to initiate carcinogen-
esis, the response of S phase cells to UVC-damaged DNA may
provide clues to how environmental carcinogens cause cancer.

The intra-S checkpoint response to UVC-induced DNA damage

The phenomenon of intra-S checkpoint response to UVC was first
recognized 30 years ago when the method of velocity sedimentation
was applied to analysis of DNA replication in UVC-damaged diploid
human fibroblasts and the HeLa cervical carcinoma cell line (79). The
method involves separation of nascent DNA molecules according to
size in alkaline sucrose gradients. A brief pulse of labeling with
tritiated (3H)-thymidine added a radioactive tag to the growing ends
of nascent DNA molecules in S phase cells. After separation by sed-
imentation in alkaline sucrose gradients, the labeled DNA molecules
displayed a broad distribution of sizes, with a peak at �2 � 107 Da

and a shoulder extending up to 2 � 108 Da, the limit of resolution of
the gradients. Pulse-chase experiments showed that the sizes of the
nascent molecules corresponded to their age. The smaller molecules
originated in replicons that initiated DNA synthesis during the pulse
with 3H-thymidine, and these small molecules grew with time to
larger sizes by chain elongation and merging between adjacent repli-
cons (78). A precursor–product relationship was evident with the
smaller molecules of about half the average replicon size being pre-
cursors to larger multi-replicon-size intermediates. Although increas-
ing times of incubation with 3H-thymidine produced increasing
amounts of radioactivity in DNA, there was a period of incubation
of 3–15 min when the size distribution of the labeled nascent DNA
molecules did not change. Thus, a 10–15 min pulse revealed a steady-
state distribution of nascent DNA molecules. By varying the dose
of UVC and the time between UV irradiation and the pulse with
3H-thymidine, it was possible to describe changes in the steady-state
distribution of nascent DNA as induced by UVC irradiation (78).

When HeLa cells or diploid fibroblasts were exposed to a graded
series of fluences of UVC ranging from one that was sublethal without
effect on colony formation efficiency to one that was twice the mean
lethal dose and then incubated for 30 min before the pulse with
3H-thymidine, several changes in the steady-state distribution of
nascent DNA molecules were evident (Figure 2). Low sublethal doses
of UVC produced a selective inhibition of DNA synthesis in low-
molecular weight intermediates that initiated DNA synthesis during
or soon before the pulse labeling. Whereas synthesis of molecules of
half the average replicon size was reduced by �50% after 1 J/m2

UVC, synthesis of multi-replicon-size intermediates was not inhibited
after this low dose of UVC. However, after fluences .1 J/m2, there

Fig. 1. Cell cycle-dependent initiation of carcinogenesis. Replication of
damaged DNA is required to induce mutations and chromosomal aberrations
as permanent heritable changes in the genome that can initiate
carcinogenesis. Repair of DNA damage before DNA replication reduces the
frequencies of mutations and chromosomal aberrations and thereby reduces
the risk of initiation of carcinogenesis.

Fig. 2. Velocity sedimentation analysis of intermediates of DNA replication
in UV-damaged human fibroblasts. The velocity sedimentation method
involves separating 3H-thymidine-labeled nascent DNA molecules according
to size by sedimentation in alkaline sucrose gradients. Incorporation of
3H-thymidine is normalized to DNA content, so profiles represent the
specific activities of DNA synthesis in various size classes of nascent DNA.
DNA size is a measure in part of replicon age. Cells were incubated with
3H-thymidine for 15 min beginning 30 min after sham or UV treatment.
Sedimentation was from right to left. The peak of 3H radioactivity at
fractions 16 and 17 in the no-UV control corresponds to nascent molecules of
about half the average replicon size (2 � 107 Da) that initiated synthesis after
the sham treatment. The selective inhibition of DNA synthesis in half-
replicon-size intermediates seen 30 min after 0.5 or 1 J/m2 reflects the
inhibition of replicon initiation. The inhibition of DNA synthesis in multi-
replicon-size intermediates (fractions 5–12) reflects the UV dose-dependent
inhibition of DNA chain elongation in replicons that had initiated synthesis
before UV treatment. Note the abnormally small nascent intermediates that
appear in fractions 18–21 after 5 and 10 J/m2. These probably arise by DNA
synthesis between sites of UV-induced DNA damage.
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occurred a dose-dependent inhibition of DNA synthesis in the multi-
replicon-size intermediates that had initiated DNA synthesis before
the treatment with UVC. With higher doses of UVC that produced
a severe inhibition of synthesis in the large multi-replicon-size inter-
mediates, there appeared a new class of abnormally small nascent
intermediates between the sizes of Okazaki fragments and newly
initiated replicons. The sedimentation of these abnormally small in-
termediates overlapped with the position of sedimentation of newly
initiated replicons, partially obscuring the inhibition of the newly
initiated replicons seen at lower doses. UVC-induced DNA damage,
therefore, was found to produce in normal fibroblasts and the HeLa
cancer cell line a complex but reproducible pattern of inhibition of
DNA synthesis that varied considerably according to dose (78,79).

As fibroblasts were examined further, the pattern of response to
UVC also varied considerably according to the time after irradiation
when the pulse with 3H-thymidine was applied (78). When cells were
incubated for varying times after 0.8 J/m2, it was found that the in-
hibition of DNA synthesis spread between 30 and 90 min to include
multi-replicon-size intermediates. This phenomenology was identical
to that reported previously for HeLa cells that had been damaged with
IR (82), and this selective inhibition of DNA synthesis in low-
molecular weight intermediates that spread with time to include larger
intermediates was attributed to an inhibition of replicon initiation.

The mechanism of inhibition of replicon initiation was unknown in
the 1980s. It had initially been hypothesized that DNA strand breaks
generated during NER triggered the response to UVC by relaxing
DNA supercoils (83). However, NER-defective xeroderma pigmento-
sum (XP) cells also displayed the inhibition of replicon initiation,
indicating that excision repair was not responsible (78). Indeed, XP
cells displayed a longer lasting inhibition of replicon initiation.
Whereas normal cells had recovered their rate of replicon initiation
to 80% of control by 90 min after UVC irradiation, NER-defective XP
cells did not recover replicon initiation even after 240 min. Because
the dose of UVC that selectively inhibited replicon initiation by 50%
produced �1 CPD per replicon, it was conceivable that encounter of
replication forks with such dimers might be responsible for the effect.
As will be discussed below, it appears that the encounter of replication
forks with the 6-4PP photoproduct triggers the intra-S checkpoint
response to inhibit replicon initiation.

As mentioned earlier, incrementally higher fluencies of UVC that
inactivate colony formation by 20–70% produced additional changes
in the sedimentation profiles of nascent DNA. There was a dose-
dependent inhibition of DNA synthesis in multi-replicon-size inter-
mediates and development of a new species of nascent DNA with
abnormally small size. Studies at the time had shown that replicative
DNA polymerases were blocked at sites in template strands of the
most abundant UVC-induced photoproduct, the CPD (84). The veloc-
ity sedimentation phenomenology was interpreted to indicate that
UVC-induced DNA damage blocked DNA chain elongation by
DNA polymerase at active DNA replication forks and that initiation
of DNA synthesis beyond the sites of blockage generated nascent
molecules of abnormally small size. NER-defective XP cells dis-
played greater than normal sensitivity to inhibition of DNA chain
elongation by UVC, indicating that repair of DNA damage before
DNA replication was protective.

NER-proficient XP variant cells displayed even greater hypersen-
sitivity to inhibition of DNA chain elongation by UVC than NER-
defective XP cells and excessive production of the abnormally small
nascent intermediates. XP variant cells were known to display a defect
in replication of UVC-damaged DNA templates (85). We concluded
at the time that an abundant UVC-induced DNA photoproduct in-
hibited DNA synthesis in XP variant cells but not in normal fibroblasts
(78). We now know that XP variant cells have mutations that inacti-
vate DNA pol eta (86,87) and this DNA polymerase is capable of
holding a template thymine–thymine CPD in its active site and
incorporating adenosine monophosphate into nascent DNA strands
opposite the CPD by translesion synthesis (TLS) (88). Rad6- and
Rad18-dependent ubiquitylation of PCNA appears to recruit the trans-
lesion DNA polymerases pol eta and pol iota to sites of DNA replica-

tion to permit rapid bypass of CPDs (89,90). XP variant cells lacking
expression of DNA pol eta must rely upon some other mechanism for
bypass of UVC-induced CPDs. This alternative bypass mechanism is
more mutagenic than TLS by DNA pol eta, and so XP variant cells
display enhanced mutagenesis after treatment with UVC (91–93). A
recent study suggests that DNA pol iota may contribute to mutagenic
TLS in XP variant cells (94). Failure to bypass the thymine–thymine
CPDs in the XP variant cells also was associated with severely delayed
recovery of replicon initiation after treatment with low UVC fluencies
(76,78). Thus, blockage of DNA chain elongation by thymine–thymine
CPDs produced in XP variant cells a long-lived signal to inhibit the
initiation of DNA synthesis at origins of replication.

Role of ATM, ATR and Chk1 in the intra-S checkpoint response to
UVC

With the discovery that AT cells were defective in the inhibition of
replicon initiation in response to IR-induced DNA damage, Painter
(95) examined the response of an AT fibroblast line to UVC-induced
DNA damage. The AT cells displayed less inhibition of replicon
initiation after a low fluence of UVC than the normal control line,
and so a conclusion was reached that AT cells also were unable to
inhibit replicon initiation in response to UVC-induced DNA damage.
This result did not at first glance seem unreasonable. Although AT
cells do not display hypersensitivity to UVC-induced cytotoxicity,
they do display severe hypersensitivity to UVC-induced chromosomal
aberrations. In two separate studies, AT fibroblasts displayed �10
times more chromosomal aberrations after UVC treatment than nor-
mal fibroblasts (59,60). The cytotoxic lesion that is induced by UVC
appears to be DNA photoproducts that block RNA transcription, as
human cells in S phase are not noticeably more sensitive than cells in
G1 or G2 (74). This is not true for induction of mutations and chro-
mosomal aberrations, for which human cells are much more sensitive
when in S than in G1 or G2. Thus, it seemed reasonable that AT cells
were defective in the intra-S checkpoint response to UVC-induced
DNA damage.

When ATM was cloned as the gene that is mutated in AT, analysis of
the biochemistry of its gene product, the ATM protein, showed that it
was activated as a protein kinase in cells with IR-induced DNA dsb,
but not in cells with UVC-induced DNA damage (96). Then we found
that two human fibroblast lines that were immortalized by transfor-
mation with SV40 virus or transduction of SV40 large T antigen
displayed an inability to inhibit replicon initiation after treatment with
UVC or IR (97). As Painter’s prior analysis was done with an SV40-
transformed AT fibroblast line, it was conceivable that the failure to
inhibit replicon initiation after UVC was due to SV40 transformation
and not derivation from an AT patient. A difficulty in working with AT
fibroblasts in culture is their limited in vitro proliferative lifespan and
low S phase fraction. This is one reason that the SV40-transformed AT
fibroblast line was used. However, because SV40 transformation
forces cells through a phase of crisis with severe chromosomal dam-
age prior to establishment of the immortal line, the immortal lines that
emerge from crisis may express idiosyncratic biology secondary to
the chromosomal damage. With the discovery and cloning of the
human telomerase reverse transcriptase (98,99), a much more efficient
method for immortalization of human fibroblasts was available (100).

While human telomerase reverse transcriptase-expressing AT, AT-
LD and NBS fibroblasts all were defective for the inhibition of repli-
con initiation after IR, as expected, these lines displayed an effective
response after UVC (101). Thus, ATM, MRE-11 and NBS1 were not
required for the inhibition of replicon initiation by UVC-induced
DNA damage, casting serious doubt on the hypothesis that ATM
enforced the response. ATR was found to be required. The U2OS
human fibrosarcoma line that over-expressed kinase-active ATR dis-
played the selective inhibition of replicon initiation after a low dose of
UVC; in contrast, U2OS cells that over-expressed a kinase-inactive
ATR did not (101). Similarly, whereas over-expression of a kinase-
active Chk1 allele in U2OS cells severely inhibited DNA replication,
over-expression of a kinase-inactive Chk1 allele did not inhibit DNA
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replication and severely attenuated the UVC-induced inhibition of
replicon initiation. Further evidence for the requirement for Chk1 in
the response was its reversal in normal and AT fibroblasts by the Chk1
inhibitor UCN-01. UVC-induced DNA damage was shown to activate
Chk1 through phosphorylation of ser317 and ser345 in Chk1 by ATR.
Contemporaneous studies by Miao et al. (102) also concluded that
Chk1 was required for the intra-S checkpoint response to UVC. Later
studies using siRNA-mediated depletion of ATR and Chk1 in HeLa
cells confirmed the requirements for ATR and Chk1 in the intra-S
checkpoint response to UVC (103). These studies, therefore, defined
an ATM-independent intra-S checkpoint response to UVC-induced
DNA damage in human cells that appeared to operate through an
ATR–Chk1 signaling pathway.

Downstream effectors of intra-S checkpoint signaling

The intra-S checkpoint response to IR-induced DNA dsb requires
ATM, MRE-11 and NBS1 and appears to signal through apparently
two separate branches to inhibit replicon initiation (41,104). One
branch involves activation of Chk1 and Chk2 kinases that phosphor-
ylate Cdc25A to induce its proteolytic degradation (44,105). The
second branch involves signaling through the cohesin subunits,
Smc1 and Smc3, by phosphorylation of serine’s 957 and 966 in
Smc1 and serine 1083 in Smc3 by ATM (41,43,104,106).

Cyclin E/Cdk2 appears to be required for replicon initiation
(44,107,108). Phosphorylation of tyrosine 15 in Cdk2 blocks ATP
binding and inhibits kinase activity. Human Cdk2 is regulated in part
through phosphorylation at tyr15 by Wee1 (109,110). Cdc25A is a
tyrosine phosphatase that removes the inhibitory phosphate on tyr15
in Cdk2. Because activation of Cdk2 requires dephosphorylation of
tyr15 by Cdc25A, checkpoint-dependent proteolysis of Cdc25A rep-
resents an effective mechanism to inhibit Cdk2. Thus, ATM enforces
two mechanisms to inhibit Cdk2 in response to IR. ATM-dependent
phosphorylation and activation of p53 leads to induction of the cyclin-
dependent kinase inhibitor p21Waf1 as a slow but principal effector of
the G1 checkpoint response to IR (109). ATM-dependent, but p53-
independent, phosphorylation and activation of Chk1 and Chk2 lead
to phosphorylation and proteolysis of Cdc25A, as a rapid effector of
the intra-S checkpoint response to IR.

A second arm of the ATM-dependent intra-S checkpoint response
proceeds through the cohesin subunits, Smc1 and Smc3 (41,43,106).
Smc1 forms a heterotetrameric complex with Smc3, Scc1 and SA1 or
SA2 to form cohesin, a ring-like protein complex that can envelop two
DNA duplexes and is loaded onto nascent DNA during DNA replica-
tion (111). Cohesion between daughter duplexes as enforced by
cohesin appears to enhance recombinational repair of DNA dsb
(112,113). It is thought that cohesion maintains daughter duplexes
in spatial proximity and sequence alignment, so that when dsb occur
in one chromatid the other undamaged chromatid is properly spaced
and aligned to facilitate error-free recombinational repair of the
double-strand break. Smc1- and Smc3-defective cells display an
attenuation of the intra-S checkpoint response to IR (41,43,106),
although the mechanism by which cohesin contributes to the intra-S
checkpoint remains to be determined.

Although ATM did not appear to be required for the intra-S check-
point response to UVC, it was conceivable that the signal from ATR
passed directly to Smc1 and to Cdc25A through Chk1, and therefore
the terminal phase of the UV checkpoint signaling pathway overlap-
ped with the ATM-dependent intra-S checkpoint response to IR. A
supralethal fluence of 50 J/m2 of UVC had been shown to induce the
proteolysis of Cdc25A (44) and ATM-independent phosphorylation of
Smc1 (106). Thus, it was conceivable that UVC produced the same
effects on Smc1 and Cdc25A as IR when triggering the intra-S check-
point. Timothy Heffernan set out to test a hypothesis that low fluences
of UVC produce the selective inhibition of replicon initiation by pro-
teolysis of Cdc25A and inhibition of cyclin E/Cdk2 (114). Dose–
response studies showed that a 1 J/m2 fluence of UVC sufficient to
inhibit replicon initiation by 50% had no effect on Cdc25A protein
expression, and fluences .8 J/m2 were needed to produce a reduction

in Cdc25A protein. Chemical inhibition of Cdc25A proteolysis
reversed the IR-induced intra-S checkpoint response but not the
UVC-induced response, supporting a conclusion that Cdc25A prote-
olysis is not required for the intra-S checkpoint response to UVC.
Consistent with the biochemical analysis of Cdc25A, treatment with
IR caused a 50% reduction in cyclin E/Cdk2 kinase activity, whereas
treatment with UVC did not inhibit cyclin E/Cdk2. Finally, whereas 5
Gy of IR produced a clear signal of phosphorylation of Smc1, 1 J/m2

of UVC did not induce detectable phosphorylation of Smc1. These
results indicate that the ATR–Chk1 signaling pathway that inhibits
replicon initiation in UVC-damaged diploid human fibroblasts does
not converge on the Cdc25A–Cdk2 and Smc1 regulatory circuits
that are used by the ATM-dependent signaling pathway in response
to IR-induced DNA damage (114).

The target of Chk1 signaling in the intra-S checkpoint response to
UVC remains to be determined. Replicon initiation requires two
protein kinases, cyclin E/Cdk2 and Dbf4/Cdc7, which may act se-
quentially to activate the replication complex at replicon origins
(115–117). Whereas DNA damage caused the Dbf4–Cdc7 complex
to dissociate in Xenopus egg extracts (118) and Abl-transformed
leukemic cells (119), no evidence for dissociation of the complex
was observed in UVC-damaged diploid human fibroblasts (114) or
in etoposide- or hydroxyurea-treated HeLa cells (120). Some involve-
ment of the Dbf4–Cdc7 complex in the response to UVC was sug-
gested by the result that over-expression of Flag- or Myc-tagged Dbf4
reversed the intra-S checkpoint response to UVC, but not IR. This
reversal of the checkpoint response was not associated with reversal of
Chk1 activation by ATR, and so it was concluded that the over-
expression of Dbf4 acted downstream of Chk1 to attenuate checkpoint
signaling (114). As mentioned earlier, the chemical carcinogen BPDE
triggers an intra-S checkpoint response that is similar to that provoked
by UVC (80). Studies of the Chk1-dependent intra-S checkpoint
response to BPDE indicated that Cdc45 binding to chromatin was
reduced during the response (121). As Cdc45 and the GINS complex
appears to be cofactors for the MCM helicase (122), reduction in
Cdc45 association with the MCM helicase may reduce the efficiency
of initiation of DNA replication at replicon origins. Dbf4/Cdc7 kinase
phosphorylates MCM proteins and creates binding sites for GINS
proteins and Cdc45 (116). The ATR–Chk1 checkpoint signaling path-
way appears to act to reduce the content of Cdc45 on chromatin, and
should this reduction affect the interaction Cdc45 with the MCM
helicase complex, it could represent an effective mechanism for in-
hibiting replicon initiation. If the replicative helicase cannot denature
template strands at origins of replication, replication forks are not
generated and replicons are not initiated.

Two technologies have considerably enhanced efforts to elucidate
the mechanisms of intra-S checkpoint response to UVC, siRNA-
mediated protein depletion and fluorescence labeling of spread
DNA fibers. siRNA-mediated protein depletion allows the selective
removal of protein species by targeting mRNA stability and trans-
lation. It is possible now to deplete diploid human fibroblasts of most
proteins of interest and determine the effect of protein depletion on the
intra-S checkpoint response to UVC. Halogenated precursors for
DNA synthesis that are incorporated into nascent DNA strands can
be labeled with fluorescent antibodies after nuclear DNA is stripped of
protein and spread on a glass slide. By incubating cells with different
DNA precursors before and after treatment with UVC, fiber tracks are
visualized that correspond to replicons that synthesized DNA before
and after the UVC treatment. By counting the tracks that are labeled
before, during or after the UVC treatment and measuring the lengths
of the labeled tracks, it is possible to quantify replicon initiations and
terminations, as well as rates of DNA chain elongation. These meth-
ods have led to the discoveries of new mediators of UVC-induced
intra-S checkpoint response and the mechanisms of inhibition of DNA
synthesis by the checkpoint.

The DNA fiber-spreading method was first used to show that treat-
ment with IR caused HeLa cells to slow their rate of replicon initia-
tion. When treatment with IR was done between the time of labeling
with iodo-deoxyuridine given first and chloro-deoxyuridine (CldU)
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given second, it was found that the treatment with IR reduced the
relative proportion of tracks that were labeled exclusively with the
post-IR DNA precursor CldU (123). As tracks that contained CldU
only originated in replicons that initiated synthesis after treatment
with IR, the result showed that IR caused an inhibition of replicon
initiation. Treatment with the alkylating agent MMS, that had been
shown previously to cause an inhibition of replicon initiation (124),
also produced a reduction in CldU-only tracks (123). We compared
fiber spreading and velocity sedimentation in UVC-damaged HeLa
cells (103). In control cells that were treated with an siRNA to firefly
luciferase, that does not appear to target a human protein, a low dose
of UVC caused �50% reduction in the rate of replicon initiation as
measured by velocity sedimentation analysis. The same treatment
reduced the proportion of tracks that were labeled only with the
post-UVC precursor by an average of 64%. Depletion of ATR and
Chk1 protein expression by transduction of siRNA reversed the in-
hibition of replicon initiation as measured by both methods. Thus, the
two methods of analysis of replicon initiation yielded comparable
results and confirmed the requirement for ATR and Chk1 in the
intra-S checkpoint response to UVC. The fiber-spreading method also
revealed new information about the mechanisms of intra-S checkpoint
function as will now be described.

A replication fork protection complex mediates the intra-S checkpoint
response to UVC

As mentioned previously, new components of checkpoint signaling
pathways continue to be discovered and recent studies have identified
three proteins, claspin, Tim and Tipin, that mediate the activation of
Chk1 by ATR at stalled DNA replication forks. Orthologues and
analogs of these proteins in yeast species mediate DNA damage
checkpoint signaling and were termed the replication fork protection
complex (RFPC) (125). Note that in yeast cells, signaling from sites of
stalled DNA replication forks not only inhibits initiation of late-firing
replicons but also stabilizes DNA replication forks against demise or
collapse (126). The essential function of the DNA damage checkpoint
in yeast cells is to stabilize stalled replication forks (126), and it is
possible that in humans a similar RFPC mediates the essential func-
tions of ATR and Chk1 to stabilize stalled replication forks. Tim and
Tipin form a self-stabilizing heterodimeric complex in vertebrate cells
that can interact with claspin, Chk1, RPA, MCM2, ATR-interacting
protein (ATRIP) and DNA pol delta (48,127–131). Based on studies
of claspin, Tim and Tipin proteins in vertebrate cells, the term, RFPC,
is appropriately descriptive of their function. The RFPC appears to be
well placed to mediate activation of Chk1 at stalled DNA replication
forks.

Claspin is a checkpoint protein that was first cloned based on its
physical association with Chk1 (132). Depletion of claspin from
human cells attenuated Chk1 activation in response to replication
stress and DNA damage and attenuated the inhibition of DNA synthe-
sis induced by UVC (14,133). We have found that depletion of claspin
in diploid human fibroblasts attenuated Chk1 activation in response to
a low dose of UVC by .50% (S.Smith-Roe, M.Cordeiro-Stone and
W.K.Kaufmann, unpublished data). Thus, claspin appears to be one
mediator of ATR phosphorylation of Chk1.
Timeless (Tim) was discovered as a fly gene that regulates the

circadian clock (134,135). However, it also has homology to yeast
proteins that participate in the DNA damage checkpoint response
(128). Knockout of the Tim ortholog in mice was embryo lethal,
suggesting that the Tim protein is essential (136). SiRNA-mediated
depletion of Tim in mouse fibroblasts was associated with signifi-
cantly increased frequencies of chromosomal aberrations and sister
chromatid exchanges, suggesting that essential function of Tim is to
stabilize the genome against lethal chromosomal damage (137). Tim
was found to interact with Chk1 and ATRIP in human cells and this
interaction was stimulated after treatment with UVC (46). Human
Tim was also shown to interact with claspin, MCM2 and DNA pol
delta (128), suggesting that Tim might couple the DNA growing point
to the replicative helicase. Depletion of Tim expression in HeLa cells

attenuated the intra-S checkpoint response to UVC and attenuated the
activation of Chk1 in response to replication stress or UVC damage,
indicating that Tim was a mediator of ATR phosphorylation of Chk1
and intra-S checkpoint response to UVC (46). Although studies with
mammalian cells to date have not reported an effect of Tim depletion
on sister chromatid cohesion, depletion of Tim in Caenorhabditis
elegans caused defective loading of cohesin subunits on chromatin
and premature centromeric separation (138). We have observed a sim-
ilar phenotype of premature centromeric separation in Tim-depleted
human fibroblasts (Smith-Roe, Cordeiro-Stone and Kaufmann, un-
published data).

A plausible mechanism whereby Tim might mediate Chk1 phos-
phorylation was identified with the discovery that Tim forms a self-
stabilizing heterodimeric complex with Timeless-interacting protein
(Tipin) (127). Depletion of Tim or Tipin by siRNA causes the partner
in the complex also to be depleted (48,129,130), implying that each
protein is required to stabilize its partner in the dimeric complex. It
appears that the complex of Tim and Tipin is responsible for the
mediation of Chk1 activation and intra-S checkpoint response to
UVC, as depletion of either Tim or Tipin reversed the intra-S check-
point response to UVC (48,128). Tipin also appears to be required
to stabilize stalled DNA replication forks as depletion of Tipin in
Xenopus egg extracts reduced the ability of replication forks to restart
after they were stalled by incubation with the DNA polymerase in-
hibitor aphidicolin (131). Tipin was found to contain a domain that is
homologous to a domain in the NER factor XPA that interacts with
RPA. Tipin was shown to interact with RPA in HeLa cells and RPA
promoted Tipin binding to DNA in an electrophoretic mobility shift
assay in vitro (48). Tipin also promoted claspin loading on chromatin
in Xenopus egg extracts (131). Tipin’s role in the RFPC may be to
bring Tim, claspin and Chk1 to stalled replication forks via its in-
teraction with RPA. As activated Chk1 appears to diffuse freely
through the nucleus (139), a RFPC composed of Tim, Tipin and
claspin may increase the local concentration of Chk1 at stalled repli-
cation forks, thereby increasing the probability that Chk1 is phosphor-
ylated and activated by ATR.

The intra-S checkpoint regulates replicon initiation and DNA chain
elongation

Analysis of spread DNA fibers revealed an unexpected separation of
Tim and Tipin function (48). Whereas depletion of either protein
prevented the UVC-induced inhibition of new origin firing, the deple-
tions had significantly different effects on DNA chain elongation in
active replicons. Depletion of Tim inhibited DNA chain elongation by
�50% in cells that had not been treated with UVC. Fiber tracks were
shorter than in the control cells that had been transduced with non-
targeting control siRNA. In contrast, the lengths of fiber tracks in
Tipin-depleted cells were not significantly reduced relative to the
non-targeted control. These results were interpreted to indicate that
Tim protein is required for normal rates of DNA chain elongation,
similar to recent studies showing that rates of DNA chain elongation
are reduced by �50% in Chk1- and claspin-depleted cells (140,141).
A low level of Chk1 signaling appears to be required to sustain normal
rates of DNA chain elongation, and Tim and claspin may mediate this
signaling. Because siRNA-mediated depletion of Tipin was associ-
ated with reduced expression of Tim but depletion of Tipin did not
inhibit DNA chain elongation, it was proposed that residual Tipin may
enforce the inhibition of DNA chain elongation in Tim-depleted cells
(48). Given the interaction of Tipin with RPA, it is conceivable that
residual Tipin outside of a complex with Tim could slow DNA syn-
thesis by DNA polymerases.

As mentioned previously, UVC-induced DNA damage may block
the replicative DNA polymerases producing a passive inhibition of
DNA chain elongation. Analysis of the sizes of DNA fiber tracks that
were labeled after a low dose of UVC revealed that DNA chain
elongation was inhibited by UVC. Fiber tracks that were synthesized
after treatment with 2.5 J/m2 were 50% of the size of tracks that were
synthesized after a sham irradiation (no treatment with UVC but with
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the same experimental manipulations used for UVC treatment) (48).
A previous velocity sedimentation analysis of UVC-treated HeLa
cells indicated that 2.6 J/m2 inhibited DNA chain elongation by
�30%, a reasonable correspondence between the two methods (79).
However, in Tipin-depleted cells, the UVC treatment inhibited DNA
chain elongation by only 10%, and this value was significantly less
than that measured in the non-targeted control (48). Thus, it appeared
that the inhibition of DNA chain elongation after treatment with a low
dose of UVC was an active process that required the presence of the
checkpoint mediator protein Tipin. Because depletion of Tipin’s part-
ner protein Tim reduced DNA chain elongation in un-irradiated cells,
it was not possible to conclude that Tim was required for the UVC-
induced inhibition of DNA chain elongation. This study revealed
a second component of the intra-S checkpoint response to UVC,
active inhibition of DNA chain elongation. Cells sense the presence
of DNA damage in template strands to activate a signaling pathway
that not only slows the rate of initiation of DNA synthesis at replicon
origins but also slows the rate of DNA chain elongation in already
active replicons.

Several other studies support that concept that the intra-S check-
point has a dual function to inhibit both replicon initiation and DNA
chain elongation. Painter and Young (6) first showed using velocity
sedimentation analysis that IR produced an inhibition of DNA chain
elongation and replicon initiation; AT cells displayed less inhibition
of both arms of the response. Wang et al. (142) studied the effects on
DNA replication of Hus1, a component of the Rad9-Rad1-Hus1 (9-1-
1) checkpoint clamp. Because knockout of Hus1 caused a p53-
dependent growth arrest, the effector of p53-dependent G1 checkpoint
function, p21Waf1, also had to be deleted. Cells from p21Waf1 knockout
mice displayed an effective intra-S checkpoint response to IR and the
topoisomerase I inhibitor camptothecin, which induces replication-
dependent DNA dsb. High doses of IR and camptothecin also pro-
duced a severe inhibition of DNA chain elongation in p21Waf1 null
cells as measured using velocity sedimentation analysis. In contrast,
the same treatments produced significantly less inhibition of DNA
chain elongation in Hus1 null/p21Waf1 null cells. The results indicated
that Hus1 was required for the inhibition of DNA chain elongation in
IR- and camptothecin-treated cells. Note that Hus1 has also been
shown to be required for the inhibition of DNA synthesis that follows
treatment with a low dose of UVC or BPDE (36). Seiler et al. (143)
studied DNA replication in camptothecin-damaged cells using the
fiber-spreading method. Treatment with camptothecin inhibited
DNA replication by inhibiting both replicon initiation and DNA chain
elongation. Chemical inhibition of Chk1 or siRNA-mediated deple-
tion of Chk1 reversed both inhibitions, indicating that Chk1 trans-
duces checkpoint signals to inhibit replicon initiation and DNA chain
elongation. These several reports now support a hypothesis that the
intra-S checkpoint response to DNA damage includes not only active
inhibition of replicon initiation but also active inhibition of DNA
chain elongation. Not only is it valuable to delay the initiation of
DNA replication to acquire more time for DNA repair before repli-
cation but there is also value in slowing the rate of DNA chain elon-
gation in active replicons, which also provides more time for repair of
DNA damage before it is encountered at replication forks by DNA
polymerase.

The concept that cells may regulate the rate of DNA replication,
changing the speed with which replication forks produce daughter
duplexes, is appealing and, indeed, logical. Given the importance of
DNA replication for the viability of cells and organisms, it is difficult
to conceive of a system in which the rate of replication fork progres-
sion would have only one speed, fully on. A system with only one
speed can replicate DNA with high efficiency in the absence of im-
pediments along template strands, but once impediments are intro-
duced into the system, the ability to regulate the speed of DNA
replication gains considerable value. An appealing hypothesis is that
the MCM–GINS–Cdc45 helicase complex represents the position of
control of DNA chain elongation, with the helicase complex fixed in
space by attachment to the nuclear matrix and daughter template
strands actively extruded from the helicase at a variable rate depend-

ing upon the state of the template duplex. The rate that the helicase
extrudes daughter template strands determines the rate with which
DNA polymerase synthesizes daughter DNA. It may not be coinci-
dental that the current data show similar �50% inhibitions of DNA
chain elongation and replicon initiation after treatment with the low 1
J/m2 dose of UVC. Has the intra-S checkpoint system evolved to
sense the presence of DNA damage and transmit a signal that acts
to inhibit the replicative helicase complex thereby slowing the rate of
replicon initiation as well as the rate of DNA chain elongation?

Which form of UV-induced DNA damage activates the intra-S
checkpoint?

A low dose of UVC (1 J/m2) that produces a 50% inhibition of
replicon initiation yields �1 CPD per 60 kb replicon in diploid human
fibroblasts (78,144). Conceivably, the presence of a CPD in DNA
could be sensed to activate ATR and initiate the signaling pathway.
It was shown that ATR kinase activity was stimulated by UVC-
damaged DNA although the degree of stimulation was only �2-fold
even after a high dose of UVC (145). Studies of the effect of replica-
tion stress on ATR activation have suggested that single-stranded
DNA at stalled replication forks represents a strong stimulus for
ATR phosphorylation of Chk1 (146,147). Soon after discovery of
ATR as an essential checkpoint kinase (knockout mice display
embryo lethality), ATR was shown to exist in a complex with an
associated protein, ATRIP (148). ATRIP appears to be a chaperone
helping to bring the kinase to its substrates. ATRIP has affinity for the
single-stranded DNA binding protein RPA (24) that is required for
DNA replication and repair. Accordingly, when DNA polymerases are
inhibited by depletion of DNA precursors, uncoupling of the helicase
and polymerase components at the replication fork may generate
extended regions of single-stranded template DNA that become
coated with RPA. RPA-coated DNA is a binding site for ATRIP,
thereby bringing ATR to stalled replication forks. Junctions of duplex
and single-stranded DNA appear to recruit an alternative form of the
RFC clamp-loading complex, in which RFC1 is replaced by Rad17
(149). The Rad17–RFC2–5 complex loads the 9-1-1 checkpoint
clamp at the stalled replication fork. Phosphorylation of Rad9 creates
a binding site for TopBP1, an activating cofactor for ATR (32,150).
TopBP1 was shown in a Xenopus cell-free system to stimulate ATR
kinase activity by �100-fold (150), and studies with purified proteins
from human cells show that TopBP1 stimulates ATR phosphorylation
of Chk1 (151).

When a leading-strand DNA polymerase is blocked at a UVC-
induced DNA photoproduct, uncoupling of polymerase and helicase
activities may generate an extended region of single-stranded tem-
plate DNA. This single-stranded DNA was first recognized as S1
nuclease-sensitive sites in nascent DNA in UVC-treated human fibro-
blasts (152). It was also visualized in replicating episomes with a site-
specific CPD (153). The single-stranded DNA and dsDNA–ssDNA
junctions at stalled replication forks attract RPA, Rad17/RFC2–5,
9-1-1, ATR/ATRIP and TopBP1 with the purpose to phosphorylate
and activate Chk1, which then transduces the checkpoint signal
throughout the nucleus. The RFPC of claspin, Tim and Tipin serves
as a mediator of Chk1 phosphorylation. Depletion of any one of the
RFPC proteins can significantly squelch the signal of activated Chk1
in response to stalling of DNA replication forks. Reinforcing inter-
actions among RPA, claspin, Chk1, Tim and Tipin have the effect of
recruiting Chk1 to regions of RPA-coated DNA at stalled replication
forks, bringing the transducer checkpoint kinase Chk1 to the activator
checkpoint kinase ATR. Indeed, Tim interaction with ATRIP and
Chk1 appeared to be enhanced in UVC-damaged cells (46). Once
phosphorylated by ATR, Chk1 rapidly diffuses away from the stalled
fork and throughout the nucleus transmitting the signals to delay
replicon initiation and inhibit DNA chain elongation in active repli-
cons. This model recognizes two contributions to the inhibition of
DNA chain elongation by UVC-induced DNA damage, an active
checkpoint-mediated response to stalled replication forks and a pas-
sive inhibition by photoproducts in DNA template strands that cannot
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be incorporated into the active sites of replicative DNA polymerases.
By blocking DNA polymerization, UV-induced photoproducts pro-
duce discontinuities in nascent DNA strands that later are removed
either by translesion DNA synthesis or a recombinational bypass
mechanism (154).

Analysis of the kinetics of Chk1 phosphorylation in UVC-damaged
human fibroblasts suggested that CPDs were not the lesion that acti-
vates the intra-S checkpoint (155). After treatment with the moderate
fluence, 6 J/m2, that inhibits DNA chain elongation by 50–70% and
colony formation by �40%, there occurred a burst of Chk1 phosphor-
ylation that was maximal 45–120 min after irradiation. By 6 h after
irradiation, the signal of Chk1 activation had declined to near the
basal levels seen in untreated controls. Quantification of UVC-
induced CPDs and 6-4PPs showed that 80% of the 6-4PPs were
removed from DNA within 3 h after irradiation with 12 J/m2, whereas
.75% of CPDs remained in the DNA. Thus, rapid removal of 6-4PPs
by NER was associated with substantial attenuation of the phospho-
Chk1 signal of active intra-S checkpoint signaling. At a time (6 h post-
UVC) when most of the UVC-induced CPDs still remained in DNA,
the signal of active Chk1 was extinguished. As even more cells are in
S phase 6 h after treatment with 6 J/m2 than in the sham-treated
control, the reduced signal of phospho-Chk1 cannot be attributed to
a reduced fraction of S phase cells. The result implies that the CPDs
that remain in S phase cells do not activate the intra-S checkpoint. It is
conceivable that the switching of the replicative polymerases alpha,
delta and epsilon with polymerase eta at sites of template CPDs oc-
curs so rapidly that insufficient uncoupling of helicase and polymer-
ase occurs to activate the intra-S checkpoint. The 6-4PP photoproduct
cannot be bypassed by polymerase eta alone, bypass requires a more
complicated process of polymerase switching (156–158), and conse-
quently the growing point of nascent DNA may be blocked longer at
a 6-4PP lesion than at a CPD. Polymerase blockage at the 6-4PP
lesions appears to generate sufficient uncoupling from the helicase
to generate the single-stranded DNA that binds RPA and the many
other intra-S checkpoint signaling factors.

The substantial decay in the phospho-Chk1 checkpoint signal seen
6 h after UVC may also define an upper limit for the timing of bypass
of 6-4PPs by translesion DNA polymerases or recombinational
mechanisms (154). Growing points that were blocked by 6-4PPs
soon after UVC irradiation probably are bypassed by 6 h after irra-
diation in order for the signal of phospho-Chk1 to decay to near basal
levels. Alternatively, a phenomenon of checkpoint adaptation
(13,159) may extinguish the phospho-Chk1 signal before bypass of
the 6-4PP has been accomplished. We found that the signal of acti-
vated Chk1 in BPDE-treated human fibroblasts also decayed to base-
line within 6 h after carcinogen challenge (155), consistent with
a report showing rapid repair of BPDE–DNA adducts in human
fibroblasts (160).

A second independent analysis is consistent with a model that
6-4PPs represent the principal fork stalling UV-induced DNA photo-
products. As XP variant cells lack pol eta-dependent TLS across TT
CPDs (and possibly across other CPDs), they display the consequen-
ces of fork stalling at both CPDs and 6-4PPs. Quantification of the
dose kinetics for inhibition of DNA chain elongation demonstrated
that XP variant fibroblasts were three times more sensitive to UVC
irradiation than normal human fibroblasts (144). The implication of
this result is that replication forks stall in normal fibroblasts at one-
third of the template lesions that stall forks in XP variant cells. As 6-
4PPs represent a third of the UV-induced photoproducts, it is possible
that only the 6-4PPs produce a measurable inhibition of DNA chain
elongation (fork stalling) in diploid human fibroblasts.

The conclusion that much of the intra-S checkpoint signaling in
response to UVC-induced damage derives from uncoupling of heli-
case and polymerase activities at template 6-4PPs is at variance with
a study that used photolyase to reverse CPDs in murine dermal fibro-
blasts (161). One output of checkpoint activation is phosphorylation
of H2AX as a sensitive marker not only of DNA dsb (162) but also
stalled DNA replication forks without formation of dsb (163). The
intra-S checkpoint kinase ATR phosphorylates H2AX within the first

2 h after UV irradiation of S phase HeLa cells (164,165) and
diploid human skin fibroblasts and melanocytes (W.K.Kaufmann,
D.A.Simpson and M.Cordeiro-Stone, unpublished data). In murine
diploid skin fibroblasts, phosphorylation of H2AX was slowly in-
duced by UVC treatment being barely detectable at 2 h and not reach-
ing a maximum until 48 h after irradiation (161). This signal was
reduced by 50% by photoreactivation to remove CPDs from DNA.
Thus, persisting CPDs accounted for about half of the phosphorylated
H2AX, with the other half presumably due to some other long-lived
cellular damage. Studies of the kinetics of checkpoint activation and
photoproduct repair in human and murine skin fibroblasts yield highly
divergent results. It is conceivable and indeed likely that mouse fibro-
blasts respond to radiation-induced DNA damage with sensitivities
and kinetics that differ from human fibroblasts. For example, we
found that a dose of IR (0.5 Gy) sufficient to arrest 80% of G1 human
skin fibroblasts behind the ATM- and p53-dependent G1 checkpoint
was unable to arrest mouse skin fibroblasts and 8 Gy of IR was needed
to arrest 60% of G1 mouse skin fibroblasts (166). While murine mod-
els have proven to be of great value in understanding mechanisms of
carcinogenesis, they do not fully replicate human DNA metabolism
nor cell biology.

Checkpoint activation and translesion DNA synthesis. The check-
point activation and polymerase-switching mechanisms at stalled rep-
lication forks appear to be connected. Rad6 and Rad18 form
a ubiquitin ligase complex that mono-ubiquitylates PCNA in response
to UVC-induced DNA damage, and this ubiquitylation of PCNA ap-
pears to be required for pol eta-dependent bypass of CPDs (167,168).
Rad18-dependent PCNA mono-ubiquitylation also may be required
for switching of DNA pol kappa with replicative DNA polymerases
for efficient bypass of BPDE–DNA adducts (26,169). Inactivation of
ATR and Chk1 was found to attenuate mono-ubiquitylation of PCNA
by �50% in H1299 carcinoma cells showing a possible connection
between intra-S checkpoint response to polymerase blockage and
ubiquitin-mediated polymerase switch for efficient bypass of
BPDE–DNA adducts (26). However, ATR was not required for PCNA
ubiquitylation in UVC-treated HeLa cells or SV40-transformed hu-
man fibroblasts (170,171). Chk1 protein, but not catalytic activity,
was required for PCNA ubiquitylation in HeLa cells (170). This phys-
ical requirement for Chk1 protein may be related to its interaction
with claspin as depletion of Chk1 caused depletion of claspin in HeLa
cells (170,172). Because depletion of claspin also reduced PCNA
ubiquitylation (170), it is possible that the requirement for Chk1 is
to stabilize claspin. Whereas Chk1 depletion appeared to reduce
PCNA ubiquitylation through its effect on claspin stability, Tim
depletion also reduced PCNA ubiquitylation independent of an effect
on claspin stability (170). Tim was found to physically interact with
PCNA and claspin (170). Thus, it appears that claspin and Tim both
must be physically present for the Rad6–Rad18 complex to mono-
ubiquitylate PCNA at stalled replication forks. These studies suggest
a tight association between mediators of intra-S checkpoint response
to UVC-induced DNA damage and the Rad6–Rad18 pathway of poly-
merase switch for translesion DNA synthesis.

New developments in S phase DNA damage responses

As technology improves, new tests are applied to old problems, re-
vealing unexpected results. We reported in 1981 that a fibroblast strain
from a patient with XP belonging to complementation group A dis-
played an effective intra-S checkpoint response of inhibition of repli-
con initiation after a low fluence of UVC (173). This result was
interpreted to mean that NER was not required for the inhibition of
replicon initiation. However, it was reported recently that XPA was
required for the recruitment of ATRIP and ATR to nuclear foci and for
rapid activation of Chk1 in response to UVC-induced DNA damage
(55). XPA fibroblasts displayed reduced phosphorylation of Chk1 in
comparison with isogenic XPA-complemented fibroblasts 1 and 2 h
after UVC but not at 4 h. Thus, XPA was not required for Chk1
activation but appeared to stimulate the rapid activation of Chk1 after
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UVC. As sites of NER appear to be able to activate ATR (and, there-
fore, phosphorylation of Chk1) (163,174,175), it is likely that XPA
contributes to activation of Chk1 in interphase cells. However, other
NER factors were not required for rapid Chk1 activation, suggesting
that XPA was required for the intra-S checkpoint response to UVC-
induced DNA damage with a role that is outside its function in NER. It
was suggested that XPA may bind UVC-induced DNA damage to
enhance phosphorylation of Chk1 by ATR (55). As discussed above,
it appears that 6-4PPs are the UV-induced template lesion that acti-
vates Chk1 and intra-S checkpoint signaling (155). Both XPA and
RPA have greater affinity for 6-4PPs than for undamaged DNA
(176), so it is possible that 6-4PPs in unwound template strands at
stalled DNA replication forks may be bound by XPA and RPA. More-
over, given that XPA and RPA display affinity one for the other, co-
operative binding of XPA to 6-4PPs and RPA, when coupled to RPA
binding to single-stranded DNA, could further enhance accumulation
of XPA at sites of 6-4PPs in unwound template strands (177). XPA
cells displayed less ATRIP accumulation at sites of UVC-induced
DNA damage implying that XPA enhanced the interaction of ATRIP
with RPA at stalled replication forks. Therefore, XPA may have
a physical requirement outside of NER to enhance the assembly of
the intra-S checkpoint signaling complex at sites of blockage of DNA
polymerases at template 6-4PPs. Given that XPA and Tipin can com-
pete for binding to RPA (48), it is possible that XPA association with
RPA at stalled replication forks might also attenuate Chk1 activation
by blocking binding of the Tim–Tipin mediator complex.

The potential role of XPA in intra-S checkpoint response has gained
additional support from studies of a newly discovered checkpoint
mediator. Cep164, a protein that is required for primary cilia forma-
tion (178), was recently identified as a mediator of intra-S checkpoint
responses to replication stress, UVC and IR (52). SiRNA-mediated
depletion of Cep164 severely attenuated UVC-induced activation of
Chk1 (52), reduced the rate of repair of CPDs and sensitized cells to
killing by UVC (179). Cep164 was phosphorylated by ATR in re-
sponse to UVC. Cep164 was also found to interact with XPA and this
interaction was stimulated by UVC irradiation (179). The Cep164-
interacting domain on XPA was required for full activation of Chk1 in
UVC-damaged cells (179), supporting a hypothesis that a complex of
XPA and Cep164 mediates phosphorylation of Chk1 by ATR.

The combination of a 6-4PP-specific antibody and flow cytometry
was used to show that ATR was required for the rapid repair of 6-4PPs
during S phase (63). Repair of 6-4PPs in G1 and G2 cells did not
require ATR. The slower repair of CPDs also did not require ATR.
It is tempting to speculate that this role for ATR in NER of 6-4PPs in S
phase might somehow be connected to the role of XPA and Cep164 as
mediators of intra-S checkpoint response.

Why would cells evolve to regulate NER of 6-4PPs differently in S
phase than in G1 or G2? The answer to this question may lie in the
special circumstances of S with DNA replication forks coursing
through the nuclear chromatin. The presence of NER factors on tem-
plate strands could interfere with bypass of CPDs and 6-4PPs by
translesion DNA polymerases or could cause scission of single-
stranded template strands to produce DNA dsb and chromosomal
aberrations. UV-induced chromosomal aberrations are S dependent,
suggesting that stalled replication forks turn into DNA dsb. Un-
repaired DNA dsb are seen at mitosis as chromatid breaks and mis-
repaired DNA dsb are seen as chromatid exchanges. NER-defective
human and hamster cells display increased frequencies of UVC-
induced chromosomal aberrations, indicating that repair of UVC-
induced DNA damage protects against UV clastogenesis (180,181).
The assembly and activity of the XPF/ERCC1 and XPG NER endo-
nucleases on DNA at sites of UVC-induced photoproducts are strictly
regulated by protein–protein interactions and DNA structure
(176,177). A study with Chinese hamster ovary cells indicated that
the ratio of UVC-induced chromatid exchanges and breaks was less in
ERCC1- and XPF-defective cell lines than in repair-proficient cells or
other NER-defective lines (181). This result suggested that ERCC1/
XPF heterodimer might contribute to UVC-induced chromatid ex-
changes. A role for ERCC1/XPF in recombinational repair of DNA

dsb has been identified (182,183), implying that UVC-induced
chromatid exchanges may arise from ERCC1/XPF-dependent recom-
binational repair of DNA dsb. It remains to be determined the mech-
anism whereby blockage of DNA polymerase at sites of template
CPDs or 6-4PPs leads to DNA dsb and chromosomal aberrations.

Given the high affinity of XPA and RPA for DNA containing
6-4PPs (176), it seems reasonable that S phase cells suppress the
assembly of NER complexes on this lesion when it resides within
a stalled DNA replication fork or a replicative gap. The assembly
of NER complexes on template strands could interfere with the
polymerase-switch mechanism of postreplication repair. Accumula-
tion of ERCC1/XPF or XPG endonucleases at such sites could lead to
strand scission and formation of a DNA dsb. The severe reduction in
global 6-4PP repair in ATR-depleted S phase cells implies that ATR
regulates a factor that regulates NER in S phase. Cep164 has the
attributes of being phosphorylated by ATR and interacting with
XPA. Future studies should determine whether Cep164 influences
global repair of 6-4PPs in S phase cells.

Working model of intra-S checkpoint response to UV-induced DNA
damage

Based upon the above-mentioned considerations, the following work-
ing model of intra-S checkpoint response to UVC-induced DNA dam-
age can be proposed (Figure 3 and Supplementary data are available at
Carcinogenesis Online). UVC-induced DNA damage including CPDs
and 6-4PPs blocks DNA synthesis by replicative DNA polymerases
(alpha, delta and epsilon) when encountered in single-stranded tem-
plate strands. The junction of single-stranded DNA and double-
stranded DNA at the site of polymerase blockage attracts the
Rad17/RFC2–5 checkpoint clamp loader, which loads the 9-1-1 com-
plex at the blocked growing point. Uncoupling of helicase and repli-
cative DNA polymerases generates extended regions of RPA-coated
single-stranded DNA beyond the blocked growing point and this
RPA-coated single-stranded DNA attracts ATR–ATRIP complexes
and Tim–Tipin complexes. Phosphorylation of Rad9 by ATR attracts
TopBP1 to enhance ATR kinase activity. The Tim–Tipin complex
attracts Chk1 and claspin to the site of replicative arrest, present-
ing Chk1 to ATR for its phosphorylation and activation. Diffusion of
activated Chk1 to other replication complexes transduces the signal to
inhibit replicon initiation and DNA chain elongation, possibly by tran-
sient disassembly of the MCM–GINS–Cdc45 helicase complex.

Signals generated by ATR and Chk1 also appear to affect other
elements of DNA metabolism. Polymerase switch for efficient TLS
across CPDs by DNA pol eta and for less-efficient TLS across
6-4PPs may include regulation of Rad18-dependent mono-ubiquityla-
tion of PCNA by ATR, claspin or Tim. Because TLS across TT CPDs
by DNA pol eta is efficient, DNA growing points are not blocked for
long at CPDs and uncoupling of helicase and polymerase activities
appears to be insufficient to generate a measurable checkpoint signal.
The blockage of replicative DNA polymerases at 6-4PPs appears to
produce sufficient uncoupling of helicase and polymerase activities
and sufficient RPA-coated DNA at the stalled replication fork to attract
all the components of the intra-S checkpoint that are needed to activate
Chk1. We do not yet know where to place the XPA–Cep164 complex in
this model although given the affinities of XPA for 6-4PPs and RPA, it
might properly be placed on the 6-4PP at the blocked growing point.

ATR, Tim and Chk1 are all required for the intra-S checkpoint
response to UV. These proteins also are essential for organismal
development, as nullizygous mice die early in embryogenesis. ATR-
nullizygous embryos die with massive chromosomal damage (184),
siRNA-mediated depletion of Tim in mouse fibroblasts induces chro-
mosomal aberrations (137) and we have found that siRNA-mediated
depletion of ATR, Tim and Chk1 in diploid human fibroblasts pro-
duced significant increases in S-dependent, chromatid-type
chromosomal aberrations (S.Smith-Roe, M.Cordeiro-Stone and
W.K.Kaufmann, unpublished data). Thus, it appears that the ATR–
Chk1 signaling pathway that is mediated by Tim–Tipin complexes
is required to prevent the formation of lethal chromosomal aberrations
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during DNA replication. This may reflect an essential function of the
ATR-, Tim- and Chk1-dependent intra-S checkpoint to stabilize stalled
DNA replication forks. The implication of this conclusion is that DNA
replication forks stall naturally during the cell division cycle and the
ATR–Chk1 signaling pathway evolved to stabilize these stalled repli-
cation forks.

What types of DNA or chromatin structure might stall DNA repli-
cation forks? Detailed analysis of DNA replication in eukaryotic cells
has defined natural replication slow zones, pause sites and barriers
(68,185). DNA–protein interactions, RNA synthesis, unusual DNA
structures such as G4 quadruplexes and DNA damage all may slow
or arrest DNA replication. A study in yeast cells suggested that het-
erochromatin may represent a natural replication barrier that requires
the claspin analog, MRC1, for stable replication (186). The question
now is not whether DNA replication forks stall during S thereby
activating the ATR–Chk1 signaling pathway but rather how does
the ATR–Chk1 signaling pathway stabilize the stalled forks?

Stalled forks may degrade to produce a single-end DNA dsb when
single-stranded template strands at the fork break by spontaneous,
chemically induced and/or enzymatic scission of the deoxyribose-

phosphodiester backbone of DNA. UVC irradiation was shown to
induce DNA dsb in human skin fibroblast lines (187), supporting
the hypothesis that DNA replication forks that are stalled at 6-4PPs
may collapse to form DNA dsb. One model of fork collapse has the
replication fork regressing with renaturation of newly synthesized
daughter strands to produce a four-stranded ‘chicken foot’-like struc-
ture that resembles the Holliday junctions that are produced during
homologous recombination. This fork regression model provides one
mechanism for bypass of UVC-induced 6-4PPs in template strands
(188). Completion of the blocked daughter strand using the unblocked
daughter strand as the template would allow bypass of the blocking
lesion upon de-regression of the DNA replication fork. However,
resolution of the chicken foot by Holliday junction-specific endonu-
cleases (189), before de-regression can be accomplished, generates
a DNA dsb. We do not know the mechanisms whereby stalled DNA
replication forks collapse or degrade to produce DNA dsb. The ATR–
Chk1 signaling pathway may be required to prevent fork collapse and/
or for repair of the DNA dsb to restart DNA replication by re-estab-
lishment of the replication fork. Chk1 signaling is required for effi-
cient recombinational repair of DNA dsb that arise at DNA replication
forks (190). However, the essential function of Chk1 in maintaining
cell viability in the absence of experimentally induced DNA damage
could be separated from its requirements for regulation of DNA rep-
lication and it was suggested that the essential function of Chk1 is in
mitotic progression (191). A resolution of the essential functions of
ATR, Tim and Chk1 and their roles in stabilizing DNA replication
forks that are stalled at sites of UVC-induced DNA damage awaits
further experimentation.

Are there other high-dose intra-S checkpoint signals?

This discussion has focused on the intra-S checkpoint response to
UVC-induced DNA damage as it occurs in human cells. It is a remark-
able fact that the activity of this checkpoint reduces the rate of repli-
con initiation in S phase cells by 50% within 30 min after a 1 J/m2

dose of UVC that is without detectable mutagenic or cytotoxic effect.
This checkpoint response has evolved to respond to very low levels of
DNA damage that are below the threshold for induced mutagenesis
and in the shoulder region of survival curves. It is instructive to
consider the levels of DNA damage that are associated with the var-
ious cellular responses to UVC.

Many studies of UVC-induced DNA damage have quantified the
yields of CPDs and 6-4PPs that are produced in human cells in cul-
ture. A consensus value of 1 CPD/J/m2/60 kb DNA has been deter-
mined for 254 nm UVC (144). Treatment with a UVC fluence of 0.8–1
J/m2 to induce �1 CPD per replicon was shown to produce a 50%
inhibition of replicon initiation measured in the first hour after irra-
diation (70,114). A fluence of 2.5 J/m2 was also shown to inhibit DNA
chain elongation by �50% in the first hour after irradiation (70). Thus,
very significant effects on DNA replication can be observed after very
low doses of UVC. In survival studies, it is common to see little or no
effect on colony formation after UVC fluences up to 3 J/m2 (91,192–
195). Similarly, analysis of UVC-induced mutations often reveals
a threshold dose below which UVC does not produce an increase
above the sham-treated control, and this threshold is also around 3
J/m2 (193,194). Analysis of the rates of reparative strand incision by
NER in diploid human fibroblasts indicated a Km of 3 J/m2 (196), i.e.
this fluence activated NER to half its maximal rate. Human skin
fibroblasts have evolved to respond rapidly and effectively to UV-
induced DNA damage to prevent cell death and mutations in survi-
vors. As many as three CPDs per replicon can be tolerated without
genotoxic effect in normal human fibroblasts.

The maximal velocity of reparative strand incision (Vmax) deter-
mined for diploid human fibroblasts was achieved after 7 J/m2 and
with higher fluences NER is saturated (196). This means that after
irradiation with fluences .7 J/m2, UVC-induced photoproducts may
persist in DNA for an extended interval of time before being repaired
by the limited supply of NER factors. The studies of UV-induced
cytotoxicity in diploid human fibroblasts that were referenced above

Fig. 3. Working model of intra-S checkpoint response to UV-induced DNA
damage. (A) Schematic structure of a replicon with UV-induced CPDs and
6-4PPs in template strands blocking leading-strand and lagging-strand DNA
polymerases. (B) Rapid NER excision repair of 6-4PPs ahead of DNA
growing points reduces the blocking of replicative polymerases and DNA
growing points. Rapid TLS of TT CPDs by DNA pol eta suppresses intra-S
checkpoint signaling. Sustained blockage at 6-4PPs and uncoupling of the
replicative helicase and polymerases stimulate Rad17/RFC2–5-dependent
loading of 9-1-1 complexes and generate RPA-coated single-stranded
templates that attract ATR–ATRIP and Tim–Tipin–claspin complexes.
Binding of TopBP1 to phospho-Rad9 and Chk1 to Tim and claspin completes
the assembly of the RFPC to allow ATR to phosphorylate and activate Chk1.
XPA and Cep164 appear to stimulate Chk1 phosphorylation. Activated Chk1
diffuses to dissociate MCM–GINS–Cdc45 complexes to inhibit replicon
initiation and DNA chain elongation. Scission of the 6-4PP-containing
template strand at a blocked DNA growing point produces a DNA dsb, thereby
triggering the ATM-dependent checkpoint signaling pathway and recruiting
DNA dsb repair pathways. See the Supplementary data at Carcinogenesis
Online for an animated version of the working model.
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reported 70–90% inactivation of cell colony formation by UV fluen-
ces in the range of 8–10 J/m2. It is instructive to recognize this bi-
ological fact when examining human cell responses to still higher
UVC fluences.

There is second realm of cellular response to UVC irradiation that
is little expressed in diploid human fibroblasts after fluences below 10
J/m2. This realm appears to depend upon UVC photons interacting
with aromatic bonds in proteins or with UVC-induced reactive oxy-
gen species (ROS) oxidizing sulfhydryl groups in proteins (197). The
result of protein modification by UV is activation of several intracel-
lular signaling pathways. UV-induced protein modification has been
shown to activate the mitogen-activated protein kinase (MAPK) sig-
naling cascade, NF-jB and AKT, with substantial biological effects
(197). Whereas studies of UVC-induced intra-S checkpoint signaling
that use fluences ,3 J/m2 can be expected to reveal responses to
comparatively low levels of DNA damage, studies using fluences of
.10 J/m2 will add UVC-induced cytoplasmic protein responses to the
high levels of DNA damage.

One example of a high-dose UVC-induced checkpoint response is
the G2 checkpoint response that delays progression of G2 cells into
mitosis. Treatment with the 1 J/m2 fluence that inhibited replicon
initiation in diploid human fibroblast by 50% had no apparent effect
on the G2 to M transition, although the higher fluence of 10 J/m2 was
found to reduce the mitotic index by 30–50% by inhibiting the G2 to
M transition (198). This UVC-induced G2 checkpoint has been exten-
sively investigated by Bulavin et al. (47,199) and shown to require
signaling by the MAPK terminal kinase p38 to Cdc25B. Inactivation
of p38 by chemical inhibition or genetic deletion restored the G2 to M
progression in UVC-treated cells. Subsequent studies have shown that
one substrate of p38 is MAPKAP kinase-2, a serine/threonine kinase
(200). Phosphorylation by p38-activated MAPKAP kinase-2, which is
capable of phosphorylation of Cdc25B and C. Thus, high fluences of
UVC that activate the MAPK signaling pathway trigger a p38- and
MAPKAP kinase-2-dependent G2 delay. Treatment of U2OS fibrosar-
coma cells with 10 J/m2 was also shown to inhibit DNA synthesis
severely 12 h after irradiation. Cells with S phase DNA content did not
appear to incorporate bromo-deoxyuridine into DNA. Depletion of
MAPKAP kinase-2 in U2OS cells reversed this inhibition of DNA
synthesis, suggesting that MAPKAP kinase-2 might regulate an intra-
S checkpoint response to UVC.

Although the low dose of 1 J/m2 that inhibited replicon initiation by
50% activated Chk1, it did not activate Chk2, induce proteolysis of
Cdc25A or inhibit cyclin E/Cdk2 (114). High doses of UVC can
activate Chk1 and Chk2 to phosphorylate Cdc25A, leading to pro-
teolysis of Cdc25A and inhibition of cyclin E–Cdk2 complexes (44).
As discussed previously, this is one arm of the ATM-dependent intra-S
checkpoint response to IR-induced DNA dsb. It may be that activation
of p38 and MAPKAP kinase-2 in lethally irradiated human cells can
produce the same signals to degrade Cdc25A for generation of an
intra-S checkpoint response and phosphorylate Cdc25B/C for gener-
ation of a G2 checkpoint response. It remains to be determined
whether these pathways of biochemical signaling in response to
UVC are expressed in the targets of UV carcinogenesis, proliferative
keratinocytes and melanocytes, under conditions of human solar ra-
diation exposure.

What about damage produced by UVB and UVA?

This discussion has focused on an intra-S checkpoint response to UVC-
induced DNA damage, which our recent analyses suggest develops in
response to stalling of replicative DNA polymerases at 6-4PP photo-
products in DNA template strands. UV wavelengths that induce this
form of DNA damage should trigger this response. A recent study
quantified the yields of CPDs and 6-4PPs in human skin fibroblasts
and keratinocytes after irradiation with 312 nm UVB radiation (201).
Isolated fibroblasts incurred �60% more photoproducts in their DNA
than keratinocytes. The 6-4PPs represented 17% of photoproducts in
fibroblasts and 24% in keratinocytes. Repair of the 6-4PPs was very
rapid in both fibroblasts and keratinocytes, with .90% removal of

6-4PPs from keratinocyte DNA within 4 h after irradiation. We have
observed 80% removal of 6-4PPs within 3 h of irradiation of human
skin melanocytes and fibroblasts with 12 J/m2 UVC (W.K.Kaufmann,
D.L.Mitchell and M.Cordeiro-Stone, unpublished data). In whole-
skin samples incubated in culture medium, .60% of 6-4PPs that were
induced by UVB irradiation were removed from DNA within 4 h after
irradiation (201). These results confirm that wavelengths of solar
radiation that penetrate the UVC-protective ozone layer produce the
same forms of damage in DNA that are produced in the laboratory
using 254 nm UVC radiation and the primary cellular targets for solar
radiation carcinogenesis in human skin, keratinocytes and melano-
cytes express a functional NER system. The 2000-fold increase in
incidence rates of melanoma, squamous cell carcinoma and basal cell
carcinoma in XP patients indicates that NER and TLS of UV-induced
DNA damage protect against human carcinogenesis (202).

Solar UVA also penetrates the ozone layer and human skin to in-
duce DNA damage. Remarkably, although CPDs are induced by UVA,
they appear to arise by a different mechanism than those induced by
UVB, but probably involving ROS (203). Moreover, while irradiation
of skin keratinocytes with UVA inhibited DNA replication in associ-
ation with activation of ATM, ATR and p38, phosphorylation of Chk1
and Chk2 and degradation of Cdc25A, the inhibition of DNA repli-
cation induced by UVA could not be reversed by inhibition of the
ATM, ATR or p38 signaling pathways (204). This result suggested
that the inhibition of DNA replication by UVA in cultured keratino-
cytes was mediated by ROS-induced damage to protein, not DNA.
The challenge for scientists who wish to understand the mechanisms
of solar radiation carcinogenesis in humans now is to determine the
interplay between cellular responses to ROS-induced protein and
DNA damage and UV photon-induced DNA damage.

Summary

Solar radiation is ubiquitous to terrestrial existence and humans have
evolved within an environment with alternating high and low solar
radiation exposures. The circadian clock cycle that is entrained by
day/night cycles is one example of cellular adaptation to this environ-
ment. Human fibroblasts appear to have evolved a mechanism for
response to low levels of UVC-induced DNA damage in S phase cells
that differs from the response to IR-induced DNA dsb. The UVC-
induced intra-S checkpoint requires signaling from ATR to Chk1 with
mediation by claspin, Tim, Tipin, XPA and Cep164. The target of this
signaling network is unknown but the MCM–GINS–Cdc45 helicase
complex is an attractive possibility as it can influence both the rate of
initiation of DNA synthesis at replicon origins as well as the rate of
DNA chain elongation in active replicons. By slowing DNA synthesis,
the intra-S checkpoint provides more time for repair of DNA damage
before DNA replication. The intra-S checkpoint may also stabilize
replication forks that are stalled at sites of UVC-induced DNA dam-
age. The fact that knockout of ATR, Tim and Chk1 is embryo lethal in
mice suggests that components of the intra-S checkpoint response to
UVC may also have an essential function to stabilize replication forks
that are stalled at natural replication barriers.
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