
Integrating S-phase Checkpoint Signaling with Trans-Lesion
Synthesis of Bulky DNA Adducts

Laura R. Barkley1, Haruo Ohmori2, and Cyrus Vaziri1
1Department of Genetics and Genomics, Boston University School of Medicine, 715 Albany
Street, Boston MA 02118, U.S.A.
2Institute for Virus Research, Kyoto University, 53 Shogoin-Kawaracho, Sakyo-ku, Kyoto,
606-8507, Japan

Abstract
Bulky adducts are DNA lesions generated in response to environmental agents including
benzo[a]pyrene (a combustion product) and solar ultraviolet radiation. Error-prone replication of
adducted DNA can cause mutations, which may result in cancer. To minimize the detrimental
effects of bulky adducts and other DNA lesions, S-phase checkpoint mechanisms sense DNA
damage and integrate DNA repair with ongoing DNA replication. The essential protein kinase
Chk1 mediates the S-phase checkpoint, inhibiting initiation of new DNA synthesis and promoting
stabilization and recovery of stalled replication forks. Here we review the mechanisms by which
Chk1 is activated in response to bulky adducts and potential mechanisms by which Chk1 signaling
inhibits the initiation stage of DNA synthesis. Additionally, we discuss mechanisms by which
Chk1 signaling facilitates bypass of bulky lesions by specialized Y-family DNA polymerases,
thereby attenuating checkpoint signaling and allowing resumption of normal cell cycle
progression.

Introduction
Cells are continuously exposed to endogenous and exogenous sources of DNA damage. In
normal cells, mechanisms termed `cell cycle checkpoints' monitor genome integrity and are
activated in response to DNA damage. Upon activation, checkpoints co-ordinate cell cycle
progression with DNA repair, thereby maintaining genetic stability (1). Failure to properly
integrate the biological responses after DNA damage and to accurately duplicate the human
genome results in genetic instability, a hallmark of cancer (2,3).

Bulky adducts are forms of DNA damage that result from exposure to ubiquitous
environmental agents such as Polycyclic Aromatic Hydrocarbons (PAH, typified by
benzo[a]pyrene or B[a]P) and solar ultraviolet (UV) radiation. Appropriate activation of
checkpoints following acquisition of bulky adducts is likely important for protecting against
tumorigenesis. In this article we review checkpoint signaling events induced in response to
bulky DNA adducts during the S-phase of the cell cycle. There is growing evidence that in
addition to inhibiting cell cycle progression, the S-phase checkpoint promotes repair of
DNA damage. In particular, it appears that Trans-Lesion DNA Synthesis (TLS, a major
mechanism of post-replication repair) and the S-phase checkpoint are tightly co-ordinated.
Here we emphasize recent findings that efficient TLS requires S-phase checkpoint signaling,
and that TLS in turn facilitates attenuation of the S-phase checkpoint and resumption of
normal cell cycle progression after acquisition of DNA damage.
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Bulky adducts and environmental carcinogenesis
This review is concerned with checkpoint responses to types of DNA damage generically
termed `DNA bulky adducts'. The ubiquitous pollutant B[a]P and solar UVC radiation are
two major sources of bulky adducts, whose effects on checkpoint signaling have been
widely studied.

B[a]P is generated as a byproduct of incomplete combustion and is found in cigarette smoke,
burnt coal, diesel exhaust fumes and even natural foods (4). B[a]P is a pro-carcinogen that
undergoes metabolic activation by cytochrome P450 (CYP)-dependent oxidation and
epoxide hydrolysis to form the highly reactive intermediate (+)-r-7,t-8-dihydroxy-t-9, 10-
epoxy-7, 8, 9, 10-tetrahydrobenzo[a]pyrene (BPDE) (5). Tumorigenicity studies have
demonstrated that BPDE is the `ultimate carcinogen' which results from B[a]P metabolism
and causes lung, breast and other tumors in mice (6,7). BPDE binds covalently to DNA,
reacting primarily with the N2 amino group of guanine to form a BPDE-DNA (BPDE-N2-
dG) adduct (8,9). Error-prone replication of un-repaired BPDE-N2-dG adducts can result in
mutations and the mutational properties of this species have been documented extensively
(10–12).

Activation of oncogenes or inactivation of tumor suppressor genes as a consequence of
BPDE-induced mutations can contribute to multi-step chemical carcinogenesis. In lung
cancer patients, cigarette smoking correlates in a dose-related manner with an increase in
p53 mutations, which are mainly G→T transversions (13–16). Interestingly, in B[a]P-treated
cells the distribution of BPDE-N2-dG adducts in the p53 tumor suppressor gene correlates
closely with p53 mutational `hotspots' found in lung tumors from cancer patients (17,18).
These studies provide compelling evidence that environmentally-induced BPDE-N2-dG
adducts inactivate p53 via mutagenesis, thereby contributing to lung cancer in humans.

Solar UV radiation contributes to basal and squamous cell carcinomas of the skin and
cutaneous malignant melanoma in humans (19). The carcinogenic effect of UV is attributed
to its ability to produce pro-mutagenic DNA lesions. These include the predominant
cyclobutane pyrimidine dimers (CPD) formed by linkage of two adjacent pyrimidines and to
a lesser extent pyrimidine (6-4) pyrimidone photoproducts [(6-4)PPs] (20). The mutation
spectrum for p53 in skin cancers corresponds to sites of slow repair of CPD lesions,
suggesting that CPDs are responsible for p53 mutations in UV-induced tumors (21,22).

Cell Cycle Checkpoints
Un-repaired DNA damage can cause mutations and poses a serious threat to genome
stability. Therefore, cells possess multiple mechanisms to minimize the detrimental effects
of DNA damage. Cell cycle checkpoints are signal transduction pathways that respond to
DNA damage by eliciting transient delays in the cell cycle. The resulting cell cycle delays
integrate DNA repair with cell cycle progression and are thought to be important for
maintaining genomic stability (1). In response to genotoxins, the DNA damage-induced
signaling pathways prevent entry into S-phase (the G1/S checkpoint), slow progression
through S-phase (the intra-S or S-phase checkpoint), and block entry in to mitosis (the G2/M
checkpoint). Components of checkpoint signaling pathways are highly conserved in
eukaryotes. DNA damage is detected by sensors (e.g. ATR/ATRIP, 9-1-1 complex, ATM),
with the aid of mediators (e.g. BRCA1, 53BP1, Claspin). Sensors act upstream of
transducers (e.g. Chk1, Chk2) which in turn regulate effectors (p53, Cdc25A) that interact
with cell cycle machinery to inhibit cell cycle progression (23). The molecular anatomy of
G1 and G2/M checkpoint signaling pathways has been reviewed extensively elsewhere
(1,23). This article is concerned specifically with responses to DNA damage during the S-
phase of the cell cycle.
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Responses to DNA damage acquired during S-phase
Acquisition of DNA damage during S-phase elicits three important responses: (I) Inhibition
of firing of late origins, resulting in cessation of DNA synthesis, most often termed the `S-
phase checkpoint' or the `intra-S-phase checkpoint' (reviewed in (3)). (II) Stabilization of
stalled replication forks, considered to be the crucial function of S-phase checkpoint
signaling (24). (III) Inhibition of entry into mitosis in the presence of un-replicated DNA, a
mechanism also termed the `replication checkpoint' (25,26). The precise mechanisms by
which the S-phase checkpoint inhibits late origins and stabilizes stalled replication forks are
poorly understood and will be discussed in this review.

To understand the effects of bulky adducts on DNA replication, it is useful first to consider
the organization of DNA synthesis during S phase in eukaryotic cells. DNA synthesis
initiates at numerous loci termed `origins of replication' that are distributed throughout the
genome. Origins of DNA replication are separated physically, with different subsets of
origins initiating DNA synthesis (`firing') at different times during S-phase (27,28). In
general, euchromatin and transcribed regions are replicated early in S-phase whereas
heterochromatin, telomeres and centromeres are late-replicating. The basis for temporal
regulation of origin firing during S phase are not fully understood but appears to involve
chromatin modification (29,30).

Replication origins must be controlled to ensure that the entire genome is replicated
efficiently and accurately only once during S phase (31). Eukaryotic cells achieve this by
dividing replication into two distinct phases. During the first phase, replication proteins
Orc1-6, Cdc6, Cdt1 and Mcm2–7 (a helicase complex) assemble at origins of replication to
form pre-Replication Complexes (pre-RCs). Pre-RC assembly, also termed `licensing',
begins in telophase and is completed after passage through G1.

The second phase of replication begins at the onset of S-phase, when the concerted actions
of Cyclin Dependent Kinase (CDK) and Dbf4/Drf1-Dependent Kinase Cdc7 (also termed
DDK), result in initiation of DNA synthesis (32,33). CDK and DDK activities promote the
recruitment of Mcm10, Cdc45 and other initiation factors to pre-RCs. Loading of Cdc45 is
crucial for subsequent unwinding of origin DNA by the Mcm2–7 helicase, recruitment of
Pol α/primase, and synthesis of the RNA primer that initiates DNA replication (34). This
RNA/DNA primer is required for the loading of Proliferating Cell Nuclear Antigen
(PCNA)-bound DNA Polymerases δ and ε which perform processive elongation of leading
and lagging strands (35–37). After initiation (also termed `firing'), the Mcm2–7 helicase
continues to unwind duplex DNA in preparation for semi-conservative replication by DNA
polymerases. Cdc45 migrates with Mcm2–7 and the GINS complex (comprising Psf1, Psf2,
Psf3, and Sld5) which is required for elongation (38,39). Therefore, Cdc45 is involved in
both elongation and initiation steps of DNA synthesis.

The mechanisms by which the concerted actions of CDK and DDK induce initiation are
incompletely understood. Recent studies using S. cerevisiae have identified Sld3 (a Cdc45-
binding protein) and Sld2 as essential CDK targets (40–42). Phosphorylated Sld2 and Sld3
associate with Dpb11 and the resulting complex may facilitate interactions between
initiation factors including Cdc45 and GINS (40,42). The prime target of DDK appears to be
the Mcm2–7 helicase complex. N-terminal phosphorylation of Mcm2, Mcm4, and Mcm6
promotes association of Cdc45 with chromatin and is important for S-phase progression
(43–45).

The effects of DNA damage on DNA synthesis have been studied for several decades using
velocity sedimentation to separate replication intermediates by size. Such analyses have
characterized the effects of various genotoxin treatments on the size distribution and
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elongation rates of bulk and newly-synthesized DNA. Consequently, velocity sedimentation
studies have provided considerable information on the different mechanisms by which DNA
damage can affect DNA synthesis. A major conclusion from such studies is that different
doses of genotoxins (including BPDE, UV, and others) inhibit the different stages of DNA
synthesis via distinct mechanisms. For example, low concentrations of BPDE (<100 nM) or
UV (1–2 J/m2) transiently inhibit the formation of small nascent DNAs (representing
initiation events) but do not affect global elongation of large DNA chains (representing
ongoing replicons) (46–48). Experimentally interfering with checkpoint signaling pathways
can ablate the effects of low doses of BPDE and UV on initiation of replication (49).
Therefore, the inhibition of DNA synthesis induced by low doses of BPDE or UV is
mediated by the S-phase checkpoint. Cells eventually recover from the S-phase checkpoint
and do not experience significant loss of viability. In contrast, higher concentrations of
BPDE (200–600 nM) or UV (>2 J/m2) inhibit both initiation and elongation steps of DNA
replication (46–48) resulting in a global block to DNA synthesis which results in loss of
viability. A strong checkpoint signal is generated in response to high genotoxin
concentrations. However, inhibition of DNA synthesis in response to high doses of
genotoxins results from global stalling of DNA polymerases and is not mediated by
checkpoint signaling.

More recently DNA fiber labeling strategies have been developed as a powerful new
approach to analyze the dynamics of DNA replication during the S phase checkpoint
(50,51). Consistent with results from velocity sedimentation studies this technique has
demonstrated dose-dependent effects of genotoxins on initiation and elongation stages of
DNA synthesis (51).

Many studies of DNA damage signaling are conducted with high doses of genotoxins. For
example UVC doses of 5–100 J/m2 are commonly used to activate DNA damage signaling
pathways (52–54). Therefore, it is not clear whether all the DNA damage responses
identified in such experiments are relevant to the S-phase checkpoint (i.e. inhibition of
initiation) or whether they represent responses to replication blocks (inhibition of
elongation).

Initiation of checkpoint signaling and Chk1 activation
It is now firmly established that the protein kinase ATR and its downstream effector Chk1
are activated in response to bulky adducts (and other lesions). Considerable evidence
indicates that Chk1 mediates the S-phase checkpoint. For instance, over-expression of
catalytically-inactive (putative dominant negative) Chk1 and treatment with the Chk1
inhibitor UCN-01 were found to compromise the BPDE- and UV-induced S-phase
checkpoints (49,55). A caveat of those studies is that biochemical evidence for dominant-
negative activity of kinase-dead Chk1 has never been presented. Furthermore, UCN-01
appears to inhibit additional kinases that may participate in damage signaling and
checkpoint control (56). However, results of more recent studies that used siRNA to
specifically ablate Chk1 expression do indicate that Chk1 mediates the bulky adduct-
induced S-phase checkpoint (51). Mechanisms of ATR/Chk1 activation have been reviewed
in detail elsewhere (57–60) and will be summarized briefly below.

Studies using replication-competent Xenopus nuclei have provided considerable insight into
the proximal events that initiate S-phase checkpoint signaling. It appears that checkpoint
signaling is not triggered directly by damaged DNA, but instead results from uncoupling of
the replicative helicase and polymerase activities (61) by fork-stalling DNA lesions. Thus,
when polymerase movement is blocked by various lesions (such as bulky adducts),
replicative helicase activity continues to unwind DNA ahead of the stalled polymerase.
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Uncoupling of helicase activity from replication fork movement results in excessive
accumulation of single-stranded DNA (ssDNA) which is coated by Replication Protein A
(RPA). RPA-coated ssDNA plays a central role in initiating S-phase checkpoint signaling
(57) (Fig. 1). The ATR kinase, which exists as a heterodimeric complex with ATR-
Interacting Protein (ATRIP), is re-localized to stalled replication forks or sites of DNA
damage (62,63). ATRIP interacts directly with RPA and has been proposed as a likely
candidate for recruiting ATR to stalled forks (63). ATR and ATRIP form oligomeric
complexes in cells and ATRIP oligomerization is necessary for its binding to ATR and for
recruiting ATR to nuclear foci (64). Although important for recruitment of ATR to sites of
damage, RPA-ssDNA does not play a direct role in stimulating ATR kinase activity (65).
Instead, recent work shows that genotoxin-induced ATR activation requires TopBP1
(topoisomerase IIβ-binding protein) (66,67). TopBP1 (the human counterpart of S.
cerevisiae Dpb11) is a BRCT-containing protein that interacts transiently with ATR in an
ATRIP-dependent manner and stimulates ATR kinase activity. In contrast with TopBP1
which is a general activator of ATR kinase, the mediator protein Claspin selectively
promotes phosphorylation of Chk1 by ATR (60,68). Claspin associates with the kinase
domain of Chk1 and is required for ATR-dependent Chk1 phosphorylation and activation.
Claspin recruits Chk1 to ATR but disengages once phosphorylation and activation of Chk1
by ATR have taken place.

Chk1 activation by ATR also requires the putative Rad9-Rad1-Hus1 (`9-1-1') sliding clamp
(69,70) and its clamp loader Rad17. 9-1-1 is recruited to chromatin independently of the
ATR-ATRIP complex (71). RPA-coated ssDNA may contribute to 9-1-1 recruitment since
RPA-ssDNA and a recessed DNA strand end stimulate 9-1-1 loading onto plasmid DNA in
vitro (72). It has been suggested that the 9-1-1 complex enables ATR to recognize its
substrates (71) but the precise role of 9-1-1 in Chk1 activation is not fully understood.

Recent studies suggest that Timeless (Tim, the mammalian homologue of S. cerevisiae
Tof1), which together with its binding partners Tipin and Claspin form the fork protection
complex (FPC), is also required to generate the checkpoint signal (73–76). The Tim-Tipin
complex associates with the p34 subunit of RPA (77), possibly providing a mechanism for
DNA damage-induced recruitment of Tim-Tipin to sites of DNA damage. The precise roles
of Tim and Tipin in checkpoint signaling are unclear, but these proteins might regulate the
chromatin loading of Claspin (74), thereby contributing to Chk1 activation by ATR.

Although many details of initiation of checkpoint signaling have yet to be resolved, it
appears that Chk1 activation is necessary for the S-phase checkpoint response to various
forms of DNA damage including BPDE adducts (55,78), CPD (49) and other lesions.
However, the downstream effectors of Chk1 responsible for inhibition of initiation at unfired
origins of replication remain elusive. Candidate effectors of the Chk1-mediated S-phase
checkpoint are considered below.

Relevant targets of Chk1 in the S-phase checkpoint
The cell cycle regulators Cdc25A, DDK, and Cdc45 have all been described as targets of
Chk1 signaling. Therefore, possible roles for Cdc25A, DDK, and Cdc45 in the bulky
adduct-induced S-phase checkpoint are discussed below.

1. Cdc25A/CDK2
The mechanism by which Chk1 inhibits DNA synthesis at unfired origins has been studied
extensively in the context of IR-induced DNA Double-Strand Breaks (DSBs) (79–82). There
is considerable evidence that the tyrosine phosphatase Cdc25A is targeted for degradation
by DSB-induced S-phase checkpoint signaling (79,80,82). Cdc25A contributes to the
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activation of CDK2 and is necessary for normal S-phase progression. Current models
suggest that DSB-induced Cdc25A degradation and the resulting decline in CDK2 activity
lead to reduced origin firing (59).

IR-induced degradation of Cdc25A is thought to involve Chk1 and the unrelated checkpoint
kinase Chk2. Basal turnover of Cdc25A requires ATR, Claspin and Chk1 (81,83). C-
terminal phosphorylation of Cdc25A by Chk1 (together with N-terminal phosphorylation by
an unknown kinase) directs Cdc25A to a Skp1/Cullin/F-box (SCF) complex containing the
F-box protein β-TrCP (82,84,85). It is thought that the DSB-induced intra-S-phase
checkpoint targets Cdc25A through Chk2-mediated amplification of Chk1-dependent
signals (81). Thus, loss of Chk1 results in accumulation of hypo-phosphorylated Cdc25A
and failure to degrade Cdc25A after IR. The decrease in CDK2 activity resulting from IR-
induced Cdc25A degradation is likely to contribute to the S-phase checkpoint. Consistent
with a Cdc25A/CDK2-mediated mechanism for the S-phase checkpoint, association of
Cdc45 with origins of replication (a late CDK2-dependent event in initiation of DNA
replication), is inhibited in response to IR concomitant with Cdc25A degradation (86).
Negative regulation of Cdc45 following IR treatment was attributed to the ATM/Chk2/
Cdc25A pathway and no role for Chk1 was demonstrated (86). However, Chk1 inhibition
also appears to increase Cdc45 loading via stabilization of Cdc25A (87).

Similar to IR-induced DSB, high doses (10 J/m2) of UVC-induced CPD can induce Cdc25A
degradation (54). However, two recent studies showed that low levels of bulky adducts
(BPDE, UV lesions) activate the S-phase checkpoint without causing global elongation
blocks but do not elicit changes in Cdc25A or CDK2 (78,88). Moreover, Cdc25A and CDK2
levels and activities are not limiting for DNA synthesis when the S-phase checkpoint is
active (78). In those studies, decreases in Cdc25A were only observed in response to high
doses of BPDE and UV that inhibit elongation (78,88). Taken together, it appears that the
Cdc25A degradation pathway is responsive to DSB but that bulky adduct-induced S-phase
checkpoints are Cdc25A /CDK2-independent.

It is unclear why bulky adduct-induced (Chk1-mediated) inhibition of DNA synthesis occurs
without changes in Cdc25A or CDK2 activity. One possible explanation is that inhibition of
Cdc25A by Chk1 requires a critical threshold level (or duration) of Chk1 signaling that
exceeds the transient and modest Chk1 response induced by low doses of BPDE and UV.
High doses of BPDE and UV that inhibit elongation induce a higher level and more
sustained phosphorylation of Chk1 than is evident in cells treated with low doses that inhibit
only initiation (55). It is also possible that additional signaling events induced by high doses
of BPDE contribute to Cdc25A downregulation. For example, Chk2 is phosphorylated
concomitantly with high dose BPDE-induced elongation blocks, but not after treatment with
low doses of BPDE that activate the S-phase checkpoint (55). Since the DSB-induced intra-
S-phase checkpoint involves Chk2-mediated amplification of Chk1-dependent events (81),
efficient Cdc25A degradation might require threshold levels of adducts or secondary forms
of DNA damage (i.e. DSBs) that elicit more extensive Chk1 and Chk2 signaling. Repair of
DSB involves 5'-3' nucleolytic resection of flush ends, thereby exposing ssDNA that could
lead to ATR/Chk1 activation (89). Therefore, the recombination substrate (ssDNA)
generated in response to high levels of bulky adducts could contribute to Chk1 activation via
a mechanism not involving uncoupled helicase and polymerase activities.

Regardless of the basis for mechanistic differences between DSB- and bulky adduct-induced
S-phase checkpoints, it is clear that changes in Cdc25A/CDK activity do not mediate
cessation of DNA synthesis in response to bulky lesions. Therefore, it is important to
identify alternative targets of Chk1 that mediate the bulky adduct-induced S-phase
checkpoint.
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2. Cdc7
The Cdc7 protein kinase together with its activating partners Dbf4 and Drf1 is termed Dbf4/
Drf1-Dependent Kinase (DDK) (90). During normal S-phase DDK acts at individual origins
of replication to promote initiation of DNA synthesis (91). It has long been known that
cdc7Δ yeast strains are hypersensitive to hydroxyurea (HU, a ribonucleotide diphosphate
reductase inhibitor) and various genotoxins including UV (92). Therefore, DDK may be
required for a normal DNA damage response. Analysis of the role of Cdc7 in S-phase
checkpoints has been complicated because CDC7 is an essential gene. Therefore, work with
Cdc7 mutants has been conducted using conditional mutants not a cdc7-null. Moreover,
Cdc7 plays a key role in establishing the replication forks that are necessary for initiation of
the S-phase checkpoint signal. Therefore, DDK could play an indirect role in checkpoint
signaling. Nevertheless, a number of studies have suggested a role for Cdc7 as a target of S-
phase checkpoints. For example, in S. pombe, Hsk1 (Cdc7) undergoes a Cds1 (the functional
counterpart of hChk1 and S. cerevisiae Rad53)-dependent phosphorylation in response to
HU, and Hsk1 is phosphorylated by Cds1 in vitro (93). Dbf4 (Dfp1 in S. pombe) also
undergoes a Cds1/Rad53-dependent phosphorylation after HU treatment that results in
decreased DDK kinase activity (94–96). Moreover, Dbf4 is removed from chromatin in a
Rad53-dependent manner following HU treatment (97). Therefore, inhibitory
phosphorylation of DDK is likely to prevent initiation at late origins of replication.
Interestingly, hDbf4 contains consensus sequences for phosphorylation by Chk1 (90), and
Heffernan et al. recently showed Chk1-dependent phosphorylation of Dbf4 from mammalian
cells (88). Therefore, a conserved checkpoint kinase-dependent mechanism may target DDK
in yeast and humans.

Perhaps the most convincing evidence that inhibition of Cdc7/Dbf4 via checkpoint signaling
mediates the S-phase checkpoint in vertebrate cells comes from a biochemical study with
Xenopus extracts. Gautier and colleagues showed that the association between Dbf4 and
Cdc7 was perturbed in an ATR-dependent manner after treatment with etoposide (a
topoisomerase II inhibitor) (98). Moreover, the addition of recombinant Dbf4 enabled DNA
synthesis in etoposide-treated nuclei, demonstrating that Dbf4 was limiting for DNA
synthesis after acquisition of etoposide-induced DNA damage (98). Similarly, Heffernan et
al. recently showed that ectopically-expressed Dbf4 abrogates the S-phase checkpoint
response to UVC in primary human cells (88). Therefore, high levels of DDK activity may
overcome the checkpoint-mediated inhibition of initiation in some instances.

However, other recent studies using human cancer cell lines have found no major role for
DDK in the S-phase checkpoint. Liu et al. reported that inhibition of initiation or elongation
following BPDE treatment did not affect levels or chromatin association of Cdc7 in
mammalian cells (78). In that study, the association of Cdc7 with Dbf4 was unaffected by
BPDE concentrations that inhibited initiation (although inhibition of elongation in response
to high-dose (600nM) BPDE was associated with loss of the Cdc7-Dbf4 interaction) (78). In
contrast with etoposide-treated Xenopus nuclei (98), or UV-treated primary human cells (88)
ectopic expression of Dbf4 (alone or in combination with Cdc7) did not prevent inhibition of
DNA synthesis in response to BPDE. Clearly it is important to determine why Dbf4
expression abrogates the S-phase checkpoint in primary human cells but not in cancer cell
lines. Consistent with the findings of Liu et al., a recent report from the Santocanale
laboratory found that Cdc7-Dbf4 and Cdc7-Drf1 complexes were stable in HU- or
etoposide-treated HeLa cells (99). Therefore, unlike etoposide-treated Xenopus nuclei (98),
genotoxin treatment and replication stress do not dissociate DDK complexes and Dbf4
levels are not rate-limiting for DNA synthesis in BPDE-treated cancer cell lines (78,99).
Interestingly, recent studies suggest that immunodepletion of Dbf4 from Xenopus egg
extracts fails to inhibit DNA synthesis (100,101). Therefore, Dbf4 may not be the sole target
of S-phase checkpoint signaling in etoposide-treated Xenopus extracts.
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Using replication-competent Xenopus extracts, Dunphy and colleagues have shown that
Drf1, an alternative binding partner of Cdc7, associates with chromatin in response to DNA
damage and replication stress (102). It is unclear whether the concentrations of genotoxins
used in that study affected initiation or elongation. Nevertheless, those workers suggested
that Drf1 might be involved in S-phase checkpoint responses, and that its association with
chromatin could provide a mechanism for inhibition of DNA synthesis. ASKL1a and
ASKL1c are splice variants of the mammalian Drf1 homologue (103). In contrast with
results from Xenopus extracts, Liu et al. found no increase in association of ASKL1a or
ASKL1c with chromatin in response to bulky adducts. Furthermore, high level expression of
ASKL1a or ASKL1c did not affect DNA synthesis in control or BPDE-treated mammalian
cells (78). Therefore, there is no evidence that Dbf4 and ASKL1 have major roles in the
bulky adduct-induced S-phase checkpoint in mammalian cells. However, it is possible that
Dbf4 and ASKL1/Drf1 are involved in S-phase checkpoint responses to other forms of DNA
damage. Alternatively it is possible that DDK plays a role in recovery from S-phase
checkpoints rather than checkpoint activation. Potentially, DDK-mediated stabilization of
stalled replication forks or DDK-dependent activation of unfired origins could constitute
recovery or restart mechanisms. Inefficient checkpoint recovery or defective restart
mechanisms following fork stalling could explain the hyper-sensitivity of Cdc7 and Dbf4
mutants to DNA damage (95).

3. Cdc45
Studies in mammalian cells using the Chk1 inhibitor UCN-01, catalytically-inactive
(putative dominant-negative) Chk1, and siRNA suggest that Chk1 signaling inhibits the
initiation step of DNA synthesis (49,51,104). Moreover, new origin firing was detected in
aphidicolin-arrested Chk1−/− chicken DT40 cells (but not in Chk1+/+ cells), also consistent
with a role for Chk1 in repressing initiation events (105). Therefore, Liu et al. investigated
the effects of Chk1 signaling on regulation of initiation factors in mammalian cells. These
workers found that BPDE inhibits the association of Cdc45 with chromatin concomitantly
with activation of the S-phase checkpoint (78). Chromatin association of other replication
factors (including Mcm10) was unaffected by BPDE, possibly indicating that checkpoint
signaling inhibits initiation of replication at a step distal to Mcm10 recruitment but prior to
Cdc45 loading. The dissociation of Cdc45 from Mcm7 after BPDE treatment might provide
a mechanism for negative regulation of initiation of DNA synthesis by DNA damage
signaling. As already noted, IR-induced DSB also inhibit the chromatin-association of
Cdc45, although the effect of IR on Cdc45 response results from changes in Cdc25A
stability and loss of CDK activity (59). Therefore, the IR- and bulky lesion-induced S-phase
checkpoints both target Cdc45 but via distinct mechanisms.

Potentially the Chk1-mediated loss of Mcm-associated Cdc45 might reflect decreased
loading of Cdc45 onto the pre-RC or may result from increased removal of Cdc45 from
initiation complexes. Since CDK and DDK remain active during the S-phase checkpoint
(78,88), the cellular environment is permissive for Cdc45 loading. Therefore a DNA
damage-induced Cdc45 'unloading' mechanism is feasible. Direct phosphorylation of Cdc45
by Chk1 could interfere with its loading or might promote its unloading. Phosphorylation of
mammalian Cdc45 has not been studied during an unperturbed cell cycle, or in the DNA
damage response. Appropriate experiments are needed to test the role of Cdc45
phosphorylation in normal DNA replication and during S-phase checkpoints.

Alternatively, Chk1-mediated phosphorylation could interfere with Cdc45 loading by
targeting a Cdc45-associated protein, for example components of the Mcm2–7 complex,.
Several investigators have identified phosphorylation sites in Mcm2–7 complex members
including Mcm2, Mcm3, and Mcm4 (44,106). The significance of DNA damage-induced
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Mcm helicase phosphorylation is unclear. One possibility is that Mcm2–7 phosphorylation
precludes its association with Cdc45, thereby interfering with initiation of DNA synthesis.

DNA damage-induced proteolysis of Cdc45 represents another speculative mechanism that
could account for the effect of bulky lesions on levels of Mcm2-7 complex-bound Cdc45
when the S-phase checkpoint is active. Proteolysis of Cdc45 has not been studied previously
in mammalian cells. However, DNA damage-induced proteolysis of replication factors is not
unprecedented. For example, the replication licensing factor Cdt1 is subject to DNA
damage-induced degradation (107). Since replication licensing occurs during telophase and
G1, Cdt1 degradation is unlikely to be involved in S-phase checkpoints (which result from
decreased initiation). However, putative checkpoint-induced mechanisms for degradation of
Cdc45 (or of other initiation factors) could explain the observed loss of chromatin-bound
Cdc45. Proteins are frequently targeted for ubiquitin-mediated proteolysis via
phosphorylation. Therefore, putative (Chk1-mediated) phosphorylation- and ubiquitination-
based mechanisms of Cdc45 regulation during the S-phase checkpoint are not mutually
exclusive. Clearly further work is necessary to understand the regulation of Cdc45 both
during normal cell cycle and in the DNA damage response.

Attenuation of checkpoint signaling by Trans-Lesion Synthesis
It is well accepted that checkpoint signaling inhibits cell cycle progression in response to
DNA damage. The mechanisms by which checkpoints are activated and checkpoint
signaling delays cell cycle progression have been studied extensively. However,
mechanisms that eventually attenuate checkpoint signaling after genotoxin treatment have
received relatively little attention. Recent studies suggest that specialized DNA polymerases
collectively termed the TLS polymerases play a key role in the resumption of DNA
synthesis after acquisition of bulky UV- and BPDE-induced lesions (108–110). As discussed
below, regulation of TLS polymerases appears to be tightly coordinated with S-phase
checkpoint signaling events in mammalian cells.

Trans-Lesion Synthesis (TLS) DNA polymerases
In contrast with DNA polymerases such as Pol delta and Pol epsilon that perform bulk
replicative DNA synthesis during S-phase, TLS polymerases have low fidelity and low
processivity on undamaged DNA. However, because of a 'relaxed' active site that can
accommodate helix-distorting lesions, TLS enzymes can bypass various forms of DNA
damage with reduced accuracy compared with replicative polymerases (111). In eukaryotes,
the main TLS polymerases are Pol eta (η), Pol iota (ι), Pol kappa (κ) and REV1 (all
belonging to the Y-family), and Pol zeta (ζ, belonging to the B-family). Polζ comprises a
catalytic subunit (REV3) and a non-catalytic subunit (REV7). Collectively, these enzymes
are responsible for bypass synthesis of various DNA lesions.

The biochemical properties and substrate-specificities of purified TLS polymerases have
been studied extensively. It is now clear that each TLS polymerase displays a preference for
bypass of specific lesions in vitro. For example, Polη is unique among eukaryotic DNA
polymerases in its ability to replicate templates containing cis-syn thymine-thymine (T-T)
dimers (the major DNA lesions generated by UV radiation) very efficiently and accurately
by inserting two 'A's opposite the lesion (112). While Polκ is unable to bypass cis-syn T-T
dimers, the enzyme is able to bypass benzo[a]pyrene-adducted guanines, inserting the
correct C opposite the bulky lesions (113). In contrast, Polη bypasses BPDE-adducted
guanines inefficiently by inserting A or G in preference to C in vitro (114).

The phenotypes associated with loss of specific TLS polymerases in vivo are consistent with
the biochemical properties of those polymerases in vitro. Most notably, xeroderma
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pigmentosum variant patients with defects in Polη (encoded by the XPV gene) are extremely
prone to sunlight-induced skin cancers (115,116), demonstrating a physiological role for
Polη in response to UV-induced DNA damage. Polκ-deficient individuals have not been
identified. However, Polk-deficient mutant mouse embryonic stem (ES) cells are highly
sensitive to B[a]P-induced mutagenesis and genotoxicity (117), further suggesting a role for
Polκ in cellular responses to B[a]P-adducted DNA. Furthermore, in Polk-deficient mutant
mouse ES cells, the G-to-T mutations become much more predominant than in the wild-type
cells, thus implicating Polη in the error-prone bypass of BPDE-adducted guanines in the
absence of Polκ (117).

Defects in Polκ or Polη might impair completion of DNA replication at sites damaged by
BPDE or UV respectively. Alternatively, lesion bypass might occur in an error-prone
manner that is mediated by an inappropriate polymerase. For example, in a recent study
Livneh and colleagues showed that lesion bypass of B[a]P-adducted plasmid DNA was
reduced by 30% in Polk-deficient mouse fibroblasts relative to wild-type cells, but that the
residual bypass (possibly mediated by Polη or other TLS polymerases) was 20% more error
prone (118). When the TLS process is completed, the DNA region containing a bulky DNA
lesion that blocked the replication machinery becomes accessible for excision repair
mechanisms to eliminate the lesion. Mutations can be fixed during excision repair, for
example, by insertion of T opposite A that was mis-incorporated opposite BPDE-adducted
guanine. Clearly, failure to complete replication, and error-prone replication represent
possible causes of genetic instability and are likely to contribute to tumorigenesis.

Defects in TLS polymerase activities may result in prolonged checkpoint signaling in
response to bulky DNA lesions. For example, BPDE-induced Chk1 activation and S-phase
arrest are more persistent in a Polk−/− background relative to Polk+/+ cells (109). This
implies that Polη cannot substitute Polκ for bypassing BPDE-adducts in vivo. Conversely,
the UV-induced S-phase checkpoint is persistent in XPV cells (although Polη-deficiency
does not affect the kinetics of the BPDE-induced S-phase checkpoint). These results suggest
that TLS is important for eliminating stalled replication forks and reversing the uncoupling
between polymerase and helicase that triggers S-phase checkpoint signaling. Interestingly,
the persistent S-phase arrests resulting from BPDE and UV treatment of Polκ- and Polη-
deficient cells respectively are associated with activation of DSB-induced checkpoint
signaling pathways including p95, ATM, and Chk2 (109,119,120). These findings may
suggest that stalled replication forks resulting from TLS polymerase-deficiency are prone to
collapse, thereby generating secondary forms of DNA damage such as DSB (Fig. 3). As
discussed earlier, DSB repair involves resection of flush ends, thereby exposing ssDNA that
could activate ATR/Chk1 (89). Therefore, the persistent activation of Chk1 in TLS-
polymerase-deficient cells might be partly due to ssDNA formed during DSB processing, in
addition to the ssDNA generated by uncoupled replicative helicase and polymerase
activities.

A recent study in S. cerevisiae demonstrated that defective TLS does not affect fork
progression following UV-irradiation, but results in accumulation of ssDNA gaps behind the
replication fork (121). This suggests that following replication fork stalling DNA synthesis
resumes due to re-initiation events on the leading strand downstream of the stalled fork. If
TLS operates similarly in mammalian cells, the presence of ssDNA gaps behind the fork
may also account for the persistence of checkpoint signaling in TLS-deficient cells after
genotoxin treatment. Therefore, the prolongation of checkpoint activation observed in TLS-
deficient mammalian cells is not necessarily attributable to persistent uncoupling of helicase
and polymerase activities. Nevertheless, regardless of the mechanism of persistent Chk1
activation in Polκ/Polη-deficient cells that acquire bulky adducts, TLS polymerases are
clearly required for normal checkpoint recovery (108–110).
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Mechanisms of recruitment of TLS Polymerases
The process by which stalled replicative polymerases encountering DNA lesions are
replaced by TLS enzymes is termed 'polymerase switching'. The molecular basis of the
polymerase switch was first described for S. cerevisiae Rad30 and its mammalian
homologue Polη. When replication forks stall at sites of DNA damage, PCNA (which
functions as the processivity factor for replicative DNA polymerases), is mono-ubiquitinated
on Lysine 164 (122–125). The three TLS polymerases Polη, Polι and Polκ possess PCNA-
interacting motifs (termed `PIP boxes') that mediate direct associations with unmodified
PCNA (126–131). REV1, another Y-family member, does not possess a typical PIP box.
However, Friedberg and colleagues reported that the BRCT domain located at the N-
terminal region of REV1 might instead mediate its interaction with PCNA (132). Mono-
ubiquitination of PCNA is believed to increase its affinity for TLS polymerases (123–125).
In fact, a recent study demonstrated the existence of novel ubiquitin-binding motifs (termed
UBZ for Polη and Polκ and UBM for Polι and REV1) (133). The ubiquitin-binding motifs,
as well as the conserved PIP sequences were shown to be necessary for efficient recruitment
of Polη, Polι and REV1 to PCNA following genotoxin treatments (133–135). Therefore, it
appears likely that a common mechanism involving UBM/Z motifs recruits TLS
polymerases to monoubiquitinated PCNA (mUb-PCNA) at stalled replication forks. A
recent study indicated that ubiquitin-fusion at the N- or C-terminus of PCNA can efficiently
substitute for modification of K164 in increasing affinity for Polη (131). This suggests that
the ubiquitin domain is required to attract Polη to modified PCNA, but not for directing a
configuration of the bound TLS enzyme for the primer terminus. An alternative explanation
is that PCNA monoubiquitination lowers its affinity for replicative polymerases (136,137);
however, to date, there is no firm experimental evidence to support the assertion.

PCNA mono-ubiquitination at K164 is mediated by the complex of Rad6 (an E2 ubiquitin-
conjugating enzyme) and Rad18 (an E3 ubiquitin ligase). Rad18 also interacts with Polη to
facilitate recruitment to stalled replication forks (125,138). When lesion bypass is completed
the replicative polymerase needs to regain access to the primer terminus. It remains to be
seen whether or not PCNA must be de-ubiquitinated to facilitate dissociation of the TLS
polymerase and re-association of the replicative polymerase. In this connection, it is still
unknown whether all three subunits of PCNA in the stalled replication fork need to be
modified to recruit a TLS enzyme (as suggested in (124)) or whether modification of one or
two subunits is sufficient. If modification of a single PCNA subunit can recruit a TLS
enzyme, the replicative polymerase might remain bound to one of the two other subunits.
Thus, rotation around the DNA axis of a PCNA trimer with two attached polymerases could
constuitute the switching process.

How does DNA damage trigger PCNA modification?
The mechanism(s) that stimulate PCNA mono-ubiquitination following acquisition of DNA
damage are the subject of intensive investigation. Increased PCNA ubiquitination or
decreased PCNA de-ubiquitination (or both) could account for the accumulation of mUb-
PCNA in genotoxin-treated cells. Rad18 is re-distributed to sites of DNA damage, possibly
suggesting that Rad18 is a target for regulation in DNA damage-induced PCNA
ubiquitination (125). A recent study indicates that the SAF-A/B, Acinus and PIAS (SAP)
domain of Rad18 is required for the re-distribution of Rad18 to sites of DNA damage (139).
The SAP domain is thought to mediate protein-protein interactions and/or DNA binding
(140). A Rad18-independent pathway for PCNA mono-ubiquitination was recently
identified in RAD18-deficient DT40 cells (141). Therefore, it is possible that E3 ligases
other than Rad18 also contribute to PCNA ubiquitination in vivo.
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It has also been suggested that changes in PCNA de-ubiquitinating activities account for
DNA damage-induced PCNA ubiquitination. D'Andrea and colleagues reported that USP1 is
a de-ubiquitinating enzyme (DUB) for mUb-PCNA (52). USP1 is functionally inactivated in
response to DNA damage via an autocleavage mechanism and the resulting loss of USP1
might contribute to increasing the level of mUb-PCNA (52). However, the doses of UVC
needed to elicit USP1 degradation are very high (30–100 J/m2), result in global elongation
blocks, and far exceed the low doses (~1 J/m2) required to induce PCNA ubiquitination in
intact cells. Therefore it is possible that USP1 plays a major role in PCNA ubiquitination
only in response to very high levels of DNA damage or when there is global inhibition of
DNA synthesis.

Interestingly, USP1 is also a DUB for mono-ubiquitinated FANCD2, the putative effector of
the Fanconi Anemia (FA) pathway that is known to be important for inter-strand cross-link
repair (142). USP1 cleavage might represent a mechanism for coordinating the TLS and FA
pathways. There is no reported evidence that the FA pathway is involved in checkpoint
responses to bulky adducts. Therefore, it is possible that PCNA ubiquitination resulting from
USP1 cleavage represents a response to genotoxins that preferentially activate the FA
pathway. Nevertheless, USP1 provides an interesting precedent for control of PCNA
ubiquitination via regulated DUB activity. Changes in alternative PCNA-directed DUB
activities may mediate PCNA ubiquitination in response to bulky adducts.

Since PCNA ubiquitination is stimulated in response to DNA damage it is possible that
Rad18 and USP1 (or other PCNA-directed E3 ligases and DUBs) are regulated by DNA
damage-induced checkpoint signaling. Bi et al. showed that BPDE-induced PCNA mono-
ubiquitination and recruitment of Polκ is sensitive to ablation of ATR/RPA (by siRNA) or
Chk1 inhibition (using dominant negative Chk1) (108). Therefore, the ATR/Chk1 pathway
appears to contribute to efficient PCNA mono-ubiquitination in mammalian cells.

In contrast with results obtained with mammalian cells, UV-induced PCNA mono-
ubiquitination and checkpoint activation in S. pombe represent two independent responses to
DNA damage (143). Similarly, a recent study by the Cimprich lab using Xenopus cell free
extracts suggests that genotoxin-induced PCNA mono-ubiquitination is checkpoint-
independent (144). These workers also concluded that PCNA ubiquitination and ATR
activation are separate responses to single-stranded DNA generated by uncoupling of
replicative helicase and DNA polymerase activities. Cimprich and colleagues suggested that
the effect of checkpoint inhibition on PCNA mono-ubiquitination in the study of Bi et al.
(108) were indirect, resulting from toxicity and reduced replication in ATR/Chk1-deficient
cells. While this could be argued for ATR and RPA (whose ablation inhibits DNA
synthesis), Chk1 inhibition actually stimulates basal rates of DNA synthesis (87), most
likely via increased initiation (51,105). Therefore, the inhibitory effect of Chk1-deficiency
on PCNA ubiquitination and TLS polymerase recruitment cannot be attributed to reduced
DNA replication. Instead, Chk1 might promote TLS via direct or indirect regulation of
PCNA-directed E3 ligase(s) or DUBs (Fig. 4). Clearly further work is necessary to elucidate
the putative relationship between Chk1 signaling and TLS in mammalian cells. Interestingly,
it has long been suggested that S-phase checkpoint signaling stabilizes stalled replication
forks (24). As already noted, in TLS polymerase- or Rad18-deficient cells, bulky adducts
elicit increased DNA DSB signaling and loss of viability, hallmarks of fork collapse
(108,109). It is possible therefore that the stabilizing effect of Chk1 on stalled replication
fork is mediated at least in part via stimulation of PCNA ubiquitination and recruitment of
TLS enzymes. Alternatively, it is possible that the role of Chk1 in TLS is to stabilize the
stalled forks, allowing interactions between PCNA and TLS polymerases to take place.
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Other workers have also suggested a role for checkpoint proteins in TLS polymerase
regulation. Kai and Wang showed that the 9-1-1 complex recruits DinB (S. pombe Polκ) by
direct interactions with Hus1p (145). Interaction between Polκ and 9-1-1 has not been
demonstrated in vertebrate cells. However, because efficient Polκ recruitment in mammalian
cells requires Chk1 signaling (108), and since BPDE-induced Chk1 activation requires 9-1-1
(69) there is an indirect requirement for Hus1 in Polκ regulation in mammalian cells.
Therefore, mammalian cells and S. pombe both require 9-1-1 for efficient Polκ recruitment.

Interestingly, in S. cerevisiae, 9-1-1 associates with Polζ and is required for Polζ-dependent
spontaneous mutagenesis (146). Therefore, 9-1-1 provides a potential mechanism for
checkpoint-dependent regulation of TLS polymerases. Sugimoto and colleagues recently
showed a requirement for MEC1 (the S. cerevisiae ATR homologue) in localization of Polζ
and Rev1 to HO-endonuclease-induced DSB (147). Although the recruitment of Polζ-Rev1
to DSB is Rad18-independent (and therefore differs from bulky adduct-dependent Polκ/η
regulation) the study is consistent with a more general role for checkpoint signaling in TLS
polymerase function. Taken together, emerging evidence suggests that regulation of TLS
enzymes by checkpoint signaling is conserved in eukaryotes in response to bulky lesions as
well as other forms of DNA damage.

How do cells ensure specific recruitment of appropriate TLS enzymes for
bypass of bulky adducts?

The TLS process must be tightly regulated to restrict the activity of error-prone polymerases
and ensure genomic stability. As already noted, all Y-family TLS polymerases possess
ubiquitin-binding motifs (UBZ and UBM) that are thought to mediate interactions with
ubiquitinated PCNA (133). Moreover, a large number of genotoxins (including, but not
limited to bulky adducts) induce PCNA ubiquitination. Hydroxyl urea (HU), which
decreases the dNTP pool size by inhibiting the rNDP reductase, also induces PCNA
ubiquitination and focus formation of Polκ(148), while there is no obvious effect of Polκ-
deficiency on recovery from HU-induced replication blocks (109). For accurate replication
of damaged DNA it is important that only appropriate TLS enzyme(s) perform bypass
synthesis of their preferred lesions and that TLS enzymes inappropriately bound to Ub-
PCNA are removed. Lesion bypass by inappropriate polymerases (e.g. Polη-mediated
bypass of BPDE adducts) could result in reduced fidelity of replication and mutagenesis.
How the appropriate enzyme is recruited for each type of damage remains an interesting and
open question. In this regard, the finding that Polη, Polι, Polκ and REV7 all interact with a
C-terminal region of REV1 suggests that REV1 plays a special role in the TLS process
(149–151).

One possibility is that REV1 facilitates the exchange of polymerases that carry out the
sequential insertion and extension steps of TLS, as already discussed by others (111).
Following the initial insertion across a lesion, an extending enzyme such as Polζ is required
for completion of TLS. For instance, Polι is able to insert the correct A opposite the 3'-T of a
T-T (6–4) photoproduct, but further extension requires an additional DNA polymerase
(152). REV1 may facilitate the exchange between Polι and Polζ, via interaction with Polι
and the REV7 subunit of Polζ.

We further speculate that REV1 may help eliminate TLS enzymes inappropriately bound to
Ub-PCNA. Polη is likely the first TLS polymerase to be recruited to any lesion because it
associates directly with the Rad6-Rad18 complex (138). Thus, once PCNA at the stalled
replication fork is mono-ubiquitninated, Rad6-Rad18-associated Polη is the preferred TLS
polymerase for binding to the modified PCNA. Initial recruitment of Polη to stalled forks
could be advantageous because Polη is a versatile enzyme that is able to bypass many
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different DNA lesions, correctly in many cases (153). However, Polη forms nuclear foci in
response to various lesions, including ones it cannot bypass such as BPDE (109). Therefore,
recruitment of Polη in response to BPDE lesions would necessitate its subsequent exchange
for Polκ. Such a polymerase exchange process might be dependent upon REV1 which
interacts with both Polκ and Polη (Fig. 4).

PCNA Poly-ubiquitination
In addition to promoting TLS (which is error-prone), the budding yeast Rad6–Rad18
ubiquitin-conjugating complex regulates an error-free pathway of post-replication repair
(PRR) which involves PCNA poly-ubiquitination. Error-free PRR is mediated via Rad5 (a
SWI/SNF family ATPase and E3 ubiquitin ligase) together with Mms2-Ubc13 (E2 and E2
variant complex) (122). Thus, following acquisition of DNA damage, the mono-
ubiquitinated Lysine 164 residue of PCNA is poly-ubiquitinated by the Rad5-Mms2-Ubc13
complex which generates a lysine 63-linked ubiquitin chain. Rad5-mediated PCNA poly-
ubiquitination promotes an error-free PRR mechanism whose details are poorly understood.
A recent study by Zhang and Lawrence suggest that the Rad5-mediated error-free pathway
involves recombination between partially-replicated sister strands, although it does not
depend on Rad52 which is essentially required for most DNA recombination events in
budding yeast (154). Thus, a template-switching mechanism may be employed in which the
newly-synthesized daughter strand of the undamaged complementary sequence is used as a
template for error-free lesion bypass.

Until recently, the idea that PCNA is poly-ubiquitinated in mammalian cells was the subject
of considerable debate, in part because a mammalian Rad5 homologue had not been
identified (155). However, several groups have now demonstrated that PCNA is poly-
ubiquitinated in various cultured mammalian cell lines (156,157). Moreover, the Myung and
Haracska laboratories independently identified the putative tumor suppressor SHPRH as a
human orthologue of yeast Rad5 (157,158). Haracska and colleagues showed that purified
SHPRH promotes Rad6–Rad18-dependent PCNA poly-ubiquitination in vitro (158). The
Myung group demonstrated that hSHPRH is necessary for DNA damage-induced PCNA
poly-ubiquitination in response to methylmethane sulfonate (MMS) and that SHPRH
ablation confers increased MMS-sensitivity (as measured by clonogenic survival) and
chromosome breakage (157). Therefore, similar to yRad5, mammalian SHPRH appears to
suppress genomic stability via PCNA poly-ubiquitination and error-free recombination-
based tolerance mechanisms.

Although not yet tested, a role for SHPRH and PCNA poly-ubiquitination in error-free
bypass of bulky adducts such as BPDE and UV lesions appears very likely. Moreover, since
Rad18-mediated PCNA mono-ubiquitination requires ATR/Chk1 activities, it is likely that
SHPRH-mediated PCNA poly-ubiquitination will share a similar dependence on checkpoint
kinase signaling. It remains to be determined how cells choose between error-prone (Rad18/
TLS polymerase) or error-free (SHPRH/recombination)-based mechanisms to recover
replication forks that are stalled by bulky lesions. Cells lacking Polκ or Polη fail to recover
from S-phase checkpoints induced by BPDE and UV respectively. It is unclear why
SHPRH-based error-free mechanisms do not compensate for defective bypass of bulky
adducts in the absence of the lesion-specific error-prone TLS enzyme. Potentially SHPRH-
mediated PCNA poly-ubiquitination in vivo might occur only secondarily to TLS
polymerase recruitment or might represent a low-efficiency, low-capacity pathway relative
to TLS. Another possibility is that PCNA poly-ubiquitination occurs only when replication
is persistently blocked due to the presence of a lesion on the template for the leading strand
synthesis. Clearly further work is necessary to elucidate the molecular basis for selection of
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error-prone or error-free pathways for bypass of bulky adducts and the relative contribution
of each mechanism to recovery from bulky adduct-induced S-phase checkpoints.

Conclusions and Perspectives
Here we have summarized mechanisms of activation and attenuation of bulky lesion induced
S-phase checkpoints. Similarities and differences between bulky adduct-induced and other
S-phase checkpoints have been discussed. Clearly more work is needed to understand
mechanisms by which Cdc45 and perhaps other initiation factors are regulated by Chk1
signaling. Although it is well accepted that S-phase checkpoint signaling regulates the
initiation step of DNA synthesis, several recent reports also indicate that rates of chain
elongation are also controlled by DNA damage-induced checkpoint signaling (76,159).
Additional work is necessary to identify checkpoint targets that mediate the effects of DNA
damage on the elongation phase of DNA synthesis. It is now becoming clear that the process
of TLS is intimately linked to checkpoint activation, and that TLS polymerase-mediated
lesion bypass is necessary for elimination of stalled forks and attenuation of DNA damage
signaling. However, further studies are necessary to define the precise mechanisms that
couple ATR/Chk1 signaling with PCNA ubiquitination and TLS polymerase recruitment.
Additionally, it is crucial to determine the mechanisms that ensure recruitment of
appropriate TLS polymerases to their preferred DNA lesions and to understand how cells
decide between error-prone (TLS) and error-free (SHPRH-mediated) mechanisms of lesion
bypass. In addition to providing insight into mechanisms of tumor suppression, a detailed
understanding of S-phase checkpoints might also be useful in the clinic. For example,
abrogation of Chk1-mediated checkpoints in p53-deficient cancer cells can elicit mitotic
catastrophe and apoptosis. Therefore, there is considerable interest in exploiting checkpoint
kinases as possible therapeutic targets in p53-deficient cancers (160,161). Defects in TLS
polymerases or Rad18 also sensitize cells to genotoxin-induced killing. It is possible that
small molecule inhibition of TLS enzymes represents an additional strategy for sensitizing
cancer cells to existing genotoxic chemotherapies.
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Fig. 1. S-phase checkpoint signaling results from uncoupling of replicative helicase and
polymerase activities
Bulky adducts and other DNA lesions (shown in black) cause stalling of the replicative
DNA polymerase (illustrated here in association the PCNA trimer). Continued unwinding of
DNA by the Mcm2–7 replicative helicase complex generates excessive ssDNA which is
coated by RPA. ATRIP-ATR and the 9-1-1 complex (not shown) are recruited
independently to the stalled replication fork. TopBP1 stimulates ATR kinase activity (no
association between TopBP1 and RPA-ssDNA is implied). Chk1 is an ATR substrate and is
activated by phosphorylation. ATR-mediated Chk1 activation also requires the mediator
protein Claspin (not shown). Chk1 signaling inhibits initiation of DNA synthesis at late-
firing origins of replication, as described in the text and in Fig. 2.
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Fig. 2. Model describing effect of Polk status on BPDE-induced S-phase checkpoint signaling
In Polk+/+ cells (left panel) BPDE-adducted DNA (shown in black) uncouples the replicative
DNA polymerase (Pol) and helicase activities thereby generating ssDNA and initiating
ATR/Chk1 signaling (A). A polymerase switch replaces the stalled DNA polymerase with
Polκ (B). Polκ-mediated bypass of the adduct lesion allows recovery of the stalled
replication fork and attenuates S-phase checkpoint signaling.
In Polk−/− cells (right panel), failure to bypass BPDE-adducted DNA results in persistently
stalled forks (B). Eventual fork collapse generates DSB (C) and elicits ATM/Chk2
signaling.
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Fig. 3. Hypothetical mechanisms for checkpoint-dependent PCNA mono-ubiquitination and
polymerase switching in mammalian cells
Chk1 signaling could promote PCNA mono-ubiquitination and TLS via Rad18 recruitment
or activation, negative regulation of USP1 (or other DUBs), or by a combination of both
mechanisms. Although not shown in the figure, 9-1-1 represents an alternative sliding clamp
for TLS polymerases.
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Fig. 4. Hypothetical role of REV1 in lesion-specific recruitment of Y-family polymerases in
mammalian cells
According to this model, Polη is the first TLS polymerase recruited to forks stalled by any
DNA lesion. For thymine dimers (TT-CPD), Polη is sufficient to perform the insertion and
extension steps of TLS and no additional polymerases are necessary. For (6-4)
photoproducts (TT (6-4)PP), Polη inserts one of the 4dXMPs opposite 3'-T while Polι inserts
the correct A, but Polζ is required for extension and completion lesion bypass. REV1 may
facilitate the exchange of Polη for Polζ. For BPDE adducts (BPDE-dG), Polκ carries out
both insertion and extension steps of TLS, whereas Polη cannot perform lesion bypass. If
Polη is recruited to BPDE-stalled forks, REV1 may facilitate the exchange of Polη for Polκ,
thereby enabling lesion bypass.
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