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Cdc7 kinase regulates DNA replication. However, its role in DNA repair and recombination is poorly understood.
Here we describe a pathway that stabilizes the human Cdc7-ASK (activator of S-phase kinase; also called Dbf4), its
regulation, and its function in cellular responses to compromised DNA replication. Stalled DNA replication
evoked stabilization of the Cdc7-ASK (Dbf4) complex in a manner dependent on ATR-Chk1-mediated checkpoint
signaling and its interplay with the anaphase-promoting complex/cyclosome“" (APC/CC") ubiquitin ligase.
Mechanistically, Chk1 kinase inactivates APC/C®"! through degradation of Cdh1 upon replication block, thereby
stabilizing APC/C®"! substrates, including Cdc7-ASK (Dbf4). Furthermore, motif C of ASK (Dbf4) interacts with
the N-terminal region of RAD18 ubiquitin ligase, and this interaction is required for chromatin binding of RAD18.
Impaired interaction of ASK (Dbf4) with RAD18 disables foci formation by RAD18 and hinders chromatin loading

of translesion DNA polymerase . These findings define a novel mechanism that orchestrates replication
checkpoint signaling and ubiquitin-proteasome machinery with the DNA damage bypass pathway to guard
against replication collapse under conditions of replication stress.
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Cdc7 was originally identified in budding yeast as a kinase
essential for initiation of chromosomal DNA replication
(Johnston et al. 1999; Masai and Arai 2002; Labib 2010).
The Cdc7 kinase is conserved in evolution (Jiang and
Hunter 1997; Sato et al. 1997; Kim et al. 1998), and, by
analogy to yeast, mammalian Cdc7 interacts with a reg-
ulatory subunit called ASK (activator of S-phase kinase)
or Dbf4 (referred to as ASK in this study) and phosphor-
ylates proteins of the MCM2-7 complex, a component of
the replicative helicase (Jiang et al. 1999; Kumagai et al.
1999; Yamashita et al. 2005). Phosphorylation of MCM
proteins by Cdc7 has been implicated in triggering DNA
replication origin firing through unwinding chromosomal
DNA (Masai et al. 2010).

The level of yeast Dbf4 protein oscillates during the cell
cycle, being absent during G1 and accumulating during
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the S and G2 phases. This oscillation is accomplished by
both transcriptional and post-transcriptional regulation.
In budding yeast, protein stability of Dbf4 is regulated by
the cell cycle regulatory ubiquitin ligase anaphase-pro-
moting complex/cyclosome (APC/C) (Weinreich and
Stillman 1999; Ferreira et al. 2000). The level of human
ASK protein fluctuates during the cell cycle, partly due
to transcriptional regulation (Wu and Lee 2002; Yamada
et al. 2002). In contrast, post-transcriptional mechanisms
of Cdc7 and ASK protein abundance control are unknown
in mammals.

As human Cdc7 phosphorylates Claspin, a factor essen-
tial for activation of checkpoint kinase Chkl, and Cdc7
activity contributes to Chk1 activation (Kim et al. 2008),
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mammalian Cdc7 may be involved in not only unper-
turbed DNA replication but also other aspects of DNA
metabolism, such as DNA repair and recombination.
Indeed, at least in yeast, the Cdc7 kinase has already
been implicated in DNA repair and mutagenesis. Thus,
mutants of cdc7 exhibit varying degrees of mutability in
response to genotoxic insults, including UV light, ethyl-
methanesulfonate, nitrosoguanidine, and nitrogen mustard
(Njagi and Kilbey 1982). Interestingly, CDC?7 belongs to
the RADG6 epistasis group (Njagi and Kilbey 1982; Pessoa-
Brandao and Sclafani 2004) of genes that control a relatively
poorly understood DNA repair pathway of translesion
DNA synthesis and damage tolerance. While kinase activ-
ity and protein—-protein interactions of the Cdc7 kinase
complex have been proposed as candidate regulatory
modes for DNA repair, the molecular mechanisms behind
such regulation remain to be elucidated.

Overexpression of Cdc7-ASK occurs in various types of
cancer (Hess et al. 1998; Nambiar et al. 2007; Bonte et al.
2008; Clarke et al. 2009; Kulkarni et al. 2009) and often
correlates with poor prognosis, suggesting that deregulated
Cdc7 kinase activity may promote survival of cancer cells
and tumor progression. Recently, some small molecule
inhibitors of Cdc7 kinase activity have been developed and
are being tested in clinical trials as candidate anti-cancer
drugs (Ito et al. 2008; Montagnoli et al. 2008; Vanotti et al.
2008; Ermoli et al. 2009).

Given the biological significance of the Cdc7-ASK
complex, its emerging involvement in human pathology,
and insufficient insights into the molecular mechanisms
that regulate and in turn are impacted by the Cdc7 kinase
activity, better understanding of Cdc7-ASK regulation
and function is highly desirable. Here, we studied human
cells to elucidate regulation of the Cdc7-ASK kinase
complex and its biological function, with emphasis on
cellular responses to DNA replication stress. Our pres-
ent work revealed a multifaceted regulatory interplay of
Cdc7-ASK with key checkpoint signaling and effector
pathways, including cell cycle regulatory ubiquitylation
and translesion DNA synthesis. The mechanism that we
describe helps orchestrate responses of human cells to
insults that impair DNA replication and threaten geno-
mic integrity.

Results

Stabilization and chromatin binding of active
Cdc7-ASK upon DNA replication block

Previous reports reached mutually contradictory conclu-
sions about changes of chromatin binding, active complex
formation, and activity of Cdc7 kinase upon genotoxic
stress (Costanzo et al. 2000; Dierov et al. 2004; Tenca et al.
2007; Lee et al. 2012). To address this important issue, we
first assessed the kinetics of chromatin binding of Cdc7-
ASK in U20S cells exposed to various genotoxic stresses.
The amounts of both Cdc7 and ASK in a chromatin-
enriched fraction (P3) increased during hydroxyurea (HU)-
induced DNA replication block (Fig. 1A). Flow cytometry
analysis confirmed that the HU-treated cells accumulated
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at the G1/S boundary and early S phase (Supplemental Fig.
1A). Similar results were obtained for two other cell lines
treated by HU and upon treatment with another genotoxic
agent, MMC, which also causes replication fork stalling
but through another mechanism: DNA interstrand cross-
links (Supplemental Fig. 1B). In contrast, upon X-ray ir-
radiation, the chromatin-bound fraction of Cdc7-ASK
remained unchanged despite a transient change of the cell
cycle profile (Supplemental Fig. 1C-E).

To ensure that the stabilization of Cdc7-ASK upon
replication block did not simply reflect a higher fraction
of S-phase cells, we performed cell cycle synchronization
experiments with or without replication block (Fig. 1B).
U20S cells were synchronized at the G1/S boundary by
a thymidine block and then allowed to progress into S
phase for 1 h followed by treatment with 0.5 mM HU to
block DNA replication before the cells were harvested at
various time points. As expected, in both whole-cell
extracts (Fig. 1B, left) and the chromatin-enriched fraction
(Fig. 1B, right), we observed stabilization of Cdc7-ASK
under replication stress. Parallel immunoprecipitation
experiments confirmed that the abundance of the Cdc7-
ASK complex bound to chromatin increased upon HU
treatment (Fig. 1C). Notably, ASK remained phosphory-
lated in cells under replication stress evoked by either HU
or MMC (Supplemental Fig. 1F). Given that ASK is mainly
autophosphorylated by Cdc7 (Supplemental Fig.1G;
Kumagai et al. 1999), this result suggested that the Cdc7
kinase is active on chromatin during DNA replication
blockade. We also found that acute inhibition of Cdc7
kinase activity by a small molecule inhibitor (PHA-767491)
induced rapid dephosphorylation of ASK and MCM2 at
Ser53—both modifications that depend on Cdc7-ASK
kinase activity (Supplemental Fig. 1G,H)—in an unper-
turbed cell cycle as well as under replication stress
(Fig. 1D). Furthermore, phosphorylation of MCM2 at
Ser53 was increased upon HU treatment but abolished
in Cdc7- or ASK-depleted cells (Fig. 1E; Supplemental Fig.
11). Chemical inhibition or RNAi-mediated knockdown of
Cdc7 prevented accumulation of ASK and impaired ASK
phosphorylation (Fig. 1D-F). The latter became particu-
larly apparent from accumulation of hypophosphorylated
ASK in Cdc7-depleted cells exposed to proteasome inhi-
bition (Supplemental Fig. 1]). From these results, we con-
cluded that, under replication stress conditions, an active
form of the Cdc7-ASK kinase complex becomes stabilized
and accumulates on chromatin.

ATR-Chk1 signaling is required to stabilize Cdc7-ASK

As the ATR-Chk1 checkpoint signaling is activated and
contributes to responses to replication stress (Bartek and
Lukas 2003), we asked whether the ATR-Chk1 cascade
regulates stabilization of Cdc7-ASK upon replication
block. Knockdown of ATR impaired stabilization of
Cdc7-ASK under replication stress conditions without
major impact on cell cycle profiles compared with control
ATR-proficient cells (Fig. 2A; Supplemental Fig. 2A,B).
Next, using gene silencing by shRNA or cep-3891, a small
molecule inhibitor of Chk1 kinase (Syljuasen et al. 2004,
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Figure 1. Stalled DNA replication stabilizes the active Cdc7-ASK kinase complex on the chromatin. (A) Stabilization of Cdc7 and
ASK (Dbf4) proteins during HU treatment in U208 cells. U20S cells were treated with 2 mM HU for the indicated times, harvested,
and subjected to biochemical cell fractionation. (Left) Samples were analyzed by immunoblotting. (Right) Quantification of Cdc7 and
ASK protein in P3 fraction upon HU treatment. (B) Stabilization of Cdc7-ASK is not a consequence of S-phase arrest. U20S cells were
treated with 3 mM thymidine for 24 h and then released for 1 h followed by treatment with 0.5 mM HU or mock for the indicated
times. Cells were subjected to whole-cell lysis (left) or biochemical fractionation (right) and then analyzed by immunoblotting. (C) The
Cdc7-ASK complex on the chromatin after HU treatment. U20S cells with or without HU treatment were biochemically fractionated,
and chromatin-bound proteins were extracted by sonication in immunoprecipitation buffer. Cell lysates of S2 and P3 fractions were
immunoprecipitated using control rabbit IgG or anti-ASK antibody, followed by immunoblotting. (*) A nonspecific band. (D) Cdc7
kinase is active under replication stress. Asynchronous U20S cells were treated or not with 15 puM PHA-767491 for 3 h. U20S cells
were also treated with 2 mM HU for the indicated times with or without 15 pM PHA-767491 for the last 3 h. Whole-cell lysates were
analyzed by immunoblotting. (E) Cdc7-dependent phosphorylation of MCM2 upon replication block. U208S-shCdc7 cells grown with or
without doxycycline (Dox) for 3 d were treated or not with 2 mM HU for 24 h. Whole-cell lysates (left) and P3 fractions (right) were
analyzed by immunoblotting. (F) Cdc7 kinase activity is required for stabilization of ASK. U20S cells were preincubated with or
without 1.5 pM PHA-767491 for 1h and treated with 2 mM HU or 3 M cisplatin for 24 h, and whole-cell lysates were analyzed by
immunoblotting.

2005), we observed Chk1 kinase-dependent stabilization Cdc7-ASK upon HU or MMC treatment (Supplemen-

of the Cdc7-ASK complex upon HU treatment (Fig. tal Fig. 2E). These results showed that the ATR-Chk1
2B,C), independently of cell cycle profiles (Supplemental pathway is required for stabilization of the Cdc7-ASK
Fig. 2C,D). In contrast to ATR-Chk1 signaling, knock- complex, including its chromatin fraction, upon repli-
down of Chk2 kinase did not affect accumulation of cation fork stalling.

GENES & DEVELOPMENT 2461



Yamada et al.

U20S-shATR

ATR

Cdc7

ASK/Dbf4

MEK1

laminB

1 . P L s
0122401224 01224 012 240 12 24 0 12 24 MMC
—

— — — — — treatment (h)

- + - + - +_ Dox
WCE S2 P3

B C

U20S-shChk1 U208

Chk1
p-ser317

ASK/Dbf4

Cdc7

laminB
S2 P3
J T T S S + 2mM HU
_————— -
s2 s3 P3
Cdc7-ASK complex interacts with Cdhl
and is targeted for degradation by APC/CCh!

In budding yeast, protein stability of Dbf4 is regulated by
the APC/C ubiquitin—proteasome pathway (Weinreich
and Stillman 1999; Ferreira et al. 2000). Therefore, we
next examined whether APC/C is involved in the stabi-
lization of Cdc7-ASK upon replication block in human
cells. First, we confirmed a moderate increase of ASK
upon treatment with a proteasome inhibitor, MG132
(Supplemental Fig. 3A). Since ASK protein is absent in
cells during the GO-G1 phase, accumulates at the G1/S
transition, and declines between late M and early Gl
(Supplemental Fig. 3B,C), we hypothesized that ASK may
be a target of the APC/C®! ubiquitin ligase that is
active in GO/GI1 (Skaar and Pagano 2008) and becomes
inactivated through phosphorylation of Cdhl by cyclin-
dependent kinases (Cdks) from the G1/S boundary to
early mitosis (Zachariae et al. 1998; Lukas et al. 1999;
Listovsky et al. 2000). To test this hypothesis, we assessed
a potential interaction between Cdhl and Cdc7-ASK. As
shown in Figure 3A, endogenous Cdc7 and ASK bound to
Flag-Cdhl. Next, we showed that depletion of Cdh1 led
to increased abundance of both Cdc7 and ASK (Fig. 3B;
Supplemental Fig. 3D). Although we observed an increase
of S-phase population by ~20% among Cdh1-depleted cells
compared with control cells (Supplemental Fig. 3E,F),
the dramatic increase of chromatin-bound ASK in Cdh1-
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Figure 2. ATR-Chkl1 signaling is required for stabili-
zation of Cdc7-ASK upon replication block. (A) Im-
paired stabilization of Cdc7-ASK in ATR-depleted cells.
U208S-shATR cells were grown with or without Dox for
2 d followed by MMC treatment for the indicated times.
Harvested cells were subjected to whole-cell lysis or
biochemical fractionation and then analyzed by immu-
noblotting. (B) Impaired stabilization of Cdc7-ASK in
Chkl1-depleted cells. U20S-shChk1 cells were grown
with or without Dox for 2 d and then HU-treated,
harvested, biochemcally fractionated, and analyzed by
immunoblotting. (C) Impaired stabilization of Cdc7-
ASK upon inhibition of Chk1 activity. U20S cells were
preincubated or not with cep-3891 for 2 h followed by
HU treatment, and harvested cells were biochemically
fractionated and analyzed by immunoblotting.
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depleted cells (~2.8 times more, an increase of 180%)
could not be attributed to indirect cell cycle effects and
suggested that human ASK is a direct target for the APC/
C%dh! pathway, analogous to yeast. In addition, we ob-
served that Cdhl protein abundance decreased upon HU
treatment, likely leading to stabilization of Cdc7-ASK
under replication stress (Fig. 3B). Furthermore, using a cell
line with inducible expression of myc-Cdhl, we confirmed
that ectopic myc-Cdhl prevented the stabilization of the
Cdc7-ASK complex upon HU treatment (Fig. 3C) despite
the fact that the ectopic myc-Cdhl did not dramatically
alter the cell cycle profile compared with control cells,
likely due to the Cdhl induction for only a short time and
the accumulation of cells at the G1/S boundary upon HU
treatment (Supplemental Fig. 3G). Importantly, deple-
tion of Cdh1 stabilized ASK and Cdc7 in U20S cells, as
documented by slower protein turnover upon cyclohex-
imide treatment (Fig. 3D).

Substrates of APC/C®M! harbor so-called D-box and/or
KEN-box recognition sequences (van Leuken et al. 2008).
Indeed, we identified two putative D boxes and one KEN
box in ASK (Fig. 2E, top panel) and validated these by
demonstrating that ASK protein mutated in all three
recognition sequences was more stable than wild-type
ASK (Fig. 3E, bottom panel). Interestingly, endogenous
Cdc7 protein was also more stable in cells expressing
such mutant ASK, probably due to complex formation
with the more stable ASK. These results showed that the
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human Cdc7-ASK complex is a new target for the APC/
CCh! pathway as well as for the ATR-Chk1 signaling.

Chk1 kinase activity is required for inactivation
of APC/C® upon replication stress

Given the paucity of knowledge about any relationship
between replication checkpoint signaling and APC/CdhL
mediated proteolysis and our observation of decreased
Cdh1 upon HU treatment (Fig. 3B), we next analyzed the
kinetics of Cdhl protein abundance in response to repli-
cation stress. Abundance of Cdhl in U20S cells decreased
during treatments with HU (Fig. 4A, left), MMC, cisplatin
(CIS), and camptothecin (CPT) (Fig. 4A, right), and the
decrease of Cdhl upon HU treatment was also confirmed
in MRC5 and HeLa cells (Fig. 4B). In these experiments,
checkpoint impact was documented by inactivation of
Cdks due to degradation of Cdc25A phosphatase and
phosphorylation of Cdks at Tyrl5 (Fig. 4B).

Since Cdhl can promote its own degradation during
unperturbed cell cycles (Listovsky et al. 2004), we ex-
amined such a scenario upon replication block. Indeed,
knockdown of Cdc27, an essential component of APC/C,
impaired the HU-evoked decrease of Cdhl protein abun-
dance (Fig. 4C), while similar cell cycle profiles were seen
in control siRNA (siGFP)-treated and siCdc27-treated
cells, likely due to a relatively short-term Cdc27 depletion
combined with S-phase accumulation of HU-treated cells
(Supplemental Fig. 4A). These results strongly suggested
that the activated checkpoint inhibits the APC/CI!
pathway by promoting Cdhl autodegradation upon repli-
cation stress because otherwise the APC/CC! could
potentially become active even in S phase due to check-
point-induced inhibition of Cdk kinases. Indeed, we found
that shRNA-mediated Chkl knockdown or chemical in-
hibition of Chk1 activity impaired the decrease of Cdh1 in
response to HU or CIS (Fig. 4D; Supplemental Fig. 4B).
Consistently, known substrates of APC/C®! including
ASK, Cdc6, and Cyclin A, did not accumulate in these
cells upon HU treatment. In contrast, Cyclin E, which is
not a target of APC/C“™! remained unaffected by Chkl
inhibition (Fig. 4D). In complementation assays, inducible
ectopic HA-tagged wild-type Chkl, but not Chkl mu-
tants defective in activatory phosphorylations (S317A or
S345A), could fully rescue the ability to inactivate APC/
CCdhl in cells depleted of endogenous Chkl (Fig. 4E).
Furthermore, Cdhl depletion restored the stabilization
of Cdc7-ASK upon replication block in Chkl-depleted
cells (Fig. 4F). These findings indicate that Chk1 signal-
ing in response to replication stress promotes APC/
C-mediated degradation of Cdhl, thereby inactivating
the APC/C! pathway.

Cdc7-ASK kinase is required for activation of DNA
damage bypass

Reports on the involvement of yeast Cdc7 in translesion
synthesis (Njagi and Kilbey 1982; Pessoa-Brandao and
Sclafani 2004; Dolan et al. 2010) and Cdc7-dependent
phosphorylation of RADI18 being required for recruit-
ment of DNA polymerase m (Pol ) to stalled replication
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forks (Day et al. 2010) led us to examine the potential link
between Cdc7-ASK and translesion synthesis in human
cells. First, we confirmed that endogenous Cdc7-ASK in-
teracted with RADI18 in the chromatin (Fig. 5A), consis-
tent with a previous study (Day et al. 2010). In 293 T cells,
Cdc7 showed only weak interaction with RADI18 com-
pared with a robust ASK-RAD18 complex (Supplemental
Fig. 5A). Coexpression of ASK enhanced the complex for-
mation between Cdc7 and RADI8 (Supplemental Fig. 5B,
suggesting that Cdc7-ASK and RADI8 form a complex
through the interaction between ASK and RAD18.

Next, we established that monoubiquitination of PCNA
upon CIS treatment and the abundance of RADI1S re-
mained unchanged in ASK-depleted cells (Fig. 5B, left).
Notably, chromatin binding of RAD18 was diminished
upon ASK knockdown (Fig. 5B, right; Supplemental Fig.
5C). Thus, whereas RADI18 was redistributed from the
soluble fraction (S2) to the chromatin-enriched fraction
(P3) upon replication block evoked by CIS or MMC
treatment in control cells, such redistribution was im-
paired in ASK-depleted cells, indicating that the ASK-
RADI8 interaction is required for chromatin accumulation
of RAD18 upon replication stress. Conversely, overexpres-
sion of ASK in U20S cells increased chromatin binding of
RADI18 without significantly affecting the cell cycle pro-
file (Supplemental Fig. 5D,E). Furthermore, ASK depletion
also impaired chromatin loading of Pol m upon CIS or
MMC treatment (Fig. 5B, right; Supplemental Fig. 5C) and
foci formation of RADI18 in such cells (Fig. 5C; Supple-
mental Fig. 5F). In contrast, chromatin binding and foci
formation of Rad51, an essential factor for homologous
recombination (HR), were not diminished in ASK-depleted
cells (Fig. 5B,C; Supplemental Fig. 5G). In fact, ASK
depletion resulted in a modest but significant enhance-
ment of spontancous Rad51 foci formation (Supplemental
Fig. 5G).

Addressing the role of Chkl1 signaling, we noticed that
chromatin loading of both RAD18 and Pol vy was impaired
upon depletion of Chkl (Supplemental Fig. 5H, right)
despite the fact that monoubiquitination of PCNA, which
is necessary for Pol n recruitment, was even enhanced both
with and without CIS treatment (Supplemental Fig. 5H,
left). These results were consistent with previous reports
(Watanabe et al. 2004; Day et al. 2010) in that binding of
Pol m to monoubiquitinated PCNA is necessary but not
sufficient for chromatin binding of Pol v, for which in-
teraction with RADI8 is also required. Looking for a mech-
anistic explanation of these results, we found that ectopic
expression of a stable mutant ASK protein in which the
two D boxes and the KEN box were mutated (Fig. 3E)
partially rescued chromatin loading of RAD18 and Pol m
upon CIS treatment in Chkl-inhibited cells (Fig. 5D).
This finding suggested that Chk1-dependent stabilization
of ASK plays a pivotal role in DNA lesion bypass. Im-
portantly, while ASK-depleted cells were more sensitive to
CIS treatment than control cells, hypersensitivity of Pol
m-depleted cells was not enhanced by codepletion of ASK
(Fig. 5E), indicating an epistatic relationship. We propose
that the hypersensitivity of ASK-depleted cells reflects
the inefficient chromatin loading of Pol v, a key com-
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ponent ensuring cellular tolerance to CIS treatment
(Albertella et al. 2005; Chen et al. 2006; Hicks et al.
2010). It should be noted that ASK depletion itself did
not induce any pronounced cell death phenotype (data
not shown). Given that Cdc7 kinase activity is required
for stabilization of ASK (Fig. 1E,F; Supplemental Fig. 1H,]J),
our data suggest that Chkl-dependent stabilization of an
active Cdc7-ASK kinase selectively regulates RAD18-
dependent DNA damage bypass without affecting the
Rad51-dependent HR pathway.

The above results prompted us to clarify the mecha-
nism for ASK-dependent chromatin accumulation of
RADI18. To identify the region of ASK that interacts with
RAD18, we coexpressed RAD18-myc together with var-
ious deletion mutants of Flag-tagged ASK in human cells
(Fig. 6A) and found that motif C of ASK was required for
the ASK-RADI18 binding (Fig. 6B,C). Motif C is highly
conserved throughout evolution and interacts with Cdc7
(Kumagai et al. 1999; Masai and Arai 2000; Ogino et al.
2001; Sato et al. 2003). In addition, yeast mutants in motif
C are hypersensitive to the alkylating agent methyl-
methansulphonate (Fung et al. 2002; Gabrielse et al.
2006; Dolan et al. 2010). Next, we examined whether
Flag-ASKmotif C, Cdc7, and RADI18 can form a trimeric
complex. As shown in Supplemental Figure 6A, interac-
tion between Cdc7 and RADI18 was enhanced by coex-
pression of Flag-ASKmotif C. Notably, Cdc7 did not
compete with RADI18 for binding to ASKmotif C (Sup-
plemental Fig. 6B), suggesting that Cdc7 and RAD18 can
bind to motif C of ASK simultaneously. In a reciprocal
approach, we also identified the region of RAD18 required
for ASK binding using a series of RAD18 deletion mutants
(Supplemental Fig. 6C, top panel) and found that the
N-terminal region containing the RING finger domain is
responsible for ASK binding (Supplemental Fig. 6C,
bottom panel). To clarify the significance of the interac-
tion between RAD18 and motif C of ASK, we established
a cell line inducibly expressing the Flag-ASKmotif C
fragment to see whether chromatin binding of RAD18
might be impaired by a dominant-negative effect of such
an ectopically expressed motif C. Whole-cell lysate anal-
yses showed that the ASK level and phosphorylation of
MCM2 at Ser53 remained largely unaffected by expres-
sion of the Flag-ASKmotif C fragment (Fig. 6D, left),
suggesting that endogenous Cdc7 kinase activity is not
impaired by the ectopic motif C fragment. Interestingly,
the Cdc7 protein level was increased by expression of
the Flag-ASKmotif C fragment. Biochemical fraction-
ation revealed that the Flag-ASKmotif C fragment was
exclusively localized in the S2 fraction and that both
redistribution of RAD18 from S2 to P3 and chromatin
binding of Pol n upon CIS treatment were impaired (Fig.
6D, right). As we confirmed that the Flag-ASKmotif C
fragment localized in nuclei by immunostaining (Sup-
plemental Fig. 6D) and that this did not affect the cell
cycle profile (Supplemental Fig. 6E), our results suggest
that the Flag-ASKmotif C fragment prevents chromatin
binding of RADI18. We confirmed an interaction between
Flag-ASKmotif C and endogenous RADI18 (Fig. 6E), sup-
porting our idea that interaction between RAD18 and ASK

Cdc7 in replication stress and DNA lesion bypass

via its motif C is required for chromatin binding of RAD18
upon replication block. As a control, we also established a
cell line inducibly expressing the Flag-ASKmotif N (Sup-
plemental Fig. 6F), a fragment that did not interact with
RADI18 (Supplemental Fig. 6G). As shown in Supplemen-
tal Figure 6H, ectopic expression of Flag-ASKmotif N did
not affect chromatin binding of RAD18 and Pol v. Finally,
we found that Flag-ASKmotif C-expressing cells were hy-
persensitive to CIS treatment (Fig. 6F), likely due to im-
paired RAD18-Pol n-dependent damage bypass (Yamashita
et al. 2002; Albertella et al. 2005; Nojima et al. 2005; Chen
et al. 2006). Such interpretation was consistent with the
observed epistatic impact of Pol m depletion and expres-
sion of Flag-ASKmotif C on hypersensitivity to CIS treat-
ment in human cells (Supplemental Fig. 6I).

Discussion

The results of this study advance our understanding of
cellular responses to replication stress by providing in-
sights into the following three issues: (1) the currently
conflicting topic of the activity of the Cdc7-ASK (Dbf4)
kinase upon replication block, (2) identification of ATR—
Chk1-mediated silencing of the APC/C“™"! protein turn-
over pathway and thereby stabilization of ASK by the
replication checkpoint, and (3) discovery of an unexpected
positive role of Cdc7-ASK in the DNA lesion bypass
pathway through chromatin recruitment of RAD18. The
model that integrates these findings and their significance
within the broader context of the field are discussed below.

Cdc7 kinase activity in human cells under replication
stress

Given its essential role in initiation and progression of
DNA replication, it is reasonable to assume that the
kinase activity of Cdc7 is down-regulated by the DNA
replication checkpoint to prevent late origin firing. In-
deed, several laboratories reported that the Cdc7 kinase
activity is decreased upon replication fork stalling in
yeast and Xenopus egg extracts (Weinreich and Stillman
1999; Costanzo et al. 2003; Zegerman and Diffley 2010).
Here we show that, somewhat unexpectedly, in human
somatic cells, an active Cdc7-ASK kinase complex resides
on chromatin upon DNA replication block. Our data are
consistent with some previous observations (Tenca et al.
2007; Lee et al. 2012). For example, Lee et al. (2012) re-
ported that human ASK is phosphorylated by ATM/ATR
upon various genotoxic insults, and such phosphorylation
is involved in the checkpoint response; however, the
investigators failed to detect suppression of Cdc7 kinase
activity. Collectively, these studies raise the intriguing
question of how such seemingly conflicting results can
be reconciled. While interspecies differences and distinct
properties of oocytes versus somatic cells cannot be en-
tirely excluded, we propose an alternative explanation,
also considering the high degree of conservation of the
Cdc7 kinase complex throughout evolution. Thus, we
speculate that at least two spatiotemporally and func-
tionally distinct fractions of Cdc7 kinase may exist in
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Figure 6. Motif C of ASK binds to RAD18, and ectopic Flag-motif C inhibits chromatin binding of RAD18. (A) Schematic representation
of human ASK and its deletion mutants. (B) Mapping the region in ASK for interaction with RADI18. 293T cells were transfected with
PCAGGS-RADI18-myc alone or with pcDNA4/TO-Flag-ASK or a deletion mutant; cells harvested 48 h later were subjected to
immunoprecipitation using anti-Flag antibody. Samples were analyzed by immunoblotting. (C) Motif C of ASK interacts with RAD18.
293T cells were transfected with pPCAGGS-RAD18-myc alone or with pcDNA4/TO-Flag-ASKmotif C (Flag-motif C) and harvested 48 h
later, and lysates were immunoprecipitated using anti-Flag antibody. Samples were analyzed by immunoblotting. (D) Ectopically
expressed Flag-motif C inhibits chromatin binding of RAD18. U20S-Flag-ASKmotif C cells were grown with or without Dox for 3 d,
treated or not with 3 uM CIS for 24 h, and lysed with 1X Laemmli sample buffer (LSB) (left) or biochemically fractionated (right). Samples
were analyzed by immunoblotting. (E) Ectopically expressed Flag-motif C interacts with endogenous RAD18. U20S-Flag-ASKmotif C
cells were grown with or without Dox for 3 d, lysed with immunoprecipitation buffer without sonication, and immunoprecipitated using
anti-Flag antibody. Samples were analyzed by immunoblotting. (F) Flag-motif C-expressing cells are hypersensitive to CIS. U20S-Flag-
ASKmotif C cells were grown with or without Dox for 3 d, replated at a density of 1 X 10% per 6-cm dish, and treated with CIS for 7 d, and
viable cells were counted. Values were normalized to that of concentration 0. Experiments were repeated three times (n = 3, average =
SD). (G) The proposed model of orchestrated response to replication stress (see the text for details).

2468 GENES & DEVELOPMENT



cells exposed to replication stress: (1) a mobile fraction
that is inhibited and thereby contributes to the silencing
of late replication origin firing (Zegerman and Diffley
2010) and (2) a chromatin-bound active Cdc7-ASK (Dbf4)
complex that locally promotes translesion synthesis at
stalled replication forks (this study). It is also possible that
the global Cdc7-ASK kinase activity becomes transiently
inhibited during the initial response to replication stress to
prevent late origin firing, yet a fraction of the Cdc7-ASK
complex may be reactivated during prolonged replication
stress to facilitate, for example, dormant origin firing and
damage bypass. In either case, it is intriguing that the
activity of the ATR/Chk1 (and their yeast orthologs) would
directly phosphorylate Cdc7/ASK (Dbf4) to inhibit its
activity in one fraction while also triggering degradation
of Cdhl and hence stabilization of ASK and the activity of
the chromatin-bound Cdc7/ASK described in our present
study. Experimental validation of the concept of a dual role
of spatiotemporally distinct subsets of Cdc7 could explain
the apparent discrepancies in the field.

Links among ATR-Chk1 signaling, Cdc7-ASK,
and APC/C .mediated protein turnover

One of the novel findings in our present study is the
identification of a signaling pathway that connects the
ATR-Chk1 checkpoint to the APC/C! protein degra-
dation machinery. In unperturbed cell cycles, APC/CC4!
is inactivated by Cdk-mediated phosphorylation of Cdhl
from the G1/S boundary to early mitosis (Zachariae et al.
1998; Lukas et al. 1999; Listovsky et al. 2000; Sorensen
et al. 2001). When the replication fork is stalled, the
replication checkpoint becomes activated, and, subse-
quently, Cdk activity is down-regulated through target-
ing of the Cdc25A phosphatase (Bartek et al. 2004). In the
latter scenario of Cdk silencing, the APC/C“"! would
be expected to become activated during S phase, when it
is normally inactive. We show that such “inappropriate”
activation of APC/C®M! is prevented by ATR/Chkl
activity-promoted degradation of Cdhl (see the model
in Fig. 6G), as documented by the impact of the Chk1l
inhibitor and phenotypes of the Chkl phospho-mutants
S317A or S345A. Our data implicate Chkl activity in
autodegradation of Cdhl, likely through phosphorylation
of components of the APC/C complex, including Cdhl
itself. This scenario is supported by the recent identifica-
tion of APC1 as a Chkl1 substrate (Blasius et al. 2011). In
contrast to the replication checkpoint, the DNA damage
checkpoint, induced by ionizing radiation (IR), activates
APC/C®! during S/G2 in order to prevent mitotic entry
of cells with damaged DNA (Sudo et al. 2001; Bassermann
et al. 2008). Consistently, we did not observe stabilization
of Cdc7-ASK upon IR despite ATR-Chk1 activation. It is
unclear why the APC/C®%! pathway is differently regu-
lated upon replication stress and IR-inflicted DNA double-
strand breaks, but we speculate that the APC/CCdh!
pathway may contribute to the choice of DNA damage
repair pathways. RAD18 regulates not only lesion bypass
but also the HR pathway (Szuts et al. 2006; Saberi et al.
2007; Huang et al. 2009). Since our results show that

Cdc7 in replication stress and DNA lesion bypass

stabilization of active Cdc7-ASK kinase through inacti-
vation of APC/C®! is required for RAD18-dependent
lesion bypass, activation of APC/C®“"! upon IR may be
required for the RAD18-dependent HR. Interestingly,
factors involved in DNA repair choice, such as 53BP1
and Rap80, are among candidate targets for APC/Cdb!
(Adams and Carpenter 2006; Cho et al. 2012). Relevant to
human disease, down-regulation of Cdhl correlates with
poor survival of glioma patients, possibly due to the im-
paired G2 checkpoint (Bassermann et al. 2008). We show
here that depletion of Cdhl leads to increased abundance of
chromatin-bound ASK (Fig. 3B), and overexpression of ASK
enhances chromatin binding of RADI18 (Supplemental
Fig. 5D). Based on these results, we propose that cancer-
associated overabundance/activity of ASK may contribute
to poor survival of cancer patients through accentuation of
the RAD18-dependent error-prone damage bypass path-
way, thereby increasing the mutation rate and hence the
adaptability and treatment resistance of tumor cells.

Cdc7-ASK kinase regulates the DNA damage bypass
pathway

Another conceptually important finding in our present
study is the mechanistic insight into orchestration of the
replication checkpoint and the DNA damage bypass
pathway. Our data strongly indicate that the ATR-Chk1
cascade and RAD18-dependent damage bypass are linked
through the Cdc7-ASK kinase in human cells (Fig. 6G).
Genetic studies in yeast suggest that Cdc7 activity is
required for DNA repair; however, the basis of such a link
in yeast and any such connection in mammalian cells has
remained speculative. Recently, Cdc7 was reported to
phosphorylate a serine cluster in the Pol n-binding motif
of RAD18, which is necessary for recruitment of Pol m to
the sites of replication fork stalling (Day et al. 2010). The
latter study concluded that the Cdc7-dependent RAD18
phosphorylation is not required for chromatin loading of
RADI18. Our present results established that an interac-
tion between the ASKmotif C and the N-terminal region
of RADI1S8 is essential for chromatin association of
RADI8. These results strongly indicate that Cdc7, ASK,
and RADI8 form a trimeric complex in which the
ASKmotif C provides an interaction platform for both
Cdc7 and RADI18. This interaction likely facilitates not
only a Cdc7-ASK-mediated phosphorylation of RAD18 to
prime the latter for interaction with Pol m but also the
recruitment of the RAD18-Pol v complex to stalled rep-
lication forks. In addition, our finding that the N-terminal
region of RAD18 containing the RING domain interacts
with ASK is quite intriguing given that FANCD2 and
Rad51C also interact with the RING domain of RAD18
(Huang et al. 2009; Williams et al. 2011). It is possible that
a binding partner of RAD18 may determine the optimal
DNA damage response pathway upon distinct genotoxic
insults. Overall, our results and those of Day et al. (2010)
help elucidate the regulatory mechanism of the Cdc7-
RADI18-dependent lesion bypass. In contrast, foci forma-
tion of Rad51 in response to CIS treatment remained intact
in ASK-depleted cells, suggesting that Cdc7-ASK may not
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be involved in homologous recombinational repair upon
replication block evoked by CIS. Rather, we found that
spontaneous formation of Rad51 foci was slightly in-
creased in ASK-depleted cells, consistent with the pre-
vious report that conditional knockout of the cdc7 gene
in mouse embryonic stem cells induced spontaneous
Rad51 foci formation (Kim et al. 2002). Since Radl8-
dependent damage bypass is important during chronic
low-dose UV exposure to prevent G2 arrest by DNA
damage checkpoint activation and Rad52-dependent HR
repair in yeast (Hishida et al. 2009), Cdc7 kinase may
promote DNA damage bypass to prevent fork collapse
caused by prolonged replication fork stalling.

Potential exploitation of Cdc7 kinase inhibitors
in cancer therapy

DNA cross-link-inducing drugs such as MMC and CIS are
commonly used as anti-cancer drugs; however, such
treatment, albeit initially often effective, is almost in-
variably followed by recurrent growth of more aggres-
sive and drug-resistant tumors. It has been postulated
that mutation rate is one of the critical determinants of
tumor chemoresistance and that chemotherapy itself
promotes mutations and subsequent selection of therapy-
resistant clones. Recently, translesion synthesis polymer-
ases have been implicated in acquired chemoresistance
(Doles et al. 2010; Xie et al. 2010). In the light of our results
in the damage bypass-promoting role of Cdc7-ASK, we
propose that a combination of, e.g., platinum drugs to
evoke replication blockade and a small molecule inhibitor
of Cdc7 kinase might offer an innovative strategy to help
prevent the emergence of drug-resistant recurrent cancer
cells.

Materials and methods

Cell culture

Human U20S, HeLa, MRC5, and HEK293T cells were cultured
in DMEM with 10% fetal bovine serum. The U20S/Myc-Cdh1
cell line and U20S-shATR cell line were described previously
(Sorensen et al. 2000; Rendtlew Danielsen et al. 2009). The
U20S/Flag-Cdhl cell line was established by cotransfection of
pcDNAG/TR and pcDNA4/TO-Flag-Cdhl and clonal selection
with 5 pg/mL blasticidin S (InvivoGen) and 400 pg/mL Zeocin
(Invitrogen). Inducible knockdown cell lines for Cdc7 and Chkl
were established by cotransfection of pcDNAG6/TR and the re-
spective shRNA vectors described in the Supplemental Material
into U20S cells and clonal selection with 1 pg/mL puromycin
(Sigma-Aldrich) and blasticidin S. Other drugs used in this study
included doxycycline (BD Biosciences), tetracycline (Calbiochem),
HU (Sigma-Aldrich), MMC (Sigma-Aldrich), CIS (Hospira), cyclo-
heximide (Sigma-Aldrich), PHA-767491 (Calbiochem), and cep-
3891 (Cephalon).

Biochemical analysis

Whole-cell extracts were prepared by direct lysis with 1X
Laemmli sample buffer (LSB). Biochemical cell fractionation was
performed as described (Mendez and Stillman 2000). Cell lysis
buffer for immunoprecipitation was as follows: 5 mM Hepes-KOH
(pPH 7.9), 120 mM NaCl, 1 mM EDTA, 1 mM EGTA, 10% glycerol,
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0.25% Triton X-100, 1 mM NaF, 1 mM B-glycerophosphate, and
protease inhibitor cocktail (Roche). Information about anti-
bodies used in this study can be found in the Supplemental
Material. For immunoprecipitation, we used an anti-Flag M2
affinity gel (Sigma-Aldrich).

Immunofluorescence

Cells grown on the coverslips were pre-extracted with buffer A
(Mendez and Stillman 2000) for 10 min on ice and fixed with 4%
formaldehyde for 10 min at room temperature. The fixed cells
were stained with anti-RAD18 antibody or anti-Rad51 antibody.
Samples were analyzed by Scan R (Olympus) for quantification of
the foci.

Cell survival assay

Cells were plated at a density of 1 X 10° per 6-cm dish and treated
with CIS at the indicated concentrations for 7 d. The number of
viable cells was counted. The values were normalized to those of
parallel mock-treated cells. Experiments were repeated three
times (n = 3, average + SD)
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