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Sequential activation of DNA replication origins is precisely
programmed and critical to maintaining genome stability.
RecQL4, a member of the conserved RecQ family of helicases,
plays an essential role in the initiation of DNA replication in
mammalian cells. Here, we showed that RecQL4 protein teth-
ered on the pre-replicative complex (pre-RC) induces early acti-
vation of late replicating origins during S phase. Tethering of
RecQL4 or its N terminus on pre-RCs via fusion with Orc4 pro-
tein resulted in the recruitment of essential initiation factors,
such as Mcm10, And-1, Cdc45, and GINS, increasing nascent
DNA synthesis in late replicating origins during early S phase. In
this origin activation process, tethered RecQL4 was able to
recruit Cdc45 even in the absence of cyclin-dependent kinase
(CDK) activity, whereas CDK phosphorylation of RecQL4 N ter-
minus was required for interaction with and origin recruitment
of And-1 and GINS. In addition, forced activation of replication
origins by RecQL4 tethering resulted in increased replication
stress and the accumulation of ssDNAs, which can be recovered
by transcription inhibition. Collectively, these results suggest
that recruitment of RecQL4 to replication origins is an impor-
tant step for temporal activation of replication origins during S
phase. Further, perturbation of replication timing control by
unscheduled origin activation significantly induces replication
stress, which is mostly caused by transcription-replication con-
flicts.

RecQL4 is a member of conserved RecQ family helicases that
play important roles in the maintenance of genome integrity by
acting in various DNA metabolic processes, such as DNA
repair, DNA recombination, and DNA replication. In humans,
five RecQ helicases, RecQL1, WRN, BLM, RecQL4, and
RecQL5 have been identified. Mutations in WRN, BLM, and
RecQL4 genes have been shown to be associated with human
genetic disorders such as Werner’s, Bloom, and Rothmund-
Thomson syndromes, which are characterized by increased
genome instability, resulting in early aging symptoms and can-

cer predisposition (1–3). Although all these proteins contain a
well-conserved helicase domain and contribute to genome
maintenance, the roles of each protein in DNA metabolism are
very different.

RecQL4 is known to be involved in many DNA metabolic
processes. RecQL4 plays important roles in DNA double strand
break (DSB)2 repair, such as homologous recombination and
nonhomologous end joining (4 –6) and has also been shown to
be involved in the activation of ataxia telangiectasia mutated
(ATM), a major checkpoint kinase against DNA DSBs (7). The
conserved helicase domain in RecQL4 and its helicase activity
are required for these cellular responses to DNA DSBs (5, 7). In
addition, RecQL4 has a unique N-terminal domain showing
limited homology to Sld2, which is an essential replication ini-
tiation factor in yeast cells (8), and this N-terminal domain has
been shown to be essential for the initiation of DNA replication
in vertebrates (9, 10).

Precise control of the initiation of DNA replication is impor-
tant for faithful duplication of the genome in eukaryotes, which
contains multiple replication origins. For complete duplication
of the whole genome once in a cell cycle, pre-replicative com-
plexes (pre-RCs) are assembled on replication origins in G1
phase and sequentially activated during S phase in eukaryotes
(11). Origin recognition complexes (ORC) bind to replication
origins after mitosis. Next, Cdc6, Cdt1, and the minichromo-
some maintenance2–7 (Mcm2–7) are recruited to form the
pre-RC in G1 phase. For the onset and progression of S phase,
pre-RCs on individual replication origins are sequentially acti-
vated by forming the active replicative helicase complex con-
taining Cdc45, Mcm2–7, and GINS, which is called the CMG
complex. In yeast systems, this activation process requires
many origin firing factors, including Dpb11, Sld2, Sld3, and
Mcm10, and two S phase–promoting kinases, cyclin-depen-
dent kinase (CDK) and Dbf4-dependent kinase (DDK) (8, 12).
DDK phosphorylates Mcm4 and Mcm6, leading to recruitment
of Cdc45 and Sld3 (13–15). CDK phosphorylates Cdc45, Sld2,
Sld3, and Sld7, and together with Dpb11 facilitates recruitment
of a protein complex composed of GINS, Sld2, and Pol �. Asso-
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ciation of these proteins together with Mcm10 and the action of
these two kinases trigger assembly and activation of the CMG
complex (11, 16, 17).

The process of origin activation appears to be fairly con-
served in all eukaryotic systems and human homologues of
yeast proteins play similar roles during the initiation process.
Treslin/Ticrr, a mammalian homologue of yeast Sld3 has been
shown to be required for origin binding of Cdc45 (18), and
Mcm10 in human cells has been shown to be required for
assembly and activation of the CMG complex and recruitment
of DNA polymerase � (19, 20). RecQL4, a homologue of yeast
Sld2 in human cells, also plays essential roles in the assembly
and activation of the CMG complex. RecQL4 interacts with
other essential initiation factors, such as Mcm10 and And-1/
Ctf4/Wdhd1, and is required for origin association of these pro-
teins and components of the CMG complex, Cdc45 and GINS
(21, 22). Origin association of RecQL4 and interaction of
RecQL4 with Mcm10 and And-1 on replication origins depend
on CDK and DDK (22), and CDK phosphorylation of the
RecQL4 N terminus has been shown to affect the physical inter-
action with Mcm10 in vitro (21). However, roles of RecQL4 and
other initiation proteins leading to origin activation and control
of this process by CDK and DDK during S phase are not well-
understood in mammalian cells.

In this study, we forced the binding of WT or phospho-mu-
tant RecQL4 proteins to replication origins by expressing
RecQL4 proteins fused to Orc4, a component of ORC, in HeLa
cells. We then examined the recruitment of initiation factors on
replication origins and the time of origin activation during S
phase. We found that the tethered RecQL4 on the pre-RC led to
early activation of late replicating origins and increased repli-
cation stress, which was alleviated by transcription inhibition.
Conversely, phospho-deficient RecQL4 protein for CDK phos-
phorylation failed to induce early activation of late origins
because of a lack of And-1 and GINS binding. Our results indi-
cate that recruitment of RecQL4 on replication origins is an
important step for temporal activation of replication origins
during S phase. Furthermore, these results provide an insight
for CDK control of origin activation and replication timing con-
trol during S phase in mammalian cells.

Results

Recruitment of RecQL4, Mcm10, and And-1 on late replicating
origins occurs in late S phase

Activation of the replicative helicase on individual replica-
tion origins should occur at the time of origin activation.
Because replication initiation factors such as RecQL4, Mcm10,
and And-1 are required for CMG assembly in mammalian cells,
we investigated when these factors were recruited to late repli-
cating origins during S phase. To do this, HeLa cells were syn-
chronized at early or late S phase using double thymidine block
and release, and the binding of these proteins to the replication
origin in the �-globin locus (�-globin origin), a well-character-
ized late replicating origin in HeLa cells (23, 24), was examined
by in vivo crosslinking followed by chromatin immunoprecipi-
tation (ChIP). As shown in Fig. 1, binding of the pre-RC com-
ponent proteins, Orc2 and Mcm4, was observed in both early S

(released for 1 h from double thymidine block) and late S
(released for 6 h) phases, and loading of Cdc45 and Sld5, com-
ponents of the CMG complex, was very low in early S phase and
significantly increased in late S phase. Binding pattern of the
RecQL4, Mcm10, and And-1 proteins to the �-globin origin
was similar to that of the CMG component proteins (Fig. 1),
indicating that these proteins were recruited to the late repli-
cating origin only at late S phase, but not early S phase. These
results suggest that their binding to individual replication ori-
gins is possibly regulated by the replication timing control pro-
gram in cells, and might be an important control step to activate
late replicating origins.

Tethering RecQL4, Mcm10, or And-1 on the pre-RC is sufficient
to activate late replicating origins in early S phase

Because RecQL4, Mcm10, and And-1 proteins are recruited
to the replication origin at the time of its activation, we tested
whether their aberrant binding to replication origins affected
the timing of origin activation during S phase. RecQL4 proteins
fused to the N terminus of Orc4, a component of the ORC, were
expressed in HeLa cells to force tethering of RecQL4 proteins
on the pre-RC, and then the nascent DNA synthesis at early or
late replicating origins was determined by bromodeoxyuridine-
immunoprecipitation (BrdU-IP) followed by quantitative PCR
analysis. In HeLa cells, nascent DNA synthesis at the lamin B2
origin, a typical early replicating origin in human cells (25, 26),
was dominant in early S phase, whereas replication at late rep-
licating origins such as GRM8 (27) and �-globin origins was
almost negligible during early S phase and occurred mostly in
late S phase (Fig. 2, A and D). However, expression of RecQL4-
Orc4 fusion proteins in HeLa cells (Fig. 2B) clearly increased
the amount of RecQL4 proteins loaded onto the late replicating
origin (Fig. 2C) and nascent DNA synthesis at the late replicat-
ing origins (Fig. 2E; GRM8 and �-globin origins) in early S
phase. The level of nascent DNA synthesis at the �-globin ori-
gin observed in these cells was comparable with the level of
DNA synthesis observed in the late S phase in HeLa cells (Fig.
2A). In addition, this nascent DNA synthesis depended on two
S phase promoting kinases, CDK and DDK (Fig. 2F), similar to
the nascent DNA synthesis observed during normal DNA rep-

Figure 1. Recruitment of replication factors for origin activation at the
late replicating origin occurs in late S phase. HeLa cells were synchronized
at the G1/S boundary and released for 1 h (early S phase) or 6 h (late S phase).
Cells were harvested, and ChIP assays were performed using the described
antibodies at the indicated times. Relative binding of proteins to the �-globin
origin compared with the non-origin region (�21 kb distal region from the
�-globin origin) was examined by quantitative PCR analysis. The mean val-
ues � S.D. with p values are shown. ns denotes not significant. ***, p � 0.001.

RecQL4 on the pre-RC induces origin activation

16256 J. Biol. Chem. (2019) 294(44) 16255–16265



lication. Therefore, increases in nascent DNA synthesis ob-
served in these cells appeared to be caused by early activation of
the late replicating origins. Increases in nascent DNA synthesis
at the late replicating origins in early S phase were also observed
in the cell line stably expressing RecQL4-Orc4 proteins from
the Tet-inducible promoter (Fig. S1, A and B).

As RecQL4 proteins loaded onto replication origins interact
with Mcm10 and And-1 proteins, and all these proteins are
required for assembly of the CMG complex and origin activa-
tion in human cells (22), we tested whether early activation of
the late replicating origins also occurred by tethering Mcm10 or
And-1 on the pre-RC. Although the levels of nascent DNA syn-
thesis were different, tethering Mcm10 or And-1 on the pre-RC
by expressing Mcm10-Orc4 or Orc3–And-1 fusion proteins
significantly increased nascent DNA synthesis at the �-globin
locus in early S phase (Fig. 2G), suggesting that tethered Mcm10
or And-1 proteins also induced activation of late replicating
origins in early S phase. Therefore, loading of factors required
for CMG complex assembly on the replication origins seems to
be sufficient to induce activation of replication origins during S
phase. Any one of these proteins tethered on the pre-RC may
recruit two other proteins functioning together for CMG
assembly and origin activation. Consistent with this notion,
RecQL4 tethering on the pre-RC did not force early activation
of the late replicating origin if Mcm10 or And-1 was depleted
(Fig. S2).

Recruitment of Cdc45 to replication origins by tethered
RecQL4 on the pre-RC does not depend on CDK activity

In mammalian cells, concerted action of two S phase–
promoting kinases, CDK and DDK, is required for recruitment
of replication initiation factors on the replication origins and
their action. We examined whether recruitment of replication
initiation factors forced by the tethered RecQL4 depended on
these two kinase activities. When we examined the amount of
replication initiation proteins on the late replicating origin in
early S phase by in vivo crosslinking followed by ChIP analyses,
expression of RecQL4-Orc4 proteins clearly increased binding
of factors required for CMG assembly (Mcm10 and And-1) as
well as CMG component proteins (Cdc45 and Sld5), as ex-
pected (Fig. 3). Treatment of the DDK inhibitor (PHA767491) in
these cells reduced origin binding of Mcm10, And-1, Cdc45, and
Sld5, suggesting that binding of Mcm10, And-1, Cdc45, and the
GINS complex forced by the tethered RecQL4 on the pre-RC
depended on DDK activity (Fig. 3). The binding of Mcm10,
And-1, and Sld5 also depended on CDK activity, which was
judged by the decrease in origin binding after CDK inhibitor
(NU6140) treatment. Conversely, origin binding of Cdc45 was
still observed in cells treated with CDK inhibitor, suggesting
that origin binding of Cdc45 forced by tethered RecQL4 on the
pre-RC did not depend on CDK activity. Furthermore, CDK-
independent recruitment of Cdc45 on replication origins
forced by the tethered RecQL4 could occur in the absence of
recruitment of other essential initiation factors such as Mcm10,
And-1, and Sld5 (Fig. 3), suggesting that RecQL4 may play its
role by directly recruiting either Cdc45 or factors required for
Cdc45 recruitment, such as Treslin.

CDK phosphorylation of N-terminal Sld2 homology domain in
RecQL4 protein plays essential role for activation of
replication origins

Although CDK phosphorylation of replication factors is
essential to initiate DNA replication, the exact role of individual
protein phosphorylation during the initiation processes is not

Figure 2. Tethering replication factors for CMG assembly on the pre-RC
induces early activation of late replicating origins. A, replication timing of
origins in HeLa cells. Cells were synchronized at G1/S and released into S
phase. Nascent DNA synthesis was examined by BrdU-IP. B and C, expression
and origin binding of RecQL4-Orc4 fusion proteins. HeLa cells transfected
with RecQL4-Orc4 (R-O4) were synchronized at early S phase, and the expres-
sion levels (B) and origin binding of RecQL4 (C) were determined by Western
blotting and ChIP, respectively. R4, RecQL4; O4, Orc4; GDH, GAPDH. D, the cell
cycle profile of cells prepared in (A) and (C). E, RecQL4 tethered on the pre-RC
induces origin activation. Cells transfected with R-O4 were synchronized at
early S phase, and nascent DNA synthesis was determined by BrdU-IP. F, ori-
gin activation by tethered RecQL4 depends on both DDK and CDK. Cells trans-
fected with R-O4 were treated with 10 �M roscovitine (Ros), Nu6140 (Nu), or
PHA-767491 (PHA) for 1 h at early S phase, and nascent DNA synthesis was
examined. G, tethering Mcm10 or And-1 on the pre-RC triggers early activa-
tion of the �-globin origin. Nascent DNA synthesis at the �-globin origin (left
panel) was examined in cells expressing Mcm10-Orc4 (M-O4), Mcm10 (M10),
Orc3-And-1 (O3-A), or And-1 (A1) at early S phase. Middle and right panels
show expression levels of these proteins, and arrowheads indicated M-O4 and
O3-A proteins. LB1, lamin B1. p values: ns, not significant; **, p � 0.01; ***, p �
0.001.
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yet elucidated in human cells. Therefore, we decided to deter-
mine the role of RecQL4 phosphorylation by CDK during the
initiation process using this tethering system. Because there are
many candidates for essential CDK phosphorylation sites in
RecQL4 proteins, we first determined the minimal region of
RecQL4 proteins to force early activation of late replicating
origins by tethering onto the pre-RC. As shown in Fig. 4, A–D,
overexpression of RecQL4 alone or tethering N terminus–
deleted fragment (ND1) on the pre-RC did not induce �-globin
origin activation. On the other hand, tethering N-terminal frag-
ments CD1 (amino acids 1–241) or CD2 (amino acids 1– 427)
on the pre-RC forced early activation of �-globin origins,
although the level of nascent DNA synthesis was somewhat
lower than the level of synthesis caused by tethering of full-
length RecQL4 proteins (Fig. 4, A–D). This result suggests that
the N terminus of the RecQL4 protein (CD1), including the
Sld2 homology domain, contains minimal regions required for
initiation of DNA replication. To determine the role of CDK
phosphorylation, we created alanine substitution mutants of all
possible CDK phosphorylation sites in the CD1 region and
determined their activity to support early activation of late rep-
licating origins by tethering on the pre-RC. When serine or
threonine at any CDK phosphorylation site in the CD1 region
was individually substituted with alanine, early activation of the
�-globin origins was still observed by tethering these mutant
proteins (S89A, T93A, and T139A) on the pre-RC, although the
levels of nascent DNA synthesis were relatively low (Fig. 4E). In
contrast, alanine substitution of all three phosphorylation sites
(3A) almost completely abolished the ability to induce early
activation of the �-globin origins. Further, the phosphomi-
metic mutant with glutamic acid substitution of all phosphor-

ylation sites (3E) showed the ability to support early activation
of the �-globin origins (Fig. 4E). These results suggested that
CDK phosphorylation of all three sites in CD1 plays important
roles to activate the replication origins. To confirm the role of
these three phosphorylation sites in the context of the full-
length RecQL4 protein, we constructed the phospho-deficient
(3A) or phosphomimetic (3E) mutant of the full-length RecQL4

Figure 3. Influence of CDK and DDK on origin association of replication
proteins induced by RecQL4 tethering on the pre-RC. HeLa cells express-
ing RecQL4-Orc4 (R-O4) were synchronized at G1/S and released to S phase in
the presence of 10 �M roscovitine (Ros), Nu6140 (Nu), or PHA-767491 (PHA).
After 1 h, ChIP assays for the �-globin origin were carried out using antibodies
targeting Mcm10, And-1, Cdc45, or Sld5. Lanes: �, mock transfection; M,
mock treatment. p values: ns, not significant; ***, p � 0.001.

Figure 4. CDK phosphorylation of RecQL4 N terminus is essential for ori-
gin activation. A, schematic diagrams of RecQL4-Orc4 variants. All RecQL4
variants contained 2 FLAG tags at the N terminus. Sld2, a yeast Sld2 homology
domain; FL, full-length; CD, C-terminal deleted; ND, N-terminal deleted; 3A,
alanine substitutions of three CDK phosphorylation sites (S89, T93, and T139);
3E, glutamic acid substitutions of three CDK phosphorylation sites. B–D, HeLa
cells were transfected with plasmids for indicated RecQL4 variants-Orc4 and
synchronized at early S phase. The level of expressed RecQL4 variants was
determined by Western blotting (B), and nascent DNA synthesis at the �-glo-
bin origin was examined by BrdU-IP (C). The cell cycle profiles of these cells
were shown by flow cytometry analysis (D). E and F, all three phosphorylation
sites at the N terminus of RecQL4 are important for origin activation. HeLa
cells were transfected with plasmids for various RecQL4 CD1-Orc4 (E) or full-
length RecQL4-Orc4 (F) containing the indicated mutations and synchro-
nized at early S phase. Nascent DNA synthesis at the �-globin origin (left
panel) and expression levels of individual proteins (right panel) were exam-
ined by BrdU-IP and Western blotting, respectively. p values: ns, not signifi-
cant; **, p � 0.01; ***, p � 0.001.
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protein containing alanine or glutamate substitution of all three
CDK phosphorylation sites in the CD1 region and examined its
ability to induce early activation of late replicating origins by
tethering onto the pre-RC. Tethering 3A mutant of the RecQL4
protein on the pre-RC barely induced activation of the �-globin
origins, whereas tethering 3E mutant of the RecQL4 protein on
the pre-RC resulted in a significant increase in �-globin origin
activation, which is comparable with tethering of the WT
RecQL4 protein (Fig. 4F). Collectively, these results suggested
that CDK phosphorylation of the three phosphorylation sites in
the Sld2 homology domain of RecQL4 proteins plays essential
roles for activation of replication origins in human cells.

CDK phosphorylation of RecQL4 N-terminal domain is
required for And-1 and GINS recruitment onto replication
origin

To explore the exact role of RecQL4 N-terminal phosphory-
lation by CDK for origin activation, the recruitment of replica-
tion initiation factors on the late replicating origin in early S
phase was examined after tethering phospho-deficient (3A) or
phosphomimetic (3E) mutants of full-length RecQL4 proteins
on the pre-RC. As expected, Cdc45 recruitment onto the repli-
cation origin, which did not depend on CDK activity as shown
in Fig. 3, occurred by tethering phospho-deficient, phosphomi-
metic, or WT RecQL4 proteins (Fig. 5A). The recruitment of
Mcm10, which was shown to be CDK dependent (Fig. 3), was
still observed by tethering phospho-deficient RecQL4 proteins
(Fig. 5A). On the other hand, recruitment of And-1 or Sld5,
which also depended on CDK activity (Fig. 3), was not observed
by tethering phospho-deficient mutant RecQL4 proteins (Fig.
5A). These results suggested that CDK phosphorylation of the
RecQL4 N terminus is essential for recruitment of the And-1
and GINS complex, but not for Mcm10. Consistent with this
notion, co-immunoprecipitation (co-IP) analysis showed that
the phospho-deficient form of RecQL4 stably interacted with
Mcm10, but not with And-1 or Sld5; in contrast, WT RecQL4
stably interacted with And-1 and Sld5 as well as Mcm10 in
HeLa cells (Fig. 5, B–D). Therefore, CDK phosphorylation of
the RecQL4 N terminus was not required for RecQL4 inter-
action with Mcm10, but appeared to play its role in the
recruitment of And-1 and Sld5 on replication origins by
increasing the interaction of RecQL4 with And-1 and Sld5.
However, the absence of Sld5 recruitment could be indi-
rectly caused by lack of And-1 recruitment because And-1
has been shown to interact with GINS and is required for
CMG complex assembly (20, 28). To test this possibility, we
tethered RecQL4 proteins on the pre-RC in the absence of
And-1 and examined Sld5 recruitment onto the replication
origin. As shown in Fig. 5E, the recruitment of Sld5 proteins
onto �-globin origins still occurred in the absence of And-1
by tethering WT or phosphomimetic RecQL4 proteins,
although replication at the �-globin origin was not induced
by tethering in the absence of And-1 proteins (Fig. 5F).
Therefore, phosphorylation of the RecQL4 N terminus by
CDK appears to be responsible for the interaction and
recruitment of both And-1 and the GINS complex.

Perturbation of replication timing control programs by forced
activation of late replicating origins induces replication stress
that is relieved by inhibiting transcription

Because RecQL4 tethering on the pre-RC induces unsched-
uled activation of late replicating origins, we investigated how
cells responded to the perturbation of replication timing con-
trol. At first, we examined whether replication stress was
induced by activation of late replicating origins in early S phase.
In U2OS cells stably expressing RecQL4-Orc4 proteins from
the Tet-inducible promoter, increases in phosphorylated ATR

Figure 5. CDK phosphorylation of RecQL4 N terminus is required for ori-
gin association of And-1 and Sld5. A, origin association of replication pro-
teins induced by tethered RecQL4 with mutations in CDK phosphorylation
sites. HeLa cells transfected with WT, phospho-deficient (3A), or phosphomi-
metic (3E) forms of full-length RecQL4-Orc4 were synchronized at early S
phase. Then, the association of replication proteins on the �-globin origin
was analyzed by ChIP. B–D, physical interaction of WT or phospho-deficient
RecQL4 with And-1, Sld5, or Mcm10. HeLa cells were transfected with FLAG-
tagged WT or phospho-deficient (3A) RecQL4 (B and C), or transfected with
indicated RecQL4 and HA-tagged Sld5 (D). Cells were synchronized at early S
phase, and the interaction between indicated proteins was analyzed by co-IP
with anti-FLAG antibodies. Lanes: In, 5% of input for IP; C, control IP in the
presence of FLAG peptides (0.2 mg/ml). E and F, mock-depleted (GL) or And-1
(A1) depleted HeLa cells were transfected with WT or phosphomimetic (3E)
RecQL4-Orc4 and synchronized at early S phase. Then, the association of Sld5
proteins with �-globin origins (E) and nascent DNA synthesis at �-globin ori-
gins (F) were determined by ChIP and BrdU-IP analyses, respectively. p values:
ns, not significant; **, p � 0.01; ***, p � 0.001.
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and phosphorylated RPA, a well-known target of ATR kinase
(29, 30), were observed after addition of doxycycline (Fig. 6A),
suggesting that the unscheduled activation of late replicating
origins induced replication stress, which resulted in increased
ssDNAs and activation of ATR, a master kinase for the replica-
tion checkpoint response. Immunostaining of RPA proteins in
these cells clearly showed accumulation of ssDNAs on chrom-
atins after induction of RecQL4-Orc4 proteins (Fig. 6C). How-

ever, phosphorylated histone H2AX (�H2AX), a marker of
DNA double strand breaks, was not significantly increased dur-
ing this condition (Fig. 6A), indicating that stress induced by
forced activation of late replicating origins can be overcome
by cellular responses to replication stress, such as the ATR
pathway.

Over-replication induced by expression of limiting replica-
tion factors or oncogene activation has been shown to increase
replication stress by depletion of dNTP pools in some cells (31,
32). However, RPA foci were still observed after addition of
nucleosides (Fig. 6D), suggesting that depletion of dNTPs was
not the main reason for the accumulation of ssDNAs in cells
expressing RecQL4-Orc4. On the other hand, the treatment of
transcription inhibitors such as cordycepin or �-amanitin
almost completely reduced RPA phosphorylation (Fig. 6B) and
RPA foci (Fig. 6C). Therefore, unscheduled activation of repli-
cation origins in cells expressing RecQL4-Orc4 proteins
seemed to induce replication stress by increasing transcription-
replication conflicts.

Discussion

In this study, RecQL4 was tethered on replication origins by
expressing RecQL4-Orc4 fusion proteins, and we found that
the tethered RecQL4 protein on the pre-RC induced recruit-
ment of replication initiation factors, assembly of the CMG
complex, and nascent DNA synthesis during S phase in human
cells. Because overexpression of RecQL4 alone did not induce
late origin activation (Fig. 4, B–D), association of RecQL4 with
replication origins rather than increase in RecQL4 protein level
appeared to be critical for forced activation of late replicating
origins. The process of late origin activation in early S phase by
RecQL4 tethering was summarized in Fig. 7.

Although the timing of origin activation in mammalian cells
appears to be governed by characteristics of the replication ori-
gins and replication timing control program during S phase
(33), tethered RecQL4 on the late replicating origin somehow
overcame those controls to activate late replicating origins in
early S phase. RecQL4 was shown to be required for origin
binding of Mcm10 and And-1, and co-dependent binding of
RecQL4 and Mcm10 on replication origins is an early event that
occurs before the recruitment of And-1 and the CMG assembly
(20, 22). All known initiation factors tested in this study were
recruited to the late replicating origin in early S phase by teth-
ered RecQL4 (Fig. 3) or RecQL4 N terminus (Fig. 5A), and the
nascent DNA synthesis induced by tethered RecQL4 depended
upon other initiation factors, such as Mcm10 and And-1 (Fig.
S2), and both CDK and DDK activities (Fig. 2F). Because all of
these results are consistent with previous observations for the
initiation of DNA replication in eukaryotes (20 –22, 34, 35),
origin activation induced by RecQL4 tethering seems to follow
conserved mechanism of origin activation after RecQL4 bind-
ing to replication origins. Therefore, we believe that this system
would be useful to determine the role of RecQL4 protein and its
modification by CDK in the initiation process of DNA replica-
tion in human cells.

In the present study, we were able to determine the mecha-
nism of origin activation in detail using this system. We found
that Cdc45 was recruited to replication origins by the tethered

Figure 6. Unscheduled activation of replication origins induces replica-
tion stress that is relieved by transcription inhibition. A, U2OS cells stably
expressing RecQL4-Orc4 proteins from the doxycycline-inducible promoter
(U2OS-RO4) were cultured in the absence (�) or presence (�) of 3 �g/ml
doxycycline for 48 h. Then, the levels of p-ATR (S428), p-RPA (S33), and �H2AX
were examined by Western blotting. M, Mock treatment. B and C, U2OS-RO4
cells were grown in the absence (�) or presence (�) of 3 �g/ml doxycycline
for 44 h. Cells were treated with 75 �M cordycepin (Co) or 40 �g/ml �-amani-
tin (�-ama) for 4 h. The level of indicated proteins was examined by Western
blotting (B) and ssDNA accumulation was analyzed by staining with anti-
RPA32 antibody (C). D, U2OS-RO4 cells were cultured in the absence (�) or
presence (�) of 3 �g/ml doxycycline and 50 �M nucleosides (Nuc) for 48 h.
RPA foci formation was examined by staining with anti-RPA32 antibody. The
numbers at the bottom of each image indicate the percentage of RPA foci
positive cells. As a positive control, cells were treated with 30 �g/ml bleomy-
cin (Bl) for 2 h or 10 �M etoposide (Eto) for 1 h. Scale bars: 10 �m.
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RecQL4 even in the absence of CDK activity, whereas other
initiation factors such as Mcm10, And-1, and Sld5 were not
(Fig. 3). This result suggested that the RecQL4 on the pre-RC
was directly responsible for the origin association of Cdc45 or
Treslin, a factor required for Cdc45 recruitment. Further, the
CDK dependence for origin binding of Cdc45 observed in pre-
vious studies (18, 20, 36) appeared to be caused by failure of
RecQL4 loading onto the replication origin, and the interaction
of RecQL4 with Cdc45 or Treslin may not depend on CDK
activity. Consistent with this notion, RecQL4 loading onto the
replication origin requires both CDK and DDK activities (22),
and RecQL4 was shown to interact with Cdc45 proteins in cells
(21, 37).

Using this system, we also found that CDK phosphorylation
of the RecQL4 N terminus was essential for origin activation
(Fig. 4) and origin recruitment of And-1 and Sld5, but not for
Mcm10 recruitment (Fig. 5). Although origin association of
essential initiation factors, except for Cdc45, depended on both
CDK and DDK activities (Fig. 3), the phospho-deficient form of
RecQL4 still interacted with Mcm10 (Fig. 5D) and induced
recruitment of Mcm10 on origins, as well as the WT or phos-
phomimetic form of RecQL4 (Fig. 5A). Therefore, our results
clearly showed that phosphorylation of the RecQL4 N terminus
was not required for its interaction with or recruitment of
Mcm10 on the replication origins. Phosphorylation of other
initiation factors, including Mcm2–7 complex and/or Mcm10
itself, might be responsible for the CDK dependence of Mcm10
recruitment on replication origins. On the other hand, phos-
pho-deficient RecQL4 proteins failed to induce origin recruit-
ment of And-1 and Sld5, and did not show any interaction with

And-1 or Sld5 proteins (Fig. 5, A–C). Because the phosphomi-
metic form of RecQL4 is capable of recruiting both And-1 and
Sld5 on replication origins, and origin association of Sld5 dur-
ing this condition did not depend on the presence of And-1
proteins (Fig. 5E), CDK phosphorylation of the RecQL4 N ter-
minus appears to be directly responsible for the recruitment of
both And-1 and the GINS complex including Sld5.

In yeast cells, DDK phosphorylation of the Mcm2–7 complex
is important for recruitment of Cdc45 with Sld3 on replication
origins, and no CDK phosphorylation is required for Cdc45
recruitment (38). CDK phosphorylation of several initiation
factors, including Sld2 and Sld3, has been shown to facilitate
recruitment of a complex that includes GINS and polymerase �
(8, 16). Accordingly, the roles of CDK and DDK in yeast systems
appear to be conserved in human cells. Once RecQL4 is loaded
onto replication origins, origin binding of Cdc45 depends on
DDK activity, but not on that of CDK (Fig. 3). In addition, CDK
phosphorylation of the RecQL4 N terminus containing the Sld2
homology domain is required for origin binding of the GINS
complex, including Sld5 (Fig. 5). However, RecQL4 is not only
required for origin association of the GINS complex as shown
in yeast systems, but also required for recruitment of other
essential initiation factors, including Mcm10, And-1, and
Cdc45. Therefore, RecQL4 in human cells appears to play more
diverse roles than yeast Sld2 during the initiation process.

RecQL4 protein tethered on the pre-RC somehow over-
comes the replication timing control program and induces
early activation of late replicating origins in human cells (Fig. 2).
Eukaryotic cells have multiple replication origins, and the
sequential activation of replication origins during S phase is
governed by the replication timing control program, which
appears to be important to maintain genome integrity (33). In
yeast (S. cerevisiae), availability of limiting initiation factors
such as Cdc45, Dbf4, Sld2, and Sld3 has been shown to be
important for the control of replication timing, and their over-
expression induces premature activation of late replicating ori-
gins (12). Although Cdc45 was shown to be a limiting initiation
factor and its overexpression affected origin activation in
human cells (32), replication timing control program in human
cells appeared to be more influenced by architectural features
of chromosomes, such as cis-elements in chromosomal DNAs,
chromatin structure, and trans-acting factors associated with
chromatin (33). In mammals, replication timing domains that
contain multiple replication origins and replicate concomi-
tantly within a short time window highly co-localize with topo-
logically associated domains (33). Further, cis-elements influ-
encing origin firing and chromatin structure and trans-acting
factors such as Rif1 were shown to affect the replication timing
control during S phase (33, 39, 40). Rif1 is a chromatin associ-
ated protein modulating organization of chromatin and has
been shown to recruit protein phosphatase 1 (PP1) to prevent
DDK phosphorylation of the Mcm2–7 complex. We still do not
clearly understand how RecQL4 on the pre-RC overcame the
replication timing control program; however, it seems impor-
tant to note that both RecQL4 and Rif1 can interact with
G-quadruplex (G4) structures. G4 structures have been shown
to be associated with replication origins (41), and Rif1 binds to
G4 structures and suppresses replication by recruiting PP1 (33,

Figure 7. Diagram showing the forced activation of late replicating ori-
gins by RecQL4 tethering. In early S phase, late origin activation is pre-
vented by Rif1-dependent PP1 action. Tethered RecQL4 somehow over-
comes PP1 action and induces recruitment of other initiation factors in a
manner dependent upon DDK (for Cdc45) or DDK and CDK (for Mcm10,
And-1, and GINS). This leads to CMG assembly and late origin activation in
early S phase. Tethering of phospho-deficient RecQL4 defective in CDK phos-
phorylation failed to induce origin activation because of lack of origin binding
of And-1 and GINS.
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42–46). Because RecQL4 N terminus has a strong affinity to G4
structures (47), RecQL4 may antagonize the activity of Rif1 by
competing for G4 binding or resolving G4 structures. It may
also be possible that RecQL4 or factors directly recruited by
RecQL4 influence chromatin structure to increase accessibility
to limiting initiation factors. Consistent with this notion, And-1
was shown to interact with and stabilize Gcn5, a histone acetyl-
transferase, in human cells (48), but its involvement in the rep-
lication process has yet to be determined.

Sequential activation of replication origins in mammalian
cells is precisely programmed, and the perturbation of this
program appears to increase genome instability (49). In-
creased replication by overexpression of limiting replication
initiation proteins such as Cdc45 results in more origin firing
and increases in �H2AX (32). Oncogene activation was also
shown to increase replication initiation and replication
stress (49). Because RecQL4 tethering results in more
unscheduled origin activation, it may be possible to increase
replication stress, including transcription-replication con-
flicts, as shown in cells with replication stress induced
by cyclin-E expression (50). Consistent with this notion,
RecQL4 tethering on the pre-RC increased the accumulation
of ssDNAs, and their accumulation was almost completely
reversed by inhibition of transcription (Fig. 6). In eukaryotic
cells, several proteins have been shown to be responsible for
resolving replication stress caused by transcription-replica-
tion conflicts. ATR is a major checkpoint kinase that
responds to replication stress, and Mec1, a yeast homolog of
ATR, has been shown to play important roles in limiting
transcription-replication conflicts during replication stress
(51). Active roles of p53 in replication fork processivity and
in preventing transcription-replication conflicts have also
been reported (52, 53). FancD2, a component of the FA path-
way, plays roles in responding to replication stress and in
removal of R-loops (DNA:RNA hybrids) (54, 55). Although it
is not clear whether replication stress induced by tethering
RecQL4 on the pre-RC is solely caused by transcription-
replication conflicts, it would be interesting to see whether
the proteins known to be involved in transcription-replica-
tion conflicts play any roles in response to this replication
stress.

Experimental procedures

Cell culture and synchronization

HeLa cells and HeLa or U2OS cells stably expressing
RecQL4-Orc4 from a doxycycline inducible promoter
(HeLa-RO4 or U2OS-RO4) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS) or tetracycline-free FBS and anti-
biotics. To synchronize the cell cycle, cells were treated with
2 mM thymidine for 18 h, incubated in fresh medium without
thymidine for 12 h, and then incubated for an additional 13 h
in medium containing 2 mM thymidine. For ectopic protein
expression in synchronized cells, transfection was carried
out at the time of release from the first thymidine block. Cell
cycle profiles were monitored by flow cytometry analysis

after staining with propidium iodide using FACS Calibur
(BD Biosciences).

Plasmids and siRNA transfection

For expression of WT or various mutant RecQL4 proteins
fused to Orc4 (R-O4), cDNAs encoding WT RecQL4 (amino
acid residues 1–1209), C-terminal truncated proteins (1–241
for CD1 and 1– 427 for CD2), and N-terminal truncated protein
(ND, 248 –1209) were amplified by PCR and inserted into the N
terminus of the ORC4 gene, which was cloned into the
pCDNA3.1(�) plasmid. For alanine or glutamic acid substitu-
tion of the CDK phosphorylation sites of RecQL4 (S89, T93 and
T139), site-directed mutagenesis was conducted using PCR (56,
57). Mcm10 fused to the N terminus of Orc4 and Orc3 fused to
the N terminus of And-1 were also generated by PCR and sub-
cloned into the pCDNA3.1(�) plasmid. To generate a HeLa or
U2OS cell line stably expressing RecQL4-Orc4 protein from a
doxycycline-inducible promoter, the RecQL4-Orc4 expression
vector was constructed using the pTRE plasmid and transfected
into HeLa or U2OS Tet-On cells. Subsequently, a cell line stably
expressing the RecQL4-Orc4 fusion protein was isolated by
screening for hygromycin resistance and Western blot analysis.
Transfection of plasmid DNAs was performed with Polyfect
(Qiagen, Hilden, Germany), and transfection of siRNAs were
performed using the Neon transfection system or Lipo-
fectamine 3000 (Thermo Fisher Scientific) following the
manufacturer’s instruction. All siRNAs were chemically syn-
thesized from Bioneer (Daejeon, Korea), and sense-strand
sequences of siRNAs used in this study were as follows: GL-2,
5�-AACGUACGCGGAAUACUUCGA-3�; RecQL4, 5�-GAC-
UGAGGACCUGGGCAAA-3�; Mcm10, 5�-AGAGUUGCAA-
GAGGAAUUA-3�; And-1, 5�-GAUCAGACAUGUGCUA-
UUA-3�.

IP and Western blot analysis

To prepare whole cell extracts for IP, cells were lysed in a
buffer (25 mM Tris-HCl, pH 7.5, 2.5 mM MgCl2, 1 mM DTT,
0.2% IGEPAL CA-630, 10 mM sodium fluoride, 200 �M sodium
orthovanadate, and protease inhibitors) containing 150 mM

NaCl or 150 mM Na-acetate. Cell lysates were sonicated, treated
with 0.25 units/�l benzonase (Enzynomics, Daejeon, Korea) at
4 °C for 1 h, and cleared by centrifugation at 13,000 rpm for 10
min. The protein concentration in the lysate was measured by
Bradford assay. For Western blot analysis, cells were re-sus-
pended in a buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1
mM EDTA, 1% IGEPAL CA-630, 0.25% sodium deoxycholate,
0.1% SDS, 10 mM sodium fluoride, 200 �M sodium orthovana-
date, and protease inhibitors). The cells were disrupted by son-
ication, and 20 �g of proteins was subjected to SDS-PAGE.
Anti-RecQL4 antibody (AbFrontier, San Diego, CA) was pre-
pared by immunizing rabbits with recombinant proteins of the
RecQL4 N terminus (amino acid residues 1–241). Anti-Orc2,
anti-WDHD1/And-1, anti-phospho RPA32 (S33), and anti-
�H2AX were purchased from Bethyl Laboratories (Montgom-
ery, TX). Anti-Mcm4, anti-GAPDH, anti-Orc4, and anti-ATR
antibodies were from Santa Cruz Biotechnology (Dallas, TX),
and anti-Lamin B1 and anti-Mcm10 antibodies from Abcam
(Cambridge, MA). Anti-HA, anti-phospho ATR (S428), and
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anti-Cdc45 antibodies were from Cell Signaling Technology
(Danvers, MA). Anti-GINS4 (Sld5) was from GeneTex (Irvine,
CA). Anti-FLAG, anti-RPA32, and anti-BrdU antibodies were
supplied by Sigma-Aldrich.

Immunocytochemistry

For immunostaining, cells were grown on coverslips and
pre-extracted in CSK buffer (10 mM PIPES, pH 7.0, 100 mM

NaCl, 300 mM sucrose, 3 mM MgCl2, and 0.5% Triton X-100)
on ice for 5 min. Subsequently, cells were fixed with 3.7%
paraformaldehyde, washed with PBS containing 0.25% Tri-
ton X-100, and incubated in a blocking buffer (PBS contain-
ing 5% BSA and 0.1% Tween 20). Primary and fluorescent-
conjugated secondary antibodies were sequentially treated
in the blocking buffer for 1 h. Cell nuclei were stained with
0.2 �g/ml 4�-6�-diamidino-2-phenylindole (DAPI) in PBS
for 3 min. The images of stained cells were obtained by flu-
orescent microscopy.

BrdU-IP, ChIP, and quantitative PCR analysis

BrdU-IP assays were performed to measure nascent DNA
synthesis at replication origins as described previously (58) with
some modifications. Cells were pulse-labeled for 30 min with
BrdU (150 �M) and harvested. Genomic DNA was extracted
and sonicated to the average size of about 300 nucleotide pairs.
After DNA denaturation by boiling and rapid cooling, the nas-
cent DNA was immunoprecipitated with anti-BrdU antibody
and Dynabeads protein G (Thermo Fisher Scientific) in an
immunoprecipitation buffer (50 mM Tris-HCl, pH 7.5, 150 mM

NaCl, 3% BSA, 0.1% Triton X-100). The beads were washed
four times with washing buffer (50 mM Tris-HCl, pH 7.5, 150
mM NaCl, 0.1% Triton X-100) and once with TE (10 mM Tris-
HCl, pH 8.0, 1 mM EDTA). DNA bound to the beads was eluted
by 100 mM glycine-HCl (pH 1.9) and immediately neutralized
by adding Tris-HCl buffer (pH 8.5).

ChIP assays were performed as described (22), except for
using Dynabeads protein G. Primer sets for the origin in Lamin
B2 locus (LB2 Ori), metabotropic glutamate receptor 8 isoform
locus (GRM8 Ori), �-globin locus (�-globin Ori), and the �21
kb distal region of �-globin Ori (�-globin �21 kb) were as fol-
lows: LB2 Ori-F, 5�-AATAAACTCAGAGGCAGAACC-3�;
LB2 Ori-R, 5�-AGAAGATGCATGCCTAATGTG-3�; GRM8
Ori-F, 5�-GGGAAGGAAATGCAAGACAA-3�; GRM8 Ori-R,
5�-AATTTGGCTGCTTAGCATGG-3�; �-globin Ori-F, 5�-CTA-
TTGCTTACATTTGCTTCTG-3�; �-globin Ori-R, 5�-CTTCA-
TCCACGTTCACCTTG-3�; �-globin �21 kb-F, 5�-TGGCCAC-
CAATTGAGTCATC-3�; �-globin �21 kb-R, 5�-AGTCAGGCT-
GGAAATGAGAG-3�.

Precipitated DNAs were analyzed by quantitative real-
time PCR analysis using the Rotor-gene Q real-time PCR
cycler (Qiagen, Hilden, Germany). The percent enrichment
of specific origin DNAs in BrdU-IP compared with input
DNA was calculated for nascent DNA synthesis, and enrich-
ment of �-globin origin DNA compared with the 21 kb distal
region DNA was calculated for ChIP analyses. Data repre-
sent the mean value � S.D. for more than three independent
experiments. Statistical significance was assessed using the
two-tailed unpaired Student’s t test.
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