








peptide). We then incubated the membrane with purified amino acids 76-145 of RECQ4 (Figure 2A, 2B, top panel,

GST-MCM10 and analyzed any signal detected using an region designated FL). This region appeared to comprise
anti-MCM 10 antibodies. The largest putative region of two sub-domains important for MCM 10 binding between
interaction spanned peptides 16-29, which corresponds to peptides 16-23 (designated ID1) and 25-29 (designated

Figure 2: Mapping of the RECQ4-MCM10 interaction domain in RECQ4. A. Immunoblot analysis of two RECQ4 peptide
arrays (residues 1-340; upper panel and 65-155; lower panel) after incubation of the membrane with purified GST-MCM10 and anti-
MCM10 antibodies. B. Sequence alignment of RECQ4 proteins from various species in the region of RECQ4 where MCM10 binds.
Identical or very similar residue groups are colored. The solid boxes show highly conserved domains and the dashed boxes less highly
conserved domains. The positions of the ID1, ID2 and FL regions are indicated above. The putative SP/TP target sites for Cdk’s are shown
in red text. C. Immunoblot analysis using anti-RECQ4 antibodies of protein pull-down using purified GST-MCM10. The input contained
either MBP-RECQ4 1-400-HIS fragment or MBP-RECQ4 1-400-HIS with the AFL deletion, as indicated.
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ID2). These regions correspond to amino acid positions
76-120 and 125-145, respectively. To further refine this
analysis, we utilized a second peptide array spanning
amino acids 66-155 (10 amino acids per peptide with
a 9 amino acid overlap). This analysis provided further
evidence for two distinct interfaces (amino acids 76-97
and 120-145) able to bind MCM10 (Figure 2A, 2B).
Furthermore, bioinformatic analysis of the ID1 and ID2
interaction regions showed that they are well conserved
in RECQ4 proteins across different species (Figure 2B).

Disruption of the RECQ4-MCM10 interaction

Next, we addressed whether deletion of the putative
binding interface on RECQ4 could disrupt the interaction
with MCM10. We generated a truncated variant of RECQ4
(RECQ4-AFL; with deletion of amino acids 75-145 in

a fragment comprising residues 1-400 fused to MBP)
(Figure 2B, 2C). Deletion of residues 75-145 in RECQ4
resulted in loss of the binding to MCM10, confirming
that this region of RECQ4 contains residues necessary
for the interaction (Figure 2C). We then asked if either
or both of the aforementioned interfaces (ID1 and ID2)
were important for the RECQ4-MCMI10 interaction.
For this, we generated two truncated YFP fusion protein
variants of RECQA4; either RECQ4 lacking the FL. domain
(RECQ4-AFL) or RECQ4 lacking just the ID1 interface
(RECQ4-AID1). Following transient expression in U20S
cells, the YFP fusion proteins were immunoprecipitated
and associated proteins identified by immunoblotting. We
observed that deletion of either the FL or the ID1 domain
greatly diminished binding of RECQ4 to MCMI10, as
compared to wild-type RECQ4 (Figure 3A). This analysis
indicated that ID1 was necessary for the interaction of
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IP: YFP WT AFL AID1 YFP WT AFL AID1
- — — .- o-MCM10
YFP-RECQ4
(Ponceau S)
B
GST GST-MCM10
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FL - ID2 FL - ID2 FL - ID2 RECQ4 Fragment
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Figure 3: Characterisation of the RECQ4-MCM10 interaction in human cells. A. Immunoblot analysis using anti-MCM10
antibodies of protein immunoprecipitated using GFP-trap beads from U20S cells expressing YFP alone, YFP-RECQ4, YFP-RECQ4-AFL
or YFP-RECQ4-AID1. The precipitated YFP proteins were stained with Ponceau S, as indicated. B. Immunoblot analysis of His-tagged
RECQ4 fragments (FL or ID2) pulled-down in vitro using either GST alone or GST-MCM10. Anti-GST immunoblot was used as a loading

control.
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RECQ4 with MCM 10 and that ID2 alone cannot suffice.
Indeed, by analysis of recombinant FL and ID2 fragments
prepared from E.coli, we observed that the FL. domain, but
not the ID2 domain, could interact with MCM10. These
data indicate that the ID2 motif plays a minor role, if any,
in directing the binding of RECQ4 to MCM10 (Figure
3B).

Interestingly, within the region of RECQ4 important
for MCM10 binding there are three putative cyclin-
dependent kinase (CDK) recognition sites at S89, T93 and
T139. Previously, these sites have been shown to weakly
affect the formation of the RECQ4-MCMI10 complex
in vitro when studies were conducted under specific
(high salt) conditions [32]. Although these sites are not
conserved between human RECQ4 and homologues
in other species, we tested whether S89, T93 and T139
might be important for the formation of the RECQ4-
MCM10 complex in human cells. For this, we expressed
versions of RECQ4 containing single or multiple alanine
(non-phosphorylatable) or glutamic acid (to mimic
phosphorylation) substitutions at these sites in U20S cells.
However, we observed no effect on the interaction with
MCM10 (data not shown), suggesting that if modification
of RECQ4 at these particular sites occurs in living cells,
it plays a very minor role in the regulation of the RECQ4-
MCMI0 interaction.

Role of the RECQ4-MCM10 interaction in cells

RECQ4 is an essential gene in mice, frogs, fruit
flies and chicken cells, and is proposed to play a key
role in the initiation of DNA replication [15, 31, 33,
35, 50, 51]. We hypothesised that the RECQ4-MCM10
interaction might be essential for the establishment of
functional replicons through facilitating robust origin
activation, a role proposed for the yeast homologues of
these proteins; SId2/Drcl and Mcm10/Cdc23 (reviewed
in [52]). To study whether the interaction between human
RECQ4 and MCM 10 is essential for cell viability, we took
advantage of a conditional RECQ4 gene deletion in the
chicken DT40 cell line [31]. RECQ4""::hFLAG-RECQ4
cells do not express endogenous chicken RECQ4, but
maintain viability due to the presence of a human FLAG-
RECQ4 transgene under the control of a doxycycline-
regulated promoter (Tet-OFF system). It has been shown
previously that within 48 hours of repression of human
FLAG-RECQ4 protein expression, the RECQ4-deficient
chicken cells cease to proliferate [31]. We generated
stable DT40 cell clones expressing either YFP-RECQ4-
AFL or YFP-RECQ4-AID1 (or YFP-RECQ4 wild-type
as a control) from the CMV promoter in the RECQ4""
:hFLAG-RECQ4 background. As expected, we could
efficiently downregulate expression of the FLAG-RECQ4
transgene, but not the transfected human YFP-RECQA,
using doxycycline (Figure 4A and data not shown). To
address whether these variants could support chicken

cell viability in the absence of any wild-type RECQ4, the
expression of FLAG-hREC(Q4 was repressed by addition
of doxycycline, and cell number was monitored over the
next 72 hours. As expected, the DT40 cells lacking the
YFP-RECQ4 transgene ceased to proliferate, unlike the
cells expressing YFP-RECQ4 (Figure 4B). Interestingly,
we could detect a partial, but significant, proliferation
deficit in cells expressing RECQ4-AFL or RECQ4-AID1
(Figure 4B). We conclude that the MCM10 interaction
domain in RECQ4 is not essential for cell viability, but
is required to support a robust level of cell proliferation.
One possible explanation for this is that the YFP-RECQ4-
AFL and -AID1 proteins might display an altered pattern
of nuclear localisation; however, we observed that this
was indistinguishable from that of wild-type YFP-RECQ4
(Figure 4C and data not shown).

To examine the possibility that the RECQ4-
AMCMI10 expressing cells might have altered cell
cycle distribution, we repressed the FLAG-hRECQ4
transgene in cells expressing the YFP-RECQ4-AFL
variant, and then arrested the cells in prometaphase using
nocodazole. We then monitored cell cycle progression
using flow cytometry following release of cells from
this arrest into the next cell cycle (Figure 5A). Cells
expressing the AFL mutant were proficient for an arrest
in prometaphase induced by nocodazole, but following
release showed a small but consistent alteration in the
rate of progression through the G1 and S phases (Figure
SA and data not shown). This was consistent with the
observed proliferation defect. From this we conclude that
the interaction between RECQ4 and MCM10 influences
normal cell cycle progression.

The RECQ4-MCM10 interaction is required for
robust replication origin firing

To explain the observed phenotypes we explored
several possibilities. We hypothesised that loss of the
interaction with MCM10 might affect the chromatin
localisation of RECQ4, its ability to form stable
complexes with other replication factors, or the efficiency
of replication origin firing. Previous studies in human
cells revealed that RNAi-mediated depletion of MCM10
in HelLa cells disrupts the localisation of RECQ4 to
chromatin [53]. Therefore, we addressed whether a
RECQ4 variant unable to bind MCM10 could be still
recruited to the chromatin in living cells. We transiently
expressed wild-type and RECQ4 variant lacking the
MCMI10 interaction domain in U20S cells that had been
exposed to siRNAs that downregulate the endogenous
RECQ4. We then performed a sub-cellular fractionation
procedure. We could detect robust chromatin association
for the RECQ4-AID1 (Figure 5B). This indicated that
RECQ4 binding to the chromatin was largely independent
of the MCMI10 interaction domain and suggested, in
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Figure 4: Analysis of RECQ4 variants in chicken DT40 cells (clone #19) containing a conditional RECQ4 mutation.
A. Western blotting analysis using anti-RECQ4 antibodies of DT40 extracts from cells grown with (+) or without (-) doxycycline. Note
that expression of the transgene (FLAG-RECQA4) is repressed by doxycycline but the transfected YFP-RECQ4 is not. B. Quantification
of cell number 72 hours after addition of doxycycline (+) or mock treated (-). Three independent clones for each of the mutant RECQ4
variants (AFL or AID1) are shown, together with the average of the three (ALL). Error bars represent SD from at least three independent
experiments. C. Direct fluorescence analysis of cells expressing no human RECQ4 (top panel), YFP-RECQ4 (middle) or YFP-RECQ4-
AID1 (bottom). Note the localization of the YFP proteins to the nucleus, as shown by DAPI staining of DNA.

www.impactjournals.com/oncotarget 40470 Oncotarget



contrast to a previous report, that RECQ4 does not require
MCMI10 for its chromatin localisation [53].

MCMI10 is known to be important for the
association of RECQ4 with the MCM2-7 helicase [32],
for the assembly of CMG complexes (CDC45-MCM2-
7-GINS), and for robust origin firing in human cells
[35, 53]. Therefore, we analyzed whether the loss of the
MCMI10 binding domain affected the ability of RECQ4
to form specific protein complexes. We expressed YFP
alone, YFP-RECQ4 wild-type, YFP-RECQ4-AFL and

A

YFP-RECQ4-AID1 in U20S cells, immunoprecipitated
the YFP-containing proteins, and then immunoblotted
for known replication factors. We observed that, as
expected, the two mutant RECQ4 variants did not co-
immunoprecipitate MCM10 (Figure 6A). Nevertheless,
these RECQ4 variants were able to co-immunoprecipitate
several other DNA replication factors, including MCM?7,
TRESLIN and CDC45 (Figure 6A). These data are
inconsistent with a previous report indicating that MCM 10
is required for the association of RECQ4 with the MCM2-
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Figure 5: RECQ4-MCMI10 interaction is required for normal cell cycle progression but not for RECQ4 chromatin
localization. A. Analysis of cell cycle transit time using flow cytometry. DT40 cells expressing YFP-RECQ, YFP-RECQ4-AFL or -AID1,
as indicated, were arrested with nocadazole (NOC) and released into the next cell cycle for up to 8 hours. Points are the mean of three
independent experiments. B. Western blotting analysis of cell extracts from U20S cells transfected with either of two independent siRNAs
targeting RECQ4 (1 and 2) or a scrambled siRNA control (SCR). Note that the endogenous RECQ4 is depleted (top panel) but the
transfected, siRNA-resistant WT RECQ4 WT and RECQ4-AID]1, are not.

www.impactjournals.com/oncotarget 40471 Oncotarget



INPUT PULL-DOWN
IP:  YFP WT AFL AID1 YFP WT AFL AID1

o-TRESLIN

o-TOPBP1

o-MCM10

o-MCM7

a-CDC45

o-CDC6

YFP-RECQ4
(Ponceau S)

B IdU Cldu
» Analysis
25uM 20°  250uM 20’
WT AID1

20 7

ORIGINS (%)
S

P
i

O -
WT AFL AID1

Figure 6: Analysis of protein complexes associated with the truncated RECQ4 variants and their ability to support
normal DNA replication in DT40 cells. A. Western blotting analysis of proteins pulled-down using YFP alone, YFP-RECQA4, or the
AFL and AID1 variants. The input samples for each pull down are shown. The proteins analyzed are shown on the right. Ponceau S staining
was used to confirm a similar loading of the YFP-RECQ4 proteins. B. DNA replication analysis on isolated DNA fibres. The upper cartoon
shows the sequential labeling protocol using IdU (red) and CIdU (green) nucleoside analogues. The middle panel shows representative
fibres. Red arrows devote red tracts flanked by green tracts, denoting the positions of replication origins. The lower panel shows relative
frequency of origin firing events. Error bars represent SD from three independent experiments. *=p < 0.05.
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7 helicase, but consistent with the fact that budding yeast
Sld2 can interact directly with the replicative helicase
[32, 54]. Interestingly, the AID1 protein, but not the AFL.
variant, could efficiently co-precipitate TOPBP1 (Figure
6A). We conclude that the AFL variant shows altered
interaction with MCM10 and TOPBP1, but retains that
ability to bind several other DNA replication factors.

Next, we analyzed whether the RECQ4-MCM10
interaction might influence the efficiency of replication
origin firing. For this we utilized a dual labelling
protocol to define the position of active replicons in
isolated DNA fibres. We pulse labelled the DNA of cells
expressing the wild-type or mutant RECQ4 proteins with
IdU and CldU, extracted DNA fibres and quantified the
frequency of different replication structures (Figure 6B).
We could readily observe labelling patterns indicative
of replication origins, ongoing forks and termination
events. We observed a significantly reduced number of
origin-containing labelled tracts in cells expressing the
mutant variants compared to wild-type RECQ4 (Figure
6B). These data are consistent with the proposed role of
RECQA4 in the initiation of DNA replication and indicate
that the interaction between MCM10 and RECQ4 is
important for supporting the efficient firing of replication
origins.

DISCUSSION

Our analysis of RECQ4-MCMI10 interaction has
identified two regions within the Sld2-like N-terminus
of RECQ4 that are essential for MCM10 binding. We
showed that the interaction between RECQ4 and MCM 10
is partially required for viability of chicken cells lacking
endogenous RECQA4, and for normal replication origin
firing. However, this interaction is not required for
localisation of RECQ4 with chromatin or its association
with replication factors such as MCM7, TRESLIN
or CDC45. These data indicate that the formation of
RECQ4-MCMI10 complex plays important roles in the
progression of the cell cycle and normal cell proliferation
through activation of active origins of replication during
S phase. Moreover, the FL domain was shown to contain
a sequence important for efficient formation of a RECQ4-
TOPBP1 complex.

Recent work suggested that yeast Sld2 binds to
origins of replication before Mcm10, and that this prior
binding is a prerequisite for the association of MCM10
with chromatin [47]. Budding yeast Mcm10 has been
proposed to be involved in a novel step in replication
initiation after the assembly of CMG complexes onto
origins, suggesting a role in the latter stages of the
initiation of DNA replication [46, 55]. In contrast, in
HeLa cells, depletion of MCM 10 causes loss of RECQ4
chromatin localisation [53], suggesting a different
mechanism may be operating in human cells. However,
we observed that human RECQ4 could be recruited to

the chromatin independently of MCM10, indicating that
loading of RECQ4 onto chromatin may occur prior to
recruitment of MCM10. The discrepancies between our
study and results of Xu and colleagues [32] could be
explained by different approaches used. We analyzed an
interaction-defective mutant that allowed us to explore
directly the relationship between MCM10 and RECQA4,
whereas Xu and colleagues used MCM10 depletion. It is
plausible that in MCM10-depleted cells, the structure of
replication origins or the composition of the origin-bound
protein complex might be fundamentally different from
those in the control cells, thus preventing the recruitment
of RECQ4.

Recent work by the Pospiech and Krejci laboratories,
has described multiple DNA binding interfaces in RECQ4
[37-39]. Interestingly, these DNA binding regions lie
within the Sld2-like domain of RECQ4 and show strong
preferential binding towards G4 quadruplexes. Such
sequences are potetially also found in the proximity
of origins of DNA replication [3, 37]. Although our
unpublished data indicate that the FL interaction domain
severely affects the DNA binding affinity of RECQ4 in
vitro, it is unlikely that this mutant behaves similarly in the
cellular context. It would be surprising if significant loss
of the DNA binding activity would only partially affect the
cellular roles of this essential helicase, as we observed in
our experiments. An obvious explanation for this finding
is that there is likely to be at least one additional binding
domain in the RECQ4 molecule.

Patients bearing REC(Q4 mutations mainly express
RECQ4 C-terminal truncations sparing the N-terminal
Sld2-like domain that is essential for cell viability
(reviewed in [18]). This strongly suggests that the essential
functions of RECQ4 are associated with initiation of DNA
replication and are not dependent on its helicase activity
[15, 31, 32, 35]. Indeed, RECQ4-deficient adult mice show
hematopoietic abnormalities, including bone marrow
failure caused by S phase arrest and apoptosis, which can
be rescued by expression of a helicase-dead mutant of
RECQ4 [56]. We hypothesised that the loss of the RECQ4-
MCMI0 interaction site that is located within the essential
domain of RECQ4 might result in cell lethality. We found
that the RECQ4-MCM10 interaction was required for
normal cell cycle progression and for robust origin firing;
however, it was not essential for viability, suggesting that
if the essential functions of RECQ4 helicase are associated
with initiation of DNA replication, they are not mediated
via an interaction with MCM10. Interestingly, previous
observations using the chicken cell system indicated that
the entire 1-496 amino acid N-terminal domain is required
for cell viability. Hence, the RECQ4-AID1 and RECQ4-
AFL mutants we studied represent the only variants
described thus far lacking a region of the N-terminal
domain that are able to rescue the viability of vertebrate
cells lacking endogenous RECQA4.

The mild phenotype of cells expressing RECQ4
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