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Abstract
Five members of the RecQ subfamily of DEx-H-containing DNA helicases have been identified in
both human and mouse, and mutations in BLM, WRN and RECQ4 are associated with human diseases
of premature aging, cancer, and chromosomal instability. Although a genetic disease has not been
linked to RECQ1 mutations, RECQ1 helicase is the most highly expressed of the human RecQ
helicases, suggesting an important role in cellular DNA metabolism. Recent advances have
elucidated a unique role of RECQ1 to suppress genomic instability. Embryonic fibroblasts from
RECQ1-deficient mice displayed aneuploidy, chromosomal instability, and increased load of DNA
damage.1 Acute depletion of human RECQ1 renders cells sensitive to DNA damage and results in
spontaneous γ-H2AX foci and elevated sister chromatid exchanges, indicating aberrant repair of
DNA breaks.2 Consistent with a role in DNA repair, RECQ1 relocalizes to irradiation-induced
nuclear foci and associates with chromatin.2 RECQ1 catalytic activities3 and interactions with DNA
repair proteins2,4,5 are likely to be important for its molecular functions in genome homeostasis.
Collectively, these studies provide the first evidence for an important role of RECQ1 to confer
chromosomal stability that is unique from that of other RecQ helicases and suggest its potential
involvement in tumorigenesis.
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Introduction
Helicases catalytically unwind structured nucleic acid substrates in a nucleoside-triphosphate
and directionally specific manner. Collectively, DNA and RNA helicases represent a vital
group of cellular enzymes that are essential for a diverse set of processes including replication,
DNA repair, recombination, transcription, chromosome segregation, and RNA stability,
processing, and translation.6–13 The RecQ subfamily of DEx-H containing 3′→5′ DNA
helicases, of which E. coli RecQ is the prototype, contain an approximately 450 amino acid
domain with seven conserved helicase motifs. E. coli RecQ helicase is implicated in
homologous recombination (HR) and double-strand break (DSB) repair mediated by the RecF
pathway and suppression of illegitimate recombination.14 Other RecQ-related proteins include
Saccharomyces cerevisiae SGS1 that participates in recombination, chromosome partitioning,
and genome maintenance,15,16 and Schizosaccharomyces pombe RQH1 which prevents
recombination and suppresses inappropriate recombination.17
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Unlike E. coli, S. cerevisiae and S. pombe, which only have one RecQ helicase, higher
eukaryotes express multiple RecQ-related helicases.8,12 In humans, the first described was
RECQL or RECQL1,18–20 hereafter designated RECQ1, followed by BLM,21,22 WRN,23
RECQL4 (RECQ4)24,25 and RECQL5 (RECQ5).24 Of these five, three human RecQ
helicases have been implicated in distinct genetically inherited homozygous recessive diseases.
Bloom syndrome (BS), defective in the BLM helicase, is associated with a very high incidence
of different types of cancers, both solid tumours and leukaemia, and is also manifested by skin
disorders, sunlight sensitivity, proportional dwarfism, immunodeficiency, male sterility, and
genomic instability marked by an elevated level of sister chromatid exchange (SCE).21 Werner
syndrome (WS), due to mutation in the WRN helicase, is characterized by premature aging
with an elevated risk of age-associated diseases such as cancer, atherosclerotic cardiovascular
disease, diabetes mellitus (Type II), osteoporosis, and genomic instability manifested by
chromosomal deletions and translocations.23 Rothmund-Thomson syndrome (RTS), also
known as poikiloderma congenitale, defective in the RECQ4 helicase, displays growth
deficiency, photosensitivity with poikilodermatous skin changes, early greying and hair loss,
juvenile cataracts, skeletal dysplasias, a predisposition to malignancy, especially osteogenic
sarcomas, and chromosomal instability.25 RECQ4 mutations were also detected in Finnish
patients with an autosomal recessive disorder RAPADILINO syndrome [radial hypoplasia/
aplasia, patellae hypoplasia/aplasia and cleft or highly arched palate, diarrhoea and dislocated
joints, little size (height at least 2 standard deviations smaller than the average height) and limb
malformation, nose slender and normal intelligence].26 Although many features of the two
genetic disorders overlap, poikiloderma, a hallmark of RTS, has been described as being
generally absent from RAPADILINO syndrome. A third genetic disorder associated with
RECQ4 mutations was found in a subgroup of patients with Baller-Gerold syndrome, a rare
autosomal recessive condition with radial aplasia/hypoplasia and craniosynostosis.27

The two other human RecQ helicases, RECQ1 and RECQ5, are not yet genetically linked to
a disease. Conceivably, mutations in RECQ1 or RECQ5 might also lead to a hereditary
chromosomal instability disorder or predispose individuals to cancer. The RECQ1 (RECQL/
RECQL1) gene, originally cloned independently by two groups,18,20 is located on
chromosome 12p11–12 and encodes a 649 amino acid protein with a molecular mass of 73
kDa. In addition to the helicase core domain, RECQ1 contains a conserved RecQ C-terminal
(RecQ-Ct) motif implicated in DNA binding and protein interactions and an N-terminal highly
acidic region.12 Despite the fact that RECQ1 was the first human RecQ helicase protein to be
identified and the most abundant, little was known until very recently about its genetic functions
in mammalian cells.

Here we summarize our current understanding of the molecular and cellular functions of
RECQ1. We propose that RECQ1 has a unique and important role to suppress genomic
instability. Importantly, the findings from our work and others strongly suggest that RECQ1,
like the other human RecQ helicases, has critical biological functions through its involvement
in the DNA damage response and fundamental processes of nucleic acid metabolism.

Biological Importance of RECQ1
In order to assess the biological importance of RECQ1, model systems have been devised using
organisms in which a RECQ1 homolog existed since no information is available on the
phenotypes of human RECQ1 mutant cells. Characterization of human cells depleted of
RECQ1 by RNA interference has revealed a new appreciation of its physiological importance.
We will describe the findings and conclusions derived from genetic and/or cellular studies with
model systems.
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Regulatory Role of Human RECQ1 for Active Cell Proliferation
A common feature of RecQ helicase disorders is growth retardation and cancer predisposition,
suggesting a role of RecQ helicases in the regulation of cellular proliferation. Earlier work had
demonstrated that RecQ helicases are differentially regulated in a cell cycle and cell
proliferation dependent manner. The expression of RECQ1 is upregulated in actively
proliferating cells and also upon cellular transformation by EBV or SV40 T antigen.28 Acute
depletion of RECQ1 by siRNA knockdown in HeLa cells resulted in reduced proliferative
survival and growth retardation.2 Colony forming assays demonstrated a significant reduction
in both the size and number of colonies when cells were inhibited for the expression of
RECQ12 (Fig. 1A).

Interestingly, a cancer-specific role of RECQ1 in cell proliferation was suggested based on the
observation that RECQ1 silencing in cancer cells resulted in mitotic catastrophe whereas
RECQ1 downregulation in normal human fibroblasts did not affect their proliferation potential.
29 However, we did not observe a growth defect in primary embryonic fibroblasts from
Recql-null mice,1 suggesting that manifestation of cellular or organismal phenotypes in
Recql-null mice may be masked by other genetic factors. Compensatory mechanisms might
operate in the case of germline deletion of RECQ1 that are distinct from the proliferation defects
in somatic cells when RECQ1 is acutely depleted.

We reported that RECQ1 deficiency in transformed HeLa cells leads to perturbation of normal
cell cycle progression and compromised cellular ability to maintain G2/M checkpoint.2 A
defective G2 arrest may allow cells to enter mitosis without proper repair of damaged DNA.
It is likely that RECQ1 is required during cellular proliferation when actively replicating cells
cope with endogenous DNA damage such as replication errors, stalled replication forks, and
other recombinogenic intermediates. Mitotic catastrophe observed in RECQ1-silenced cells
might result when these cells enter mitosis without the repair of endogenous DNA damage.

RecQ helicases like RECQ129 and WRN30,31 provide a growth advantage to actively
proliferating cancer cells. This appears paradoxical to the proposed tumor suppressor functions
of RecQ helicases. A role of WRN in supporting oncogenic proliferation was identified through
its functional link with the MYC oncoprotein.32,33 Indeed, expression of RecQ helicases is
increased upon cellular transformation and a high level of RECQ1 is present in cancer cells.
28,29 It is plausible that cancer cells maintain a high copy number of RECQ1 to resolve and
repair the elevated load of DNA intermediates that are generated due to active replication.
Silencing RecQ helicases in cancer cells, which are already compromised for their checkpoint
functions, may reduce their oncogenic proliferative capacity and, in the case of RECQ1, result
in mitotic death. Therefore, the cancer cell specific mitotic death induced by RECQ1 silencing
is a potential strategy for anti-cancer therapy.29

Genomic Instability and Spontaneous DNA Damage in RECQ1-Deficient Cells
A critical role of RECQ1 in the repair of endogenous DNA damage during cellular replication
was revealed by the cytogenetic analysis of RECQ1-deficient cells. Primary embryonic
fibroblasts from Recql-null mice display aneuploidy, spontaneous chromosomal breakage, and
frequent translocation events.1 In addition, the RECQ1-deficient mouse and human cells were
hypersensitive to ionizing radiation and exhibited an increased load of DNA damage.1,2
Strikingly, a transient knockdown of RECQ1 in HeLa cells resulted in significantly elevated
spontaneous SCEs2,29,34 (Fig. 1B). Increased SCEs are a hallmark of BS cells.35,36 These
apparently reciprocal exchanges arise primarily due to HR events that occur during repair
phases of the cell cycle. The of DNA damage arising in the S or G2 elevated SCE observed in
RECQ1-deficient mouse and human cells may represent unsuccessful attempts to “repair”
damaged replication forks by HR at DSBs. Moreover, the spontaneously elevated Rad51 foci
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and γ-H2AX, an early marker of DSB formation, in RECQ1-deficient cells adds further support
to a proposed role for RECQ1 in HR repair at sites of chromosomal DNA damage.1,2
Constitutively high numbers of Rad51 foci have also been detected in WS and BS cells.37,
38 The presence of Rad51 foci corresponding to nucleoprotein filaments that are necessary for
early strand invasion during HR suggests incomplete resolution of recombination intermediates
as a consequence of the absence of RECQ1. These findings suggest that RECQ1 repairs DSBs
or prevent DSBs from occurring in the first place.2 Furthermore, there is a unique requirement
for RECQ1 to suppress SCEs and maintain genomic stability in mammalian cells.

Genetic Analysis of RECQ1 Using the Chicken DT40 System
Genetic studies using the chicken B lymphocyte DT40 cell line demonstrated that recql1 cells
did not display a growth deficiency, sensitivity to DNA damage, or elevated SCE; however,
recql1 blm cells grew more slowly compared to blm cells due to an increased population of
dead cells, indicating that RECQ1 is involved in cell viability under the BLM-impaired
condition.39 In addition, the double mutant recql1 blm cells exhibited elevated mitomycin C-
induced SCE compared with the blm cells, suggesting that RECQ1 and BLM may substitute
for each other when DNA damage blocks replication fork progression. However, RECQ1 does
not perfectly substitute for BLM because blm cells still display elevated SCE, indicating that
the requirement for BLM may be more stringent.

Since RECQ1, RECQ5, and BLM were all reported to interact with topoisomerase IIIα
(TOP3α),40–43 Seki and colleagues investigated genetic interactions between these three
RecQ helicases in DT40 cells.44 Triple mutants of recql1 recql5 blm were viable, and grew at
a similar rate as the double mutants. Methylmethanesulfonate or UV sensitivity and frequency
of damage-induced mitotic chiasma in the triple mutant cells was similar to those of blm cells,
suggesting that RECQ1 and RECQ5 have only a minor role, if any, compared to BLM in the
repair of or tolerance to DNA damage. SCE frequency in recql1 recql5 blm cells is
approximately the same as recql5 blm cells, suggesting that RECQ1 has little to no role in
suppressing SCE in chicken B lymphocyte DT40 cells.44 Based on the results showing that
acute depletion of RECQ1 in human cells results in growth retardation, sensitivity to DNA
damaging agents, accumulation of DNA damage, and chromosomal instability, we propose
that RECQ1 has more specialized biological functions in mammalian systems.

Structural Properties, Catalytic Activities and Protein Interactions of RECQ1
In light of its known structural properties, catalytic activities, DNA substrate preference (Table
1), and protein interactions (Table 2), we suggest that RECQ1 is well equipped to facilitate
biological pathways important for chromosomal stability maintenance.

DNA Substrate Specificity of RECQ1 Helicase
The first biochemical studies of RECQ1 were performed using an endogenous source of the
RECQ1 protein purified from nuclear extracts of human cells.45 These studies revealed that
RECQ1 ATPase activity is strongly stimulated by the presence of a DNA cofactor, and that
longer single-stranded DNA (ssDNA) molecules serve as better effectors for RECQ1 ATP
hydrolysis, suggesting that RECQ1 translocates processively along ssDNA. RECQ1, like other
RecQ helicases characterized to date,12 unwinds duplex DNA substrates with a 3′ to 5′
directionality as determined by a classic linearized M13 partial duplex substrate45 or an
oligonucleotide-based substrate with a 3′ ssDNA overhang46 (Table 1). Increasing the length
of the 3′ ssDNA tail to lengths of 25 or 75 nucleotide (nt) compared to a 10 nt 3′ tailed substrate
significantly improved the ability of RECQ1 to unwind the adjacent duplex DNA,46 suggesting
that RECQ1 requires a minimal ssDNA tail length for optimal loading or assembly state
formation. RECQ1 failed to unwind a short RNA-RNA duplex substrate under conditions that
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it efficiently unwound 3′ tailed duplex DNA or bubble DNA substrates with 3′ and 5′ duplex
regions flanking an internal ssDNA segment.46

To characterize the effect of duplex length on RECQ1 helicase activity, a series of M13 partial
duplex DNA substrates of increasing lengths were tested.4 The apparent unwinding rates for
the 25 and 50 base pair (bp) partial duplexes were almost identical. The concentration of
RECQ1 required for unwinding the 25 and 50 bp partial duplex substrates was proportional to
the length of the duplex to be unwound. However, RECQ1 helicase activity was dramatically
reduced with longer DNA duplexes. In fact, only a small fraction of the 110 bp duplex could
be unwound by RECQ1 and no unwinding was detected for the 216 bp duplex, even at the
highest RECQ1 concentration tested. Therefore, in the absence of any auxiliary factor, RECQ1
is able to efficiently unwind only short DNA substrates in vitro.

An analysis of DNA substrate specificity demonstrated that recombinant human RECQ1
purified from insect cells, which has similar activity compared to that of the native
RECQ1,46 preferentially unwound forked duplex substrates compared to those that have only
a 3′ tail3 (Table 1). RECQ1 was also shown to unwind (in order or preference) 3′-flap, 5′-flap,
and synthetic replication fork structures.3 Thus, RECQ1 unwinds conventional duplex DNA
substrates representing key replication and repair intermediates that lack single-strand
character in the 3′, 5′, or both arms adjacent to the duplex. RECQ1, like WRN,47 unwinds a
replication fork structure with heterologous fully duplex leading and lagging strand arms in
the direction of the fork.3 In contrast, Drosophila RECQ5β unwinds the lagging strand of a
synthetic replication fork,48 suggesting some apparent differences among the RecQ helicases.
The recent demonstration that WRN49,50 and BLM49,51 catalyze fork regression of a model
DNA replication fork with homologous arms raises the experimental question if RECQ1 might
also catalyze fork regression. The ability of RECQ1 to stably bind multi-stranded branched
DNA molecules that represent DNA repair and replication intermediates3 suggests that its
intrinsic DNA binding activity might be utilized for a novel function.

Nucleotide-Induced Conformational Change in RECQ1 Provides a Molecular
Switch from a Strand Annealing to a DNA Unwinding Mode

In addition to unwinding duplex DNA, a growing number of RecQ helicases, including all five
human RecQ helicases,3,52–55 have been reported to catalyze strand annealing of
complementary ssDNA molecules. Strand annealing by RECQ1 is quite efficient and occurs
in the absence of ATP.3 RECQ1-promoted strand annealing was dependent on RECQ1
concentration; however, RECQ1 concentrations >20 nM inhibited strand annealing. RECQ1
has comparable ability to unwind the forked duplex substrate (in the presence of ATP) or to
catalyze annealing of complementary single strands (in the absence of ATP) at low RECQ1
concentrations. ATP or the poorly hydrolyzable analog ATPγS strongly prevented RECQ1
strand annealing whereas ADP had no effect.3 Analyses of strand annealing utilizing ATP-
binding/hydrolysis mutants revealed that nucleotide binding inhibits strand annealing
catalyzed by RECQ1. Furthermore, partial proteolysis studies demonstrated that ATP binding
induces a conformational change in RECQ1 protein, which serves as a molecular switch from
a strand-annealing to a DNA-unwinding mode.3

The biological importance of the dual enzymatic activities catalyzed by RECQ1 is currently
not known. Conceivably, strand annealing and/or DNA unwinding catalyzed by RECQ1 may
be important for replication fork regression (formation of a ‘chicken foot’ structure at blocked
DNA replication forks), directional migration of a D-loop or Holliday Junction (HJ) structure,
or a pathway of HR repair such as synthesis-dependent strand annealing (SDSA). In SDSA,
the D-loop is dissolved after some DNA synthesis, and the disengaged invading strand
reanneals with the second end of the DSB, always forming a non-crossover. Crossover

Sharma and Brosh Page 5

Cell Cycle. Author manuscript; available in PMC 2008 June 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



avoidance is one of the key features of SDSA as crossovers have the potential to generate
genomic rearrangements. A role for RECQ1 in SDSA is relevant since mitotic recombination
in somatic cells is rarely associated with crossovers and thought to proceed through SDSA.
56 This proposed role of RECQ1 in SDSA, if true, would explain the elevated SCEs in RECQ1-
deficient cells. The spontaneous γ-H2AX foci and elevated SCE in RECQ1-deficient cells,1,
2 indicating aberrant repair of DNA breaks, are consistent with a role of RECQ1-associated
activities in a pathway of HR repair.

Structural Aspects of RECQ1
There has been considerable interest in the assembly state for various RecQ helicases since
quaternary structure is important for the mechanism of DNA unwinding.12 To provide further
structural insight to the regulation of DNA unwinding and strand annealing, Vindigni and co-
workers examined the importance of RECQ1 assembly states for catalytic activity.57 Two
quaternary forms of RECQ1 exist: (1) higher-order oligomers consistent with pentamers or
hexamers; (2) smaller oligomers consistent with monomers or dimers. Importantly, size
exclusion chromatography and transmission electron microscopy (EM) demonstrated that the
equilibrium between the two quaternary states is modulated by ssDNA and ATP binding, in
which ATP or ATPγS favors the smaller oligomeric form. The RECQ1 EM reconstructions of
the higher order oligomeric form revealed a cage-like structure of approximately 120 Å × 130
Å. The body of the helicase assembly is arranged in two ring-like densities interconnected by
diagonally extending densities to a larger middle ring structure, giving the appearance of a
spiral. Together, the three rings form a hollow channel with an inner diameter of 20 Å.

Under conditions in which the oligomeric (pentamer or hexamer) form is stabilized, RECQ1
efficiently catalyzes strand annealing whereas competition experiments with ATPase-deficient
RECQ1 mutants indicated that RECQ1 monomers or tightly bound dimers mediate DNA
unwinding.57 Thus, a functional explanation for the role of the different assembly states of
RECQ1 (and perhaps other RecQ helicases) was provided, consistent with the theme that ATP
binding to RECQ1 triggers a molecular switch from strand annealing to DNA unwinding mode.

Recently, the crystal structure of an E. coli expressed truncated human RECQ1 protein (amino
acids 49–616) in complex with Mg2+-ADP was solved at 2.0 Å (Pike A, Burgess Brown N,
Shrestha B, King O, Niesen FH, Muzzolini L, Vindigni A and Gileadi O, unpublished
observations; Protein Database Code 2V1X) (Fig. 2A). protein appears as a dimer in The
catalytically active RECQ149–616 the crystal, a result that was confirmed by equilibrium and
sedimentation velocity analytical centrifugation and dynamic light scattering. Amino acids 9–
48 are required for RECQ1 to assemble as a higher order oligomeric form that may correspond
to a hexamer. The crystal structure of RECQ149–616 contains all the sub-domains of E. coli
RecQ:58 the two RecA-like domains, the Zn2+-binding RecQ-Ct domain, and a C-terminal
winged helix (WH) domain. However, the WH domain is re-oriented relative to that in the
bacterial protein (Fig. 2B). In particular, the surface suggested to be involved in DNA binding
in the E. coli enzyme58 is not accessible in RECQ149–616.

RPA Interacts with RECQ1 Helicase and Improves its Unwinding Efficiency
A key player in virtually all aspects of cellular DNA metabolism is the ssDNA binding protein
Replication Protein A (RPA), a heterotrimeric protein composed of three subunits : (1) RPA70,
(2) RPA30; (3) RPA14.59 Each RPA subunit contains at least one OB-fold (oligosaccharide/
oligonucleotide binding fold) domain that is found in many ssDNA binding proteins and
facilitates ssDNA binding. RPA interacts with RECQ1 and the physical interaction is mediated
by the RPA70 subunit, as demonstrated by Far Western analysis.4 The direct DNA-
independent interaction between RECQ1 and RPA was substantiated by ELISA, yielding an
apparent dissociation constant (Kd) of 6.2 nM for the RECQ1–RPA complex,4 similar to that
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previously determined for the interaction of RPA with other DNA helicases.60–63 Co-
immunoprecipitation experiments using human nuclear extracts confirmed that RECQ1 and
RPA interact in vivo.4 Importantly, RPA dramatically stimulates the ability of RECQ1 to
unwind duplex DNA substrates.4,46 RPA stimulation of RECQ1 helicase activity is
biochemically important since RECQ1 is not a very processive helicase and even under
multiple turnover conditions, RECQ1 fails to unwind DNA duplexes exceeding 100 bp.4
However, in the presence of RPA, RECQ1 unwinds much longer duplex DNA substrates such
as a 500 bp partial duplex.4 Stimulation of RECQ1 helicase activity by RPA is specific since
the heterologous E. coli single-stranded DNA binding protein (SSB) failed to stimulate RECQ1
helicase activity at concentrations up to 10-fold higher than that used for RPA.4

RPA, but not other SSBs, was also reported to stimulate the DNA unwinding reactions
catalyzed by other human RecQ helicases,60,61,64 suggesting a similar mechanism for the
functional interaction observed between RECQ1 and RPA. Using information from mapping
analyses, evidence was presented that the physical interaction between RPA and WRN or BLM
helicases is required for RPA stimulation of helicase-catalyzed DNA unwinding.62 It will be
informative to determine if RECQ1 interacts with RPA via an acidic region outside the helicase
domain, and if this region is important for the functional interaction with RPA, as reported for
WRN helicase.62 The molecular details underlying the mechanism for stimulation of DNA
helicases by SSBs has been a topic of interest.12,65 For example, it is still unknown if a given
SSB helps to load a helicase on to ssDNA during an ongoing unwinding reaction, or if the
helicase loads the SSB on to the unwound strands in a coordinated event. In a recent study, it
was reported that the SSB stabilizes the well characterized Hepatitis C virus helicase at the
unwinding junction and prevents its dissociation, suggesting a potential mechanism for
improving helicase processivity.66 It may be relevant that SSBs such as RPA strongly inhibit
the ability of RECQ1 to efficiently catalyze annealing between complementary ssDNA
molecules.3 This effect of RPA distinguishes the strand-annealing reaction catalyzed by
RECQ1 helicase from that of Rad52-mediated strand annealing which functions co-operatively
with RPA.67 It is conceivable that RPA may bind to and stabilize the smaller oligomeric form
of RECQ1 that is catalytically active as a helicase,57 and this interaction is also a mechanistic
component of the stimulatory effect of RPA on RECQ1 helicase activity.

Understanding how the interactions of RPA with RECQ1 and other RecQ helicases are
regulated in a biological setting is an even greater challenge. The observations that both
RECQ12 and RPA59 are post-translationally modified in response to DNA damage raises the
possibility that a protein modification such as phosphorylation will affect the cellular role of
RECQ1 by modulating its interaction with RPA or other protein partners.

RECQ1 Catalytically Unwinds Homologous Recombination Intermediates
A growing body of work provides compelling evidence that the genomic instability in a variety
of organisms carrying a mutation in a gene of the RecQ helicase family is a consequence of
inappropriate processing of DNA replication or recombination intermediates. RecQ helicases
are proposed to play central roles in HR and repair of blocked or damaged replication forks.
8,12,13,68 Upon replication fork stalling, HR pathways may be elicited to deal with the
structural anomaly. A stalled replication fork can be converted to a four-way junction
resembling a HJ by branch migration and re-annealing of nascent DNA strands.69,70 A
potential role of RECQ1 or a related RecQ helicase in the rescue of a stalled fork is to catalyze
reverse branch migration past the lesion to reset the replication fork, and the lesion can be
subsequently corrected by DNA repair.71 Localization of RecQ helicases (WRN, BLM, and
Sgs1) at stalled DNA replication forks72–74 is consistent with their role in metabolizing DNA
replication or recombination intermediates at blocked replication forks through a non-
recombinogenic pathway or Rad51-mediated HR. RECQ1,3 like a number of other RecQ
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helicases (e.g., WRN, BLM, and Sgs1),12 unwinds a synthetic HJ structure (Table 1) to
generate a splayed arm product in a reaction dependent on ATP hydrolysis. Consistent with
the possibility that RECQ1 catalyzes disruption of the HJ by branch fork migration,
preincubation of the HJ substrate with increasing concentrations of RuvA protein, an E. coli
protein implicated in HR that has a very high affinity for the HJ,75 inhibited RECQ1-catalyzed
branch migration in a RuvA concentration-dependent manner.3 Thus, RECQ1 catalyzes branch
migration of the HJ by initiating unwinding at the junction crossover.

RECQ1 unwinds another distinct intermediate of HR, the three-stranded D-loop structure3
(Table 1). The D-loop forms during an early step in HR when a recombinanse protein binds
ssDNA and mediates invasion of the ssDNA molecule into a homologous duplex.76,77 This
strand invasion event results in the displacement of one strand of the recipient duplex with the
concomitant formation of Watson-Crick base pairing between the complementary strand and
the incoming single strand.78,79 RECQ1 unwinds D-loops with either a protruding single-
stranded 3′- or 5′-tail by releasing the invading third strand from D-loop structures in an ATP-
and protein concentration-dependent manner; however, preferential unwinding of the D-loop
with a protruding single-stranded 3′-tail was observed over the entire range of RECQ1 protein
concentrations.3 Most recently, RECQ1 was shown to promote unidirectional branch
migration of D-loops in a 3′ to 5′ polarity, and as a result, specifically disrupt joint molecules
that may represent dead-end intermediates of HR (Bugreev DV, Brosh RM Jr., and Mazin AV,
unpublished data). Indeed, the Recql null mouse embryonic fibroblasts display elevated Rad51
foci that might represent intermediates of HR.1 The catalytic action of RECQ1 on D-loop
substrates may be important as an anti-recombinase function, as proposed for other RecQ
helicases.80–83 Alternatively, efficient unwinding of D-loops by RECQ1 may play a role in
telomere maintenance, as proposed for WRN helicase,84 or in DNA repair by a SDSA pathway
that requires multiple rounds of strand invasion/resynthesis for the complementary strand to
anneal to its partner strand.

Understanding the relationship between the molecular functions of RECQ1 helicase and its
role in the DNA damage response and maintenance of chromosomal stability will require
innovative approaches and model systems. As discussed in two very recent reviews (reviewed
in refs. 85 and 86), three major themes have emerged over the last decade in terms of DNA
processing pathways that insure genomic stability: (1) the processes of DNA replication,
recombination, and repair cooperate with each other to maintain genome homeostasis and cell
viability; (2) the DNA damage response is mediated by a sophisticated cast of players that
orchestrate programs to repair DNA and resolve problems at the replication fork; (3) post-
translational protein modifications regulate these genome maintenance pathways. Regulation
of RECQ1 function by post-translational modifications has not been explored in detail yet, and
will be an important area of study. Our cellular studies demonstrate that RECQ1 is indeed
phosphorylated upon cellular exposure to DNA damaging agents.2 Protein phosphorylation
may regulate RECQ1 catalytic activities and/or its interactions with DNA repair factors which
will affect the physiological role of RECQ1 in the DNA damage response. It will be of
paramount importance to determine the biochemical and physiological significance of RECQ1
post-translational modifications such as protein phosphorylation.

A number of models have been proposed to describe the mechanisms whereby DNA helicases
limit recombination through their catalytic activities. For example, genetic and biochemical
results provide evidence that the yeast Srs2 helicase disrupts Rad51 presynaptic filaments to
restrict recombination.87,88 BLM81 and RECQ589 also disrupt Rad51 filaments, suggesting
a mechanism whereby they suppress recombination. In addition to unwinding DNA
recombination intermediates, RECQ1 may utilize its motor ATPase function to displace
proteins from HR DNA repair intermediates. However, neither RECQ181 nor WRN,89 even
at relatively high protein concentrations, were capable of disrupting Rad51 protein filaments
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or inhibiting the Rad51-mediated D-loop formation. An alternative strategy for RECQ1 to
actively participate in HR repair may be to confer directionality of branch migration of
recombination intermediates via the coordinate action of RECQ1 helicase and strand annealing
activities.

RECQ1 Interacts with Mismatch Repair Factors that Regulate Genetic
Recombination

To identify protein partners of human RECQ1 that exist in vivo, co-immunoprecipitation
experiments were performed using an antibody raised against a 20-amino acid peptide of a
unique sequence in the C-terminal region of RECQ1. The anti-RECQ1 antibody co-
immunoprecipitated RECQ1 with three human DNA repair proteins (EXO-1, MSH2/6 and
MLH1).5 Through its direct protein interaction, RECQ1 stimulated the incision activity of
EXO-1,5 a 5′ to 3′ exonuclease and structure-specific endonuclease that has been implicated
in mismatch correction, mitotic and meiotic recombination, and DSB repair.90–94 Yeast
genetic studies identified a role of EXO-1 in spontaneous mitotic and meiotic recombination
between direct repeats.90 The 5′ to 3′ exonuclease activity of EXO-1 is proposed to generate
3′ ssDNA tails that can be used by homologous pairing proteins for recombination.

EXO-1 also affects the metabolism of telomeres in yeast,95 and EXO-1-dependent ssDNA at
telomeres is required for cell cycle arrest in budding yeast ku70 deletion mutants.96 A deletion
of EXO-1 in mammalian cells impairs DNA damage signaling.97 Genetic and biochemical
studies have demonstrated the importance of certain RecQ helicases in telomere metabolism.
12 It is conceivable that RECQ1 stimulates EXO-1 cleavage of DNA structures in sub-
telomeric regions to stabilize the telomeric end or facilitate its replication. EXO-1 nucleolytic
activity may serve to create long telomeric ssDNA tails that promote recombination-driven
lengthening of telomeres when telomerase or telomere binding proteins are absent,95,98 or
activate a DNA damage checkpoint.96 Proposed roles of EXO-1 in a mismatch repair-
independent mutation avoidance pathway99,100 or repair/restart of stalled replication
forks101 may also involve RecQ helicases such as RECQ1 or WRN.102

In addition to EXO-1, RECQ1 was observed to be associated with proteins (MSH2/6, MLH1-
PMS2) implicated in mismatch repair.5 MSH2/MSH6 (MutSα) is a protein heterodimeric
complex that binds with high affinity to base-base mismatches103 and G-quadruplexes.104
MutLα, a protein complex of MLH1 and PMS2, is also required for mismatch repair103 and
was recently reported to have an endonucleolytic function in humans105 and yeast.106 From
a functional standpoint, MutSα was found to stimulate RECQ1 helicase activity.5 The
interaction of RECQ1 with mismatch repair factors that regulate genetic recombination is
provocative because mouse1 and human2 cells deficient of RECQ1 display genomic instability
and an increased sensitivity to genotoxic agents. Studies of the sole RecQ homolog in
Saccharomyces cerevisiae have suggested that Sgs1 functions to prevent HR15,107 or act as
a sensor for DNA damage.108 A model was proposed in which Sgs1 interacts with the
MutSα complex to unwind DNA recombination intermediates that contain mismatches.109 It
is conceivable that RECQ1 collaborates with mismatch repair proteins in a specialized pathway
of HR to suppress erroneous strand invasion events at DSBs, or facilitates DNA processing
events at repetitive DNA elements or specialized chromosomal structures such as telomeres.
Further studies will be needed to fully understand the molecular mechanisms by which RECQ1
and the mismatch repair factors work together to maintain genomic stability.

Physical Interactions of RECQ1 with Top3α, Rad51 and Importin-α
The first identified RECQ1 protein interaction was with the human importin-α homologs Qip1
and Rch1.110 Mapping studies revealed that Qip1 binds to the nuclear localization sequence
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motif of RECQ1, suggesting that the importin-α homolog may function in the transport of
RECQ1 to the nucleus. RECQ1 was recently found to interact with the Rad51 recombinase.2
Although an effect of Rad51 on RECQ1 helicase activity was not detected, it seems likely that
the physical interaction may be important in Rad51-mediated invasion into homologous duplex
DNA to generate joint molecules (D-loops) in an early step of HR. The sensitivity of RECQ1-
deficient cells1,2 to ionizing radiation which induces strand breaks may reflect a defect in HR
repair in which processed DNA ends are not properly acted upon by the concerted action of
RECQ1 and Rad51. This idea is further supported by the elevated γ-H2AX foci in RECQ1-
deficient cells.1,2

The interaction of BLM helicase with Top3α is proposed to be important in the suppression of
SCE.111 The elevated SCE in RECQ1-deficient human2 and mouse1 cells suggests that
RECQ1 functions to prevent cross-overs. Although RECQ1 was demonstrated to be associated
with Top3α by co-immunoprecipitation from human lymphoblastoid cell extracts,41 no
functional interaction has been reported. Moreover, RECQ1 failed to substitute in vitro for
BLM to act with Top3α to catalyze double HJ dissolution reaction,112 a proposed mechanism
for the exclusive resolution of double HJs into non-crossover recombinant products.111 One
possibility is that in mammalian cells RECQ1 operates by a mechanism different from that of
BLM; however, it remains to be determined if the role of RECQ1 in SCE suppression is
Top3α-dependent or Top3α-independent. Much work remains to fully understand the
mechanistic functions of RECQ1 with its protein partners.

Does RECQ1 Play a Role in Gene Expression?
The reduced cellular proliferation, metabolic activity, and growth in human cells depleted of
RECQ1 indicate that RECQ1 is required for normal cellular physiology.2 Non-coding DNA
sequences within the human genome, formerly referred to as “junk DNA”, satisfy vital
functions in chromatin assembly and regulation of gene expression.113 Mounting evidence
from model organisms indicate that small noncoding RNAs transcribed from transgenic
sequences participate in gene silencing programs that affect cell growth and differentiation.
From a more global perspective, evidence demonstrates that gene silencing of repetitive or
complex sequences is important in a variety of biological processes that affect development,
genome defense against transposons and viruses, and mechanisms of inheritance (reviewed in
refs. 113–117). In addition to a DNA repair function, it is possible that RECQ1 may play a
role in regulating gene expression. We will discuss evidence supporting this hypothesis and
place this in the broader context of RECQ1 as an important RecQ helicase to maintain genomic
stability.

RECQ1 Resides in a piRNA Complex Implicated in Transcriptional Gene
Silencing

Recently, Lau and colleagues identified a Piwi protein and RECQ1 as co-existing members of
a piRNA protein complex that is important for gene silencing.118 Essentially, rat testis extract
was fractionated by ion exchange, and a novel ribonucleoprotein complex containing RNA of
25–31 nt was identified and the associated proteins further purified. Mass spectrometry analysis
revealed the presence of rat homologs to a protein of the Piwi class of Argonaute proteins
implicated in gene silencing and also the RECQ1 helicase. The piRNA protein complex
contained ATPase and DNA helicase activities as well as RNA cleavage activity that would
be predicted to be catalyzed respectively by RECQ1 and a conserved Argonaute protein
responsible for RNA-guided cleavage of target RNAs.

piRNAs are a unique class of small (24–30 nt) noncoding RNAs that are generated by a
mechanism distinct from the classic Dicer endonuclease processing of a single long double-
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stranded RNA molecule. The size range, single-stranded nature, and strand specificity of
piRNAs and their clustered origin suggest a process of piRNA biogenesis that is similar to the
process of DNA replication.119 The mechanistic similarities between piRNA synthesis and
DNA replication suggest that RECQ1 and associated DNA replication proteins are involved
in the biogenesis of small dsRNA molecules that serve to silence the expression of genes at
the post-transcriptional level. Evidence in support of this notion was recently garnered by the
identification of another DNA replication protein that interacts with a RECQ1 homolog and
an RNA polymerase that are implicated in gene silencing in Neurospora (see below).

A Role for a RECQ1 Homolog in Gene Silencing
The closest RecQ homologs of the model fungus Neurospora crassa QDE-3 helicase are
RECQ1 and BLM.120,121 Phylogenetic analysis revealed that the other three mammalian
RecQ helicases (WRN, RECQ4, RECQ5) are less similar to QDE-3 and are separated from
the QDE-3/RECQ1/BLM cluster, reducing the probability they are QDE-3 orthologs.121
QDE-3 has been implicated in gene silencing, known as quelling, in Neurospora.120 Three
classes of quelling defective mutants (qde-1, qde-2, qde-3) have been isolated.122 In order for
gene silencing to occur in Neurospora, transgenic loci must be transcribed. The quelling
deficiency of qde-1 mutants defective in RNA-dependent RNA polymerase prompted Cogoni
and coworkers to investigate protein interactions of QDE-1. Using an immunoaffinity
purification approach, it was found that QDE-1 interacts with the RPA70 subunit of the RPA
heterotrimer.123 The essential requirement of RPA in replication led the researchers to explore
the question if gene silencing is linked to DNA replication. It was observed that QDE-1 was
specifically recruited into the repetitive transgene loci and that the accumulation of short
interfering RNAs (siRNAs) implicated in gene silencing required ongoing DNA synthesis.123

These findings suggest a direct coupling of DNA replication of repeated sequences to targeted
silencing mediated by a post-transcriptional gene silencing protein complex. As suggested by
the authors of the study,123 the well documented interaction of RPA with RecQ helicases may
be relevant to the observation that QDE-3, a protein with greatest sequence similarity to
RECQ1, is essential for gene silencing and operates upstream of dsRNA production in the
process. It was proposed that RPA plays a role in differentiating transgenic sequences from
endogenous genes and through its interaction with QDE-1 targets transgenic sequences for
silencing by the in situ production of dsRNA. The requirement for transgenic sequences to be
inserted in tandem in order to trigger silencing raises the possibility that during replication the
tandem repeats form slippage intermediates that resemble cruciform structures which stall the
replication fork.

The abundant evidence that RecQ helicases act at stalled or blocked replication forks to
maintain genomic stability by preventing erroneous recombination events would be consistent
with a role of a RecQ helicase to help a cell cope with potential replication slippage events.
RecQ helicases recognize aberrant DNA structures (HJ, three- and four-stranded DNA
structural intermediates associated with the replication fork).12 Furthermore, the direct
physical and functional interactions of RECQ1 and related RecQ helicases (WRN, BLM,
RECQ5) with RPA point toward a model in which the helicase and SSB collaborate during
replication of slippage intermediates to prevent illegitimate recombination events.12
Conceptually, RPA and a RecQ helicase (QDE-3 in Neurospora) also interact with QDE-1 at
the repeat sequences to facilitate the biogenesis of dsRNA molecules that operate in gene
silencing (Fig. 3). In this model, a number of details remain to be fleshed out including the
origin of the RNA used as a template by QDE-1 to produce dsRNA. Nonetheless, the collective
evidence that RecQ helicases, including RECQ1, play an instrumental role in preserving
genomic stability through their catalytic activities and protein interactions suggest that their
unique position at the crossroads of DNA replication, repair, recombination, and transcription
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is consistent with a proposed role of these specialized motor ATP-dependent DNA unwinding
enzymes in gene silencing.

Involvement of Neurospora RECQ1 Homolog in DNA Repair and Genomic
Stability

In support of conserved roles of Neurospora QDE-3 helicase and mammalian homologs
(mouse and human RECQ1) in the DNA damage response, qde-3 mutants were found to be
hypersensitive to a variety of DNA mutagens.120,124,125 The dramatic sensitivity of qde-3
mutants to the S-phase-specific type I topoisomerase inhibitor camptothecin120 suggests a role
of QDE-3 during replication. qde-3 mutants were subsequently demonstrated to be sensitive
to alkylating agents (methylmethanesulfonate, N-methyl-N′-nitro-N-nitrosoguanidine) and
other agents (e.g., 4-nitroquinoline-1-oxide, hydroxyurea) that induce replicational stress,
124,125 further pointing toward a role of the RECQ1 homolog to repair DNA lesions during
replication or help the cell to cope with aberrant replication structures that arise during fork
stalling. Epistatic genetic analysis revealed that the qde-3 gene is assigned to the uvs-6
recombination repair pathway and the uvs-2 postreplication repair pathway.124

In addition to QDE-3, Neurospora has a second RecQ homolog known as RECQ-2.120,124,
125 Neurospora mutants with genetic deficiencies in both qde3 and recq2 were found to display
a severe growth defect that was dependent on the presence of a wild-type rad51 gene,
suggesting that HR is responsible for the growth defect of the qde3 recq2 double mutant.126
A mutator phenotype characterized mostly by deletions in a qde3 recq2 double mutant is
suppressed by a mutation in the mus-52 gene, a homolog of the human KU80 gene.126 This
may mean that nonhomologous end-joining machinery that is actively repairing DSBs in the
qde3 recq2 mutant is responsible for the mutator phenotype. Collectively, the genetic evidence
indicates that the Neurospora RECQ1 homolog has a broader role in the DNA damage response
and chromosomal stability in addition to its gene silencing function.

Dual Functions of RECQ1 in Genome Stability and Gene Silencing?
As discussed earlier, genomic instability and DNA damage sensitivity is also detected in mouse
or human cells deficient in RECQ1, suggesting pleiotropic and important functions of
mammalian RECQ1 homologs in cellular nucleic acid metabolism. However, a role for RECQ1
(as well as WRN and BLM) in RNAi-mediated silencing was not observed using an assay to
measure short term RNAi-mediated silencing in mice.121 It is possible that mouse RECQ1
plays a role in long term RNAi-mediated silencing, or that the RecQ-dependent pathway
operates differently in humans and mice. The lack of sequence conservation between many
mouse and human piRNAs117 suggest that differences in piRNA metabolism between the two
species may operate. Similarly, some distinctions between the cellular phenotypes of RECQ1-
deficient mouse and human cells exist, such as the reduced cellular proliferation observed in
RECQ1-depleted human cells2 not readily detected in the recql mouse embryonic fibroblasts.
1

The human RECQ1 gene is localized to chromosome 12p11–12,18,19 a region of instability
in testicular germ-cell tumors.127 RECQ1 expression in mouse is highest in the testis.1 The
purification of a RECQ1 ribonucleoprotein complex from rat testis with testis-specific small
non-coding piRNAs118 is likely to be relevant since piRNAs and piRNA complexes have also
been detected in testis of other mammals such as mice and humans.128 Mouse orthologs of
Piwi are required for spermatogenesis, and it is suggested that germ-line-specific expression
of piRNAs plays a role.128 This raises the possibility that the piRNA complex in which RECQ1
resides regulates male meiosis by modulating genome organization or stability. Understanding
the precise mechanism whereby RECQ1 and its associated piRNA complex regulates the
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germline is an important challenge. High priorities will be to define the inter-connected roles
of RECQ1 homologs, such as QDE-3, in gene silencing and chromosomal stability
maintenance and to determine if mammalian RECQ1 functions by a conserved mechanism. It
was proposed that the piRNA pathway might have a conserved function in silencing
retrotransposons and preventing DNA damage in the germline.116 Clearly, the potentially dual
yet complementary functions of piRNA associated proteins like RECQ1 in the DNA damage
response and piRNA metabolism are tantalizing and provoke a novel interest in the biological
functions of RecQ helicases in the context of gene expression and genomic stability.

A number of studies have suggested that piRNAs have a primary function in maintaining
germline DNA stability and that piRNA mutations are a secondary consequence of a defective
DNA damage response (reviewed in ref. 115). Therefore it was postulated that piRNAs (and
by inference piRNA associated proteins) directly promote DNA repair, induce proper
chromosome assembly to avoid DNA damage, or suppress the expression of euchromatic genes
that lead to DSBs. It seems reasonable that RECQ1 may serve as a member of the piRNA
complex to facilitate the proper DNA damage response and maintain germline stability.

Prospective Importance of RECQ1 in Human Health and Cancer Therapy
From a human health perspective, it will be important to decipher the elusive role(s) of RECQ1
in genome homeostasis and determine precisely the involvement of RECQ1 in the DNA
damage response and processes of chromosomal nucleic acid metabolism. Although a genetic
disorder has not yet been linked to a mutation in RECQ1, the significant reduction in cellular
proliferation due to RECQ1 depletion raises the possibility that RECQ1 is essential for viability
in humans. In somatic cells, recombination defects leading to chromosomal instability due to
a RECQ1 deficiency may predispose individuals to cancer (Fig. 4). Conversely, the presence
of RECQ1 confers error-free DNA repair, proper replication restart, and a stable genome.
Upregulated RECQ1 expression may provide growth advantage in transformed or actively
proliferating cells. Cytogenetic data suggest that RECQ1 may be associated with cancer
predisposition. Loss of heterozygosity of 12p12, the chromosomal location of the Recq1 gene,
18–20 is a frequent event in a wide range of hematological malignancies and solid tumors,
suggesting the presence of a tumor suppressor locus. Allelic losses on chromosome 12p12–13
are associated with childhood acute lymphoblastic leukemia and several solid neoplasms.
129 Chromosome 12p12 deletion has been reported in a rare chronic myeloid leukemia-like
syndrome case in a Li-Fraumeni syndrome family.130 RECQ1 is highly expressed in the lungs,
24 and deletions at chromosome 12p12 have been reported in bronchial epithelia of patients
with primary non-small-cell lung cancer,131 suggesting that RECQ1 sequence alterations may
influence the risk of lung cancer. Microsatellite instability in the polyguanine repeat (G)9 in
the Recq1 gene is frequently observed in mismatch repair-deficient human nonpolyposis
colorectal cancer.132

Recent analyses of Recq1 single-nucleotide polymorphisms (SNPs) have identified an
association of RECQ1 with a reduced survival of pancreatic cancer patients.133,134 Only one
RECQ1 A159C SNP allele is required to significantly decrease overall pancreatic cancer
survival, suggesting a predictive and prognostic role for RECQ1 SNPs. RECQ1 SNPs
displayed significant genetic interaction with SNPs in the HR repair genes ATM, RAD54L,
XRCC2 and XRCC3. A role for RECQ1 in HR is supported by the findings that SNPs in RECQ1
negatively affect the response to the anticancer drug gemcitabine-induced radiosensitization
that selectively requires functional HR.133,134 Thus, variant alleles of RECQ1 (and other
helicases) may impact the efficacy of chemotherapy treatments. DNA repair helicases have
been proposed to be potential targets for cancer therapies mediated by DNA damaging agents
or radiation.135–137 In the future, the importance of polymorphic variation in RECQ1 and
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other human RecQ helicases for human diseases and cancer therapies will continue to be an
important area of collaboration for clinicians and biomedical researchers.
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Figure 1.
Reduced cell growth and elevated sister chromatid exchange in RECQ1-depleted cells. (A)
Proliferation of HeLa cells transfected with control- or RECQ1-shRNA plasmid was
determined by colony forming assay. (B) Sister chromatid exchanges were assayed in BrdU
labeled, giemsa-stained chromosome spreads from control- or RECQ1-siRNA transfected
HeLa cells. See ref. 2.
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Figure 2.
RECQ1 crystal structure. (A) RECQ1 dimer. Two molecules of RECQ1 in the crystal structure
(Protein Database Code 2V1X). A Mg2+-ADP molecule (space-filling model) is bound in the
cleft between the two RecA-like domains (colored red and blue). The Zn2+-binding and
winged-helix (WH) domains are marked in yellow and green, respectively. The polypeptide
chain of the second monomer is shown in light blue, with the regions involved in dimer
interaction marked in purple. (B) RECQ1-RecQ overlay. The structure of RECQ1 (colored as
in the previous image) aligned with that of E. coli RecQ (pale colors), maximizing the overlap
of the RecA-like domains. While the RecA domains and Zn2+-binding domains are well
aligned, the WH assumes very different orientations in the two protein structures.
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Figure 3.
Quelling in Neurospora with an emphasis on potential roles of QDE-3 (RECQ1) homolog with
RPA in the pathway. QDE-3: RPA complex may serve in several functions: (1) to resolve
secondary structure that forms during replication of tandem repeats; (2) to facilitate
transcription of transgenic locus; (3) to recruit QDE-1 to nascent transgenic RNA.
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Figure 4.
RECQ1 preserves genomic integrity through its proposed role in homologous recombinational
repair. See text for details.
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Table 1
DNA Substrate Specificity of RECQ1 Helicase

DNA Structure Relative Helicase Activity Reference

+ 3,46

− 3,46

− 3,46

+++ 3

+ 3

++++ 3

+ 3

+++ 3

++ 3

+ 3

+++ 3,34
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Table 2
RECQ1 protein interactions

RECQ1 Partner Physical Interaction Functional Interaction Reference

RPA Yes, via RPA70 RPA stimulates RECQ1 helicase 4,46
EXO-1 Yes RECQ1 stimulates EXO-1 nuclease 5
MSH2/6 Yes MSH2/6 stimulates RECQ1 helicase 5
MLH1/PMS2 Yes ND 5
Top3α Yes NR 41
Imporfin-α(Qip1, Rch1) Yes NR 110
Rad51 Yes ND 2

ND, None detected; NR, None reported, See text for details.
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