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Abstract: RECQ5 belongs to the RecQ family of DNA helicases. It is conserved from Drosophila
to humans and its deficiency results in genomic instability and cancer susceptibility in mice.
Human RECQ5 is known for its ability to regulate homologous recombination by disrupting RAD51
nucleoprotein filaments. It also binds to RNA polymerase II (RNAPII) and negatively regulates
transcript elongation by RNAPII. Here, we summarize recent studies implicating RECQ5 in the
prevention and resolution of transcription-replication conflicts, a major intrinsic source of genomic
instability during cancer development.
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1. Introduction

Helicases are a diverse group of motor proteins that participate in nearly all aspects of DNA and RNA
metabolism. The RecQ helicase family belongs to helicase superfamily 2 [1], and includes enzymes that
share homology with the Escherichia coli DNA helicase RecQ. RecQ homologues have been found in all
organisms examined to date, including bacteria, yeast, plants, Drosophila, amphibians and mammals [2–4].
Mammalian genomes encode five different RecQ homologues—RECQ1, BLM (RECQ2), WRN (RECQ3),
RECQ4 and RECQ5—that have essential roles in DNA replication, transcription, DNA repair and
chromatin remodeling, and that are considered guardians of the genome [2,5–7]. Inherited mutations in
the BLM, WRN and RECQ4 genes are linked to Bloom-, Werner- and Rothmund-Thomson syndrome,
respectively [7]. These rare autosomal recessive disorders manifest themselves by genomic instability,
premature aging, neurodegenerative and developmental defects as well as cancer predisposition [2,3,7,8].

RECQ5 is conserved from Drosophila to humans [9–11]. It has not been linked to any cancer-prone
syndrome, but several lines of evidence suggest that its deficiency can cause genomic instability and
cancer development [12–15]. RECQ5 has long been known to act as an anti-recombinase by disrupting
RAD51 nucleoprotein filaments. Recent studies, summarized in this review article, suggest that RECQ5
plays major and unique roles in the prevention and resolution of transcription-replication conflicts
(TRCs) in human cells.
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2. Structure and Biochemical Properties of RECQ5

The alternative splicing of the RECQ5 gene transcript yields three isoforms: α, β, and γ. The RECQ5α
and RECQ5γ isoforms, comprised of an incomplete RecQ homology region (residues 1–410 and 1–435,
respectively), are localized in the cytoplasm and lack helicase and ATPase activities [11,16]. The RECQ5β
isoform (residues 1–991) includes a functional RecQ helicase core followed by an extended C-terminal
region, which contains a nuclear localization signal. In this review, we will only discuss the nuclear RECQ5β
isoform and, for simplicity, will refer to it as RECQ5.

RECQ5 structure can be divided into two parts: the conserved N-terminal region including
the RecA-like helicase domain (residues 1–364) and Zn2+-binding domain (residues 365–437) [16,17],
and a unique C-terminal region (residues 438–991) harboring at least five specific protein interaction domains:
RAD51-binding domain, internal RNAPII-interacting (IRI) domain that binds to hypophosphorylated form of
RNAPII (RNAPIIa), Set2-Rpb1-interacting (SRI) domain that binds to the hyperphosphorylated (elongating)
form of RNAPII (RNAPIIo), RNA polymerase I (RNAPI)-binding domain and PCNA-interacting protein
(PIP) motifs [18–27] (Figure 1).

Figure 1. Domain organization of human RECQ5 helicase. For description of the individual domains
see the main text. The positions of amino acids at domain boundaries are indicated.

The helicase domain consists of two RecA-like domains, D1 and D2, each containing a central
6- or 7-stranded parallel β-sheet flanked on either side by α-helices [17]. The Zn2+ binding domain
follows immediately after and is closely associated with the D2 domain [17]. In the crystal structure of
RECQ5, a single α-helix can be seen following on from the Zn2+ binding domain (residues 438–453),
occupying a broadly similar position to the winged helix domain found in the RecQ C-terminal regions
of other RecQ helicases [17]. Biochemical analysis of RECQ5 deletion variants has revealed that this
structural element is essential for the helicase activity of the enzyme and has an important accessory
role in DNA binding, suggesting that it may act as a wedge to aid in DNA duplex separation by the
helicase [17]. Like other RecQ family members, RECQ5 functions as a dsDNA/ssDNA-dependent
ATPase and an ATP-dependent 3′–5′ helicase with the ability to promote branch migration of Holliday
junctions [28]. However, RECQ5 requires the single strand-binding factor RPA to mediate efficient
DNA unwinding [28]. The reason for this is that RECQ5 contains a strong intrinsic DNA-strand
annealing activity that resides in the C-terminal portion of the RECQ5 polypeptide [28]. This activity is
inhibited by RPA and is suppressed in the ATP-bound form of the enzyme [28]. Interestingly, on DNA
structures resembling a stalled replication fork, RECQ5 preferentially unwinds the lagging strand arm
in a manner dependent on the region between residues 561–651 [26]. This region is not required for
unwinding simple 3′-tailed DNA duplexes by RECQ5, suggesting that it may mediate RECQ5 loading
on the parental duplex at fork junction in an orientation that allows enzyme translocation towards the
lagging arm [26].

RECQ5 interacts with RAD51 through two conserved motifs (residues 662–705) that display
a strong resemblance to those found in the BRC repeat of BRCA2, which promotes homologous
recombination (HR) by mediating RAD51 filament assembly [18,19]. Interestingly, it has been shown
that RECQ5 can utilize its ATP-dependent ssDNA translocase activity to dismantle RAD51-ssDNA
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filaments [13]. This reaction is stimulated by RPA and depends on the direct binding of RECQ5
to RAD51 [13,18].

The RECQ5 IRI domain is located in the proximal part of the C-terminal portion of the RECQ5
polypeptide (residues 490–620) [23]. Structural studies and homology modeling have revealed that
it consists of a region (residues 515–620) with strong homology to the so-called KIX domain [22,24],
a three-helix bundle structure with a hydrophobic core found in several transcription regulators,
namely CBP, p300 or MED15 [29]. The KIX domain is preceded by an additional helix, termed αN,
which is connected to the KIX motif by a loop segment [24]. Structure-function analysis has shown
that the IRI domain fragment (residues 490–620) is able to bind to RNAPII, whereas neither the KIX
domain nor the αN helix alone possesses this ability [24]. Moreover, it has been demonstrated that
RECQ5 IRI domain binds to the Rpb1 jaw domain of RNAPII [24].

The SRI motif, a left-handed three-helix bundle, was initially discovered in the yeast histone
methyltransferase Set2 and its human homolog SET2 as a binding module that specifically recognizes
the Ser2-Ser5-phosphorylated C-terminal-repeat domain (CTD) of RNAPII [30–32], a phosphorylation
state associated with the elongation stage of RNAPII transcription [33]. RECQ5 shows homology
only to the SRI helices 1 and 2 (residues 910–950) that form the CTD-binding interphase [23,31].
Like Set2/SET2 SRI domain, the SRI domain of RECQ5 binds specifically to Ser2-Ser5-phosphorylated
CTD peptides, and mediates RECQ5-RNAPIIo complex formation [22,23,34].

In addition to RNAPII, RECQ5 interacts with RNAPI through a domain that follows immediately
downstream of the SRI domain (residues 955–991) [25]. The C-terminus of RECQ5 also contains
a conserved PIP motif (residues 964–971). Interestingly, between the BRC and SRI domains, RECQ5
contains another PIP-like (PIP-L) motif (residues 761–768), which lacks the conserved glutamate (Q) of
PIP and, in contrast to PIP, is essential for stable binding of RECQ5 to PCNA [26,27].

Last but not least, RECQ5 was shown to physically interact with the structure-specific endonuclease
MUS81-EME1 through contacts with the MUS81 subunit, and to stimulate 3′-flap DNA cleavage by
MUS81-EME1 in the absence of ATP [35]. Interestingly, the stable binding of RECQ5 to MUS81-EME1
depends on its helicase domain and on the proximal part of the KIX domain (residues 515–570 including
Helix-1) of RECQ5 [22,24,35]. Deletion of the latter region impairs, in addition to MUS81 binding,
the ability of RECQ5 to stimulate 3′-flap DNA cleavage by MUS81-EME1, suggesting that RECQ5
stimulates the catalytic activity of the MUS81 endonuclease through direct physical interaction [35].

3. RECQ5 Regulates Homologous Recombination

Homologous recombination (HR) is an evolutionarily conserved process used by cells to accurately
repair DNA double-strand breaks (DSBs) [36–38]. Briefly, HR is initiated by DNA end resection,
which generates 3′-ssDNA from broken DNA ends for the RAD51 recombinase to form a nucleoprotein
filament. The RAD51 filament conducts the search for homologous DNA sequence and catalyzes the
invasion of the donor sister chromatid at the site of homology, resulting in the formation of a joined
DNA molecule termed displacement loop (D-loop). After DNA synthesis primed by the invading
DNA strand, repair can proceed via two main sub-pathways referred to as the canonical DSB repair
(DSBR) and synthesis-dependent strand annealing (SDSA). In the DSBR pathway, the second DSB
end is captured by the D-loop to form an intermediate with two Holliday junctions, referred to as
a double Holliday junction (dHJ). This joint DNA molecule can be either resolved by specialized
structure-specific endonucleases (e.g., GEN1, MUS81/EME1) into crossover (CO) or non-crossover
(NCO) products, or dissolved by concerted actions of the BLM helicase and the DNA topoisomerase
IIIα (TOPOIIIα), giving rise exclusively to NCO products. In the SDSA pathway, the extended D-loop
is disrupted by a DNA helicase, such as RTEL1, and the newly-synthesized DNA is annealed by
RAD52 to the ssDNA tail of the other break end, which is followed by gap-filling DNA synthesis and
ligation. Evidence suggests that this sub-pathway of HR is favored in mitotic cells to avoid crossing
over, which may give rise to chromosomal rearrangements [39].
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The findings that RECQ5 possess the ability to disrupt the interaction of RAD51 with ssDNA and to
suppress HR-mediated DSB-repair with CO outcomes led initially to the proposal that RECQ5 inhibits
the initiation of HR by disrupting RAD51 presynaptic filaments [12,13]. This model is consistent with
the observation of rapid recruitment of RECQ5 to sites of laser-induced DSBs occurring in a manner
dependent on the presence of the MRE11-RAD50-NBS1 (MRN) complex that mediates DNA-end
resection [40]. Furthermore, it was shown that overexpression of RECQ5 inhibits DSB repair by HR
with NCO outcomes [18]. However, a more recent study revealed that HR with NCO outcomes is
also impaired in RECQ5-depleted cells [41]. Moreover, the authors found that RECQ5 depletion
increases sister chromatid exchange frequency upon the inactivation of the dHJ dissolution pathway
by BLM depletion or upon induction of extensive DNA damage [41]. Similar results were obtained
earlier with chicken DT40 cells [42]. The former study also revealed that RECQ5 deficiency increases
RAD51 occupancy at DSB sites [41]. Taken together, these findings suggest that RECQ5 acts during
the post-synaptic phase of SDSA to prevent formation of aberrant RAD51 filaments on the extended
invading strand, thus limiting its channeling into potentially hazardous crossover pathway of HR
(Figure 2). In agreement with this model, RECQ5 can utilize its ATPase and RAD51-binding activities
to counteract the inhibitory effects of RAD51 and BRCA2 on DSB repair by single-strand annealing
that resembles the post-synaptic steps of SDSA [41]. Moreover, RECQ5 can also alleviate the inhibitory
effect of RAD51 on RAD52-mediated ssDNA annealing in vitro [41].

Figure 2. Proposed model for the role of RECQ5 in the suppression of crossovers during homologous
recombination repair. RECQ5 promotes the SDSA sub-pathway of HR by disrupting RAD51 filaments
formed on ssDNA after RTEL1-mediated unwinding of the extended D-loop. This prevents D-loop
reassembly and its conversion to double-Holliday junction, which can be resolved to crossover (CO) or
non-crossover (NCO) products.
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4. RECQ5 Regulates Transcription Elongation and Prevents Transcription Stress

Chromatin immunoprecipitation experiments have shown that RECQ5 associates with the coding
regions of RNAPII-transcribed genes in a manner dependent on its SRI motif, with RECQ5 density
correlating with the density of Ser2-CTD phosphorylation, suggesting that RECQ5 binds to the RNAPII
complex during the productive elongation phase of transcription [23,43]. Loss of this interaction is
associated with transcription-dependent genomic instability [34]. Interestingly, it was also reported that
the transcription of the genes associated with RECQ5 increased upon RECQ5 depletion, suggesting that
RECQ5 regulates RNAPII transcription [43]. Indeed, experiments with a reconstituted transcription
system containing RNAPII and basal transcription factors revealed that RECQ5 inhibits transcript
elongation by RNAPII in a manner dependent on its binding to RNAPII via the IRI domain [21].
This inhibitory effect on RNAPII transcription does not require the ATPase/helicase activity of RECQ5,
but depends on the presence of its helicase core domain, even though only the IRI domain physically
interacts with RNAPII [21,24]. Further insight into the molecular mechanism of RNAPII transcription
repression by RECQ5 has been provided by a structural analysis of the complex between an elongating
RNAPII and RECQ5 using cryo-electron microscopy (cryo-EM) [24]. 3D reconstruction of the complex
has revealed that the IRI domain of RECQ5 is bound to the Rpb1 jaw domain in such a way that
the helicase domain is located in a position that allows it to engage with DNA entering the RNAPII
catalytic cleft, presenting a steric block to elongation [24]. Interestingly, structural studies conducted
by Kassube et al. also revealed that the KIX domain of RECQ5 resembles domain II of the transcription
elongation factor TFIIS, which binds to the Rpb1 jaw domain of RNAPII near the RECQ5-binding
site [24]. Biochemical analysis demonstrated that RECQ5 IRI domain and TFIIS compete for binding to
RNAPII [24]. Moreover, RECQ5 was found to interfere with the ability of TFIIS to promote transcription
elongation on a DNA template containing intrinsic transcription stall sites [24]. This activity of RECQ5
requires binding of its IRI domain to RNAPII but it is independent of the helicase domain of RECQ5.
Collectively, these findings suggest that RECQ5 regulates transcript elongation by two different
activities resulting from the binding of its IRI domain to the Rpb1 jaw domain of the elongating
transcription complex: (i) steric blockage of elongation by interaction between RECQ5 helicase domain
and the DNA template; (ii) inhibition of TFIIS function. Kassube et al. proposed that by these
coordinated activities, RECQ5 could prevent transcription at sites of DNA replication and DNA
repair [24]. Although the SRI domain of RECQ5 is not essential for RECQ5-mediated inhibition
of RNAPII transcription in vitro, the authors suggested that this domain might prime RECQ5 for
engaging specifically with elongating RNAPII [24]. Of note, mutational inactivation of the SRI motif of
RECQ5 abolishes its interaction with RNAPIIo but not RNAPIIa, while disruption of the IRI domain
abolishes RECQ5 binding to RNAPIIa, but not to RNAPIIo [22,23]. This suggests that RNAPII CTD
phosphorylation generates a form of RNAPII with low binding affinity for the IRI domain of RECQ5.
Thus, it is possible that the SRI domain of RECQ5 may facilitate the binding of its IRI domain to
elongating RNAPII by providing an additional tethering site.

A more recent study provided evidence that RECQ5 acts as a general transcription factor that
is important for the maintenance of genomic stability during transcription in human cells [44].
This study demonstrated that RECQ5 depletion causes a marked increase in transcript elongation rates
genome-wide, which is accompanied by increased frequency of incidents during which the polymerase
is paused or arrested in the transcribed region of genes, a phenomenon termed transcription stress [44].
Moreover, it was shown that loss of RECQ5 results in genomic instability associated with the transcribed
regions of genes and common fragile sites (CFSs), with chromosomal breakpoints overlapping with
the areas of elevated transcription stress [44]. Based on these findings, the authors proposed that
RECQ5 regulates transcript elongation by RNAPII to prevent transcription stress and subsequent
genomic instability. However, it remains to be determined whether RECQ5 suppresses transcription
stress through the direct binding to RNAPII via its IRI and SRI domains. Another question that
arises is how does transcription stress caused by RECQ5 deficiency give rise to genomic instability?
Saponaro et al. proposed that it is not transcription stress in itself, but rather conflicts of impaired
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transcription complexes with the DNA replication machinery that cause genomic instability in
RECQ5-deficient cells [44]. This notion is supported by a more recent observation that RECQ5
depletion causes replisome stalling in actively transcribed genes [25]. Moreover, evidence suggests
that conflicts between transcription and replication machineries are the cause of genomic instability
at CFSs [45]. In addition, RECQ5 was shown to associate with the transcription machinery at DNA
replication foci [25].

As mentioned above, RECQ5 also stably binds to RNAPI through a domain located at its
C-terminus adjacent to the SRI motif [25]. The study demonstrated that RECQ5 associates with
RNAPI during transcription elongation and its depletion increases the density of RNAPI in the
pre-ribosomal(r)RNA coding region, suggesting that RECQ5 might counteract RNAPI transcription
stalling [25]. As in the case of RNAPII transcription, RECQ5 depletion causes replisome stalling and
amplification of DNA segments in the pre-rRNA coding regions [25]. Thus, it appears that RECQ5
might have similar functions in both RNAPI and RNAPII transcription. However, it should be noted
that some of the reported phenotypes of RECQ5 deficiency are also consistent with a role of RECQ5 in
TRC resolution, which is discussed below.

5. RECQ5 Promotes Resolution of Transcription-Replication Conflicts

Accumulating evidence suggests that TRCs represent a major source of replication stress
and genomic instability during cancer development [46,47]. Replication fork stalling induced by
transcription results from the formation of a RNA:DNA hybrid structure, called R-loop, which is
generated co-transcriptionally by invasion of the nascent transcript into the DNA duplex behind
the transcription complex [48,49]. TRC-associated R-loops have been shown to be responsible for
the instability of a subset of CFSs including FRA3B, FRA16D or FRA7K [45]. Interestingly, a recent
study has shown that RECQ5 is essential for mitotic DNA synthesis (MiDAS) [35], a phenomenon
occurring in mitotic prophase to prevent chromosome missegregation caused by under-replicated DNA
in difficult-to replicate loci such as CFSs [50]. MiDAS requires proteins known to mediate the restart
of stalled replication forks, namely MUS81-EME1 endonuclease, the SLX4 scaffold protein, RAD52
single-strand annealing protein and the non-catalytic subunit of DNA polymerase δ, POLD3 [50,51],
and is suppressed by RAD51 and BRCA2 that, in addition to their role in HR, are known to protect
stalled forks against nucleolytic processing [51,52]. The study by Di Marco et al. provided several lines
of evidence suggesting that RECQ5 disrupts RAD51 filaments on stalled replication forks at CFSs to
facilitate fork cleavage by MUS81/EME1 endonuclease, which triggers MiDAS [35]. RECQ5 was found
to be recruited to CFSs specifically during early mitosis in a manner dependent on its phosphorylation
by CDK1 and direct binding to MUS81 [35]. Moreover, RECQ5 depletion causes CFS-associated
chromosome segregation defects and genomic instability [35]. Of note, a recent study conducted by
Chappidi et al. demonstrated that MiDAS depends on the formation of R-loops [53]. Thus, it is possible
that the genomic rearrangements at CFSs observed by Saponaro et al. in RECQ5-depleted cells might
at least in part arise from a failure to restart R-loop-stalled replication forks during early mitosis.

Chappidi et al. also analyzed the molecular mechanisms underlying the processing of R-loop-stalled
forks during S-phase in cells exposed to drugs that promote R-loop formation and hence enhance the
frequency of TRCs in the cell [53]. This study demonstrated that R-loops induce RAD51-dependent
fork reversal [53], a DNA transaction that mediates the stabilization of stalled replication forks [54,55].
Moreover, it was shown that R-loop-induced fork stalling is followed by the restart of semiconservative
DNA replication mediated by RECQ5 and other proteins involved in MiDAS [53]. Further analysis of the
underlying molecular mechanism revealed that RECQ5 eliminates RAD51 filaments assembled on stalled
forks after RECQ1-mediated reverse branch migration, preventing another round of fork reversal and
facilitating fork cleavage by MUS81-EME1 in complex with SLX4 [53]. This suggests that RECQ5 is part of
the mechanism mediating the switch between replication fork stalling and restart upon TRCs. Interestingly,
Chappidi et al. also identified the DNA ligase 4(LIG4)/XRCC4 complex as a new factor essential for the
restart of R-loop-stalled forks [53]. In this study, it was demonstrated that replication restart requires the
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catalytic activity of LIG4/XRCC4, and that LIG4 deficiency leads to accumulation of MUS81-dependent
DNA breaks after induction of R-loop formation [53]. Moreover, the resumption of DNA synthesis after
R-loop-induced fork stalling was found to be dependent on active transcription and the presence of the
transcription elongation factor ELL implicated in reactivation of arrested transcription complexes [53,56].
ELL as well as MUS81, RAD52 and LIG4 were also required for resumption of efficient transcription
following induction of R-loops [53]. These findings suggested a model where fork cleavage by MUS81-EME1
relieves the torsional stress generated by TRC and hence facilitates ELL-dependent transcription restart.
After fork religation mediated by RAD52 and LIG4/XRCC4, the reactivated transcription complex can pass
through the replication-stalling site, allowing replication restart. Thus, this fork cleavage-religation cycle,
which resembles the action of a DNA topoisomerase, would allow sequential restart of transcription and
replication stalled by topological constraints generated by head-on TRC. In this way, TRCs could be resolved
without disruption of transcription complexes.

Another mechanism proposed for TRCs resolution involves the temporal removal of RNAPII
without dissociation of RNA transcript, allowing replication fork passage [57]. Interestingly, a recent
study by Li et al. revealed that RECQ5 mediates transcription-dependent conjugation of SUMO2
to PCNA, which increases the rate of replication fork progression and reduces RNAPIIo chromatin
occupancy [27]. SUMO2-PCNA formation requires direct binding of RECQ5 to PCNA through the PIP-L
motif [27]. Moreover, it was demonstrated that SUMO2-PCNA enriches the histone chaperons CAF1
and FACT in the replisome complex via its interaction with their SUMO-interacting motifs, enhances
CAF1-dependent deposition of repressive histones at CFSs and reduces open chromatin structure,
a state that likely causes destabilization of RNAPII transcription complexes [27]. These findings
led to the proposal that RECQ5 in association with RNAPII acts as a sensor for replication fork to
detect the oncoming transcription machinery and to trigger chromatin-remodeling pathway, leading to
RNAPII eviction [27] (Figure 3B). Of note, RECQ5 was also shown to promote SUMOylation of DNA
topoisomerase I that is required for its binding to RNAPIIo and for the recruitment of splicing factors
to actively transcribed chromatin to prevent formation of R-loops [58]. Thus, RECQ5 is emerging as
a multifunctional factor with roles in both prevention and resolution of TRCs.
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Figure 3. Proposed roles for RECQ5 in resolution of transcription-replication conflicts. (A) Role of RECQ5 in
resolution of R-loop-mediated TRCs. Head-on TRCs can promote R-loop formation followed by the build-up
of positively-supercoiled (+SC) domains between converging transcription- and replication machineries,
which will cause replication fork stalling. Stalled replication forks are protected by the RAD51 filament,
which can promote fork reversal by DNA translocase ZRANB3. Fork reversal is counteracted by RECQ1
helicase. RECQ5 helicase disrupts the RAD51 filament to prevent fork reversal and to facilitate fork cleavage
by MUS81 endonuclease, which releases the topological barrier in the DNA template and triggers reactivation
of transcription by ELL. After fork religation by RAD52 and LIG4/XRCC4, the reactivated transcription
complex can bypass the replication-stalling site and continue RNA synthesis on the lagging arm of the fork.
This is followed by replisome reloading and restart of DNA synthesis. It is assumed that after fork stalling,
the replicative helicase CMG traverses the fork junction onto dsDNA via its ssDNA gate [59]. After fork
religation, CMG translocates back onto ssDNA to allow the passage of the transcription complex and to
nucleate a functional replisome. (B) TRC resolution mediated by RECQ5-dependent PCNA SUMOylation.
Interaction of RNAPIIo-bound RECQ5 with PCNA triggers the PCNA SUMO2 conjugation. SUMO2-PCNA
enriches histone chaperones CAF1 and FACT at replication forks to deposit repressive histones, causing
RNAPII dissociation.
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6. Concluding Remarks

Growing evidence suggests that, in addition to its regulatory role in HR-mediated DSB repair,
RECQ5 directly regulates transcript elongation by RNAPII and suppresses genomic instability
associated with transcription stress. Furthermore, RECQ5 promotes TRC resolution by two different
mechanisms: (i) disrupting RAD51 filaments on R-loop-stalled forks to prevent fork reversal and to
facilitate fork cleavage by MUS81 endonuclease, which triggers a sequential restart of transcription
and replication; and (ii) promoting PCNA SUMO2 conjugation that mediates chromatin remodeling by
CAF1 and FACT leading to RNAPII dissociation. Thus, it is possible that the elevated transcription
stress observed in RECQ5-depleted cells might results from defective resolution of TRCs rather than
from loss of transcript elongation control by RECQ5. To answer this question, it will be necessary to
analyze transcription elongation profiles in cell lines expressing relevant mutants of RECQ5. If RECQ5
suppresses transcription stress by regulating transcript elongation, one would expect to observe this
stress also in cells expressing RECQ5 KIX mutants. On the other hand, if transcription stress in
RECQ5-deficient cells is a consequence of unresolved TRCs, it should also be seen in cells expressing
RECQ5 mutants that cannot disrupt RAD51 filaments such as RECQ5-K58R (ATPase mutant) or
RECQ5-F666A (RAD51-binding mutant) [35].

It would also be interesting to learn why cells need two different mechanisms of TRC
resolution, both of which require RECQ5? Which pathway is preferred? It has been shown that
the RECQ5-MUS81 axis mediates resolution of TRCs induced by the DNA topoisomerase I inhibitor
camptothecin (CPT), which promotes R-loop formation [53]. Interestingly, although CPT induces
R-loop-mediated fork stalling [53], it does not increase PCNA-SUMO2 levels in chromatin [27]. Thus,
one can speculate the RECQ5-PCNA-SUMO2 axis might promote resolution of TRCs that are not
associated with R-loop formation. In such a scenario, frontal collisions would be expected, where
RNAPII-bound RECQ5 would be placed in close proximity to PCNA in the replisome. Encounters
between replisome and an R-loop-forming transcription complex may not lead to a frontal collision
because of the buildup of topological barriers in the DNA template, preventing the interaction of
RNAPII-bound RECQ5 with PCNA, which is required for PCNA SUMOylation. Much additional
work will be required to fully understand the molecular processes taking place during transcription-
replication interference.

Author Contributions: M.A., Z.H. and P.J wrote the manuscript. P.J. and J.D. revised the manuscript. A.O.
prepared the figures. All authors have read and agree to the published version of the manuscript.

Funding: This work was supported by grant from the Czech Science Foundation (19-07674S), the Swiss National
Science Foundation (31003A_166451), the Ministry of Education, Youth and Sports of the Czech Republic
(LTAUSA19096 and OP RDE CZ.02.01./0.0./0.0./16_013/0001775). A.O. was supported by the Charles University
Grant Agency (308119), M.A. and Z.H. were supported by the Czech Academy of Sciences (L200521902, L200522001).

Acknowledgments: We thank Josef Jiricny and Stefano Ferrari for comments on the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

BRC: internal repeats in the BRCA2 protein sequence; CFSs, common fragile sites; CMG, Cdc45-MCM-GINS;
CO, crossover; CPT, camptothecin; CTD, C-terminal-repeat domain of RNAPII; D-loop, displacement loop; dHJ,
double Holliday junction; DSBs, double-strand breaks; DSBR, DSB repair; dsDNA, double-stranded DNA; HR,
homologous recombination; IRI, internal RNAPII-interacting domain; KIX, kinase-inducible domain interacting
domain; MiDAS, mitotic DNA synthesis; MRN, MRE11-RAD50-NBS1; NCO, non-crossover; PCNA, proliferating
cell nuclear antigen; PIP, PCNA-interacting protein; PIP-L, PIP-like motif; RNAPI, RNA polymerase I; RNAPII,
RNA polymerase II; RNAPIIa, hypophosphorylated form of RNAPII; RNAPIIo, hyperphosphorylated form of
RNAPII; SDSA, synthesis-dependent strand annealing; SRI, Set2-Rbp1-interacting domain; ssDNA, single-stranded
DNA; TRC, transcription-replication conflict.



Genes 2020, 11, 232 10 of 12

References

1. Fairman-Williams, M.E.; Guenther, U.P.; Jankowsky, E. SF1 and SF2 helicases: Family matters. Curr. Opin. Struct.
Biol. 2010, 20, 313–324. [CrossRef] [PubMed]

2. Chu, W.K.; Hickson, I.D. RecQ helicases: Multifunctional genome caretakers. Nat. Rev. Cancer 2009, 9,
644–654. [CrossRef] [PubMed]

3. Bernstein, K.A.; Gangloff, S.; Rothstein, R. The RecQ DNA helicases in DNA repair. Annu. Rev. Genet. 2010,
44, 393–417. [CrossRef] [PubMed]

4. Hartung, F.; Puchta, H. The RecQ gene family in plants. J. Plant. Physiol. 2006, 163, 287–296. [CrossRef]
[PubMed]

5. Hickson, I.D. RecQ helicases: Caretakers of the genome. Nat. Rev. Cancer 2003, 3, 169–178. [CrossRef]
[PubMed]

6. Urban, V.; Dobrovolna, J.; Janscak, P. Distinct functions of human RecQ helicases during DNA replication.
Biophys. Chem. 2017, 225, 20–26. [CrossRef] [PubMed]

7. Croteau, D.L.; Popuri, V.; Opresko, P.L.; Bohr, V.A. Human RecQ helicases in DNA repair, recombination,
and replication. Annu. Rev. Biochem. 2014, 83, 519–552. [CrossRef] [PubMed]

8. Brosh, R.M., Jr.; Bohr, V.A. Human premature aging, DNA repair and RecQ helicases. Nucleic Acids Res. 2007,
35, 7527–7544. [CrossRef] [PubMed]

9. Kitao, S.; Ohsugi, I.; Ichikawa, K.; Goto, M.; Furuichi, Y.; Shimamoto, A. Cloning of two new human helicase
genes of the RecQ family: Biological significance of multiple species in higher eukaryotes. Genomics 1998, 54,
443–452. [CrossRef]

10. Sekelsky, J.J.; Brodsky, M.H.; Rubin, G.M.; Hawley, R.S. Drosophila and human RecQ5 exist in different
isoforms generated by alternative splicing. Nucleic Acids Res. 1999, 27, 3762–3769. [CrossRef] [PubMed]

11. Shimamoto, A.; Nishikawa, K.; Kitao, S.; Furuichi, Y. Human RecQ5beta, a large isomer of RecQ5 DNA
helicase, localizes in the nucleoplasm and interacts with topoisomerases 3alpha and 3beta. Nucleic Acids Res.
2000, 28, 1647–1655. [CrossRef] [PubMed]

12. Hu, Y.; Lu, X.; Barnes, E.; Yan, M.; Lou, H.; Luo, G. Recql5 and Blm RecQ DNA helicases have nonredundant
roles in suppressing crossovers. Mol. Cell Biol. 2005, 25, 3431–3442. [CrossRef]

13. Hu, Y.; Raynard, S.; Sehorn, M.G.; Lu, X.; Bussen, W.; Zheng, L.; Stark, J.M.; Barnes, E.L.; Chi, P.; Janscak, P.;
et al. RECQL5/Recql5 helicase regulates homologous recombination and suppresses tumor formation
via disruption of Rad51 presynaptic filaments. Genes Dev. 2007, 21, 3073–3084. [CrossRef] [PubMed]

14. Peng, J.; Tang, L.; Cai, M.; Chen, H.; Wong, J.; Zhang, P. RECQL5 plays an essential role in maintaining genome
stability and viability of triple-Negative breast cancer cells. Cancer Med. 2019, 8, 4743–4752. [CrossRef]
[PubMed]

15. Tavera-Tapia, A.; de la Hoya, M.; Calvete, O.; Martin-Gimeno, P.; Fernandez, V.; Macias, J.A.; Alonso, B.;
Pombo, L.; de Diego, C.; Alonso, R.; et al. RECQL5: Another DNA helicase potentially involved in hereditary
breast cancer susceptibility. Hum. Mutat. 2019, 40, 566–577. [CrossRef] [PubMed]

16. Ren, H.; Dou, S.X.; Zhang, X.D.; Wang, P.Y.; Kanagaraj, R.; Liu, J.L.; Janscak, P.; Hu, J.S.; Xi, X.G. The
zinc-Binding motif of human RECQ5beta suppresses the intrinsic strand-Annealing activity of its DExH
helicase domain and is essential for the helicase activity of the enzyme. Biochem. J. 2008, 412, 425–433.
[CrossRef] [PubMed]

17. Newman, J.A.; Aitkenhead, H.; Savitsky, P.; Gileadi, O. Insights into the RecQ helicase mechanism revealed
by the structure of the helicase domain of human RECQL5. Nucleic Acids Res. 2017, 45, 4231–4243. [CrossRef]

18. Schwendener, S.; Raynard, S.; Paliwal, S.; Cheng, A.; Kanagaraj, R.; Shevelev, I.; Stark, J.M.; Sung, P.; Janscak, P.
Physical interaction of RECQ5 helicase with RAD51 facilitates its anti-recombinase activity. J. Biol. Chem.
2010, 285, 15739–15745. [CrossRef]

19. Islam, M.N.; Paquet, N.; Fox, D.; Dray, E.; Zheng, X.F.; Klein, H.; Sung, P.; Wang, W. A variant of the breast
cancer type 2 susceptibility protein (BRC) repeat is essential for the RECQL5 helicase to interact with RAD51
recombinase for genome stabilization. J. Biol. Chem. 2012, 287, 23808–23818. [CrossRef]

20. Aygun, O.; Svejstrup, J.; Liu, Y. A RECQ5-RNA polymerase II association identified by targeted proteomic
analysis of human chromatin. Proc. Natl. Acad. Sci. USA 2008, 105, 8580–8584. [CrossRef]

http://dx.doi.org/10.1016/j.sbi.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20456941
http://dx.doi.org/10.1038/nrc2682
http://www.ncbi.nlm.nih.gov/pubmed/19657341
http://dx.doi.org/10.1146/annurev-genet-102209-163602
http://www.ncbi.nlm.nih.gov/pubmed/21047263
http://dx.doi.org/10.1016/j.jplph.2005.10.013
http://www.ncbi.nlm.nih.gov/pubmed/16371241
http://dx.doi.org/10.1038/nrc1012
http://www.ncbi.nlm.nih.gov/pubmed/12612652
http://dx.doi.org/10.1016/j.bpc.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/27876204
http://dx.doi.org/10.1146/annurev-biochem-060713-035428
http://www.ncbi.nlm.nih.gov/pubmed/24606147
http://dx.doi.org/10.1093/nar/gkm1008
http://www.ncbi.nlm.nih.gov/pubmed/18006573
http://dx.doi.org/10.1006/geno.1998.5595
http://dx.doi.org/10.1093/nar/27.18.3762
http://www.ncbi.nlm.nih.gov/pubmed/10471747
http://dx.doi.org/10.1093/nar/28.7.1647
http://www.ncbi.nlm.nih.gov/pubmed/10710432
http://dx.doi.org/10.1128/MCB.25.9.3431-3442.2005
http://dx.doi.org/10.1101/gad.1609107
http://www.ncbi.nlm.nih.gov/pubmed/18003859
http://dx.doi.org/10.1002/cam4.2349
http://www.ncbi.nlm.nih.gov/pubmed/31231988
http://dx.doi.org/10.1002/humu.23732
http://www.ncbi.nlm.nih.gov/pubmed/30817846
http://dx.doi.org/10.1042/BJ20071150
http://www.ncbi.nlm.nih.gov/pubmed/18290761
http://dx.doi.org/10.1093/nar/gkw1362
http://dx.doi.org/10.1074/jbc.M110.110478
http://dx.doi.org/10.1074/jbc.M112.375014
http://dx.doi.org/10.1073/pnas.0804424105


Genes 2020, 11, 232 11 of 12

21. Aygun, O.; Xu, X.; Liu, Y.; Takahashi, H.; Kong, S.E.; Conaway, R.C.; Conaway, J.W.; Svejstrup, J.Q. Direct
inhibition of RNA polymerase II transcription by RECQL5. J. Biol. Chem. 2009, 284, 23197–23203. [CrossRef]
[PubMed]

22. Islam, M.N.; Fox, D.; Guo, R.; Enomoto, T.; Wang, W. RecQL5 promotes genome stabilization through two
parallel mechanisms—Interacting with RNA polymerase II and acting as a helicase. Mol. Cell Biol. 2010, 30,
2460–2472. [CrossRef] [PubMed]

23. Kanagaraj, R.; Huehn, D.; MacKellar, A.; Menigatti, M.; Zheng, L.; Urban, V.; Shevelev, I.; Greenleaf, A.L.;
Janscak, P. RECQ5 helicase associates with the C-Terminal repeat domain of RNA polymerase II during
productive elongation phase of transcription. Nucleic Acids Res. 2010, 38, 8131–8140. [CrossRef] [PubMed]

24. Kassube, S.A.; Jinek, M.; Fang, J.; Tsutakawa, S.; Nogales, E. Structural mimicry in transcription regulation
of human RNA polymerase II by the DNA helicase RECQL5. Nat. Struct. Mol. Biol. 2013, 20, 892–899.
[CrossRef]

25. Urban, V.; Dobrovolna, J.; Huhn, D.; Fryzelkova, J.; Bartek, J.; Janscak, P. RECQ5 helicase promotes resolution
of conflicts between replication and transcription in human cells. J. Cell Biol. 2016, 214, 401–415. [CrossRef]
[PubMed]

26. Kanagaraj, R.; Saydam, N.; Garcia, P.L.; Zheng, L.; Janscak, P. Human RECQ5beta helicase promotes strand
exchange on synthetic DNA structures resembling a stalled replication fork. Nucleic Acids Res. 2006, 34,
5217–5231. [CrossRef]

27. Li, M.; Xu, X.; Chang, C.W.; Zheng, L.; Shen, B.; Liu, Y. SUMO2 conjugation of PCNA facilitates chromatin
remodeling to resolve transcription-Replication conflicts. Nat. Commun. 2018, 9, 2706. [CrossRef]

28. Garcia, P.L.; Liu, Y.; Jiricny, J.; West, S.C.; Janscak, P. Human RECQ5beta, a protein with DNA helicase and
strand-Annealing activities in a single polypeptide. EMBO J. 2004, 23, 2882–2891. [CrossRef]

29. Thakur, J.K.; Yadav, A.; Yadav, G. Molecular recognition by the KIX domain and its role in gene regulation.
Nucleic Acids Res. 2014, 42, 2112–2125. [CrossRef]

30. Kizer, K.O.; Phatnani, H.P.; Shibata, Y.; Hall, H.; Greenleaf, A.L.; Strahl, B.D. A novel domain in Set2
mediates RNA polymerase II interaction and couples histone H3 K36 methylation with transcript elongation.
Mol. Cell Biol. 2005, 25, 3305–3316. [CrossRef]

31. Li, M.; Phatnani, H.P.; Guan, Z.; Sage, H.; Greenleaf, A.L.; Zhou, P. Solution structure of the Set2-Rpb1
interacting domain of human Set2 and its interaction with the hyperphosphorylated C-Terminal domain of
Rpb1. Proc. Natl. Acad. Sci. USA 2005, 102, 17636–17641. [CrossRef] [PubMed]

32. Vojnic, E.; Simon, B.; Strahl, B.D.; Sattler, M.; Cramer, P. Structure and carboxyl-Terminal domain (CTD)
binding of the Set2 SRI domain that couples histone H3 Lys36 methylation to transcription. J. Biol. Chem.
2006, 281, 13–15. [CrossRef] [PubMed]

33. Phatnani, H.P.; Greenleaf, A.L. Phosphorylation and functions of the RNA polymerase II CTD. Genes Dev.
2006, 20, 2922–2936. [CrossRef]

34. Li, M.; Xu, X.; Liu, Y. The SET2-RPB1 interaction domain of human RECQ5 is important for transcription-
associated genome stability. Mol. Cell Biol. 2011, 31, 2090–2099. [CrossRef] [PubMed]

35. Di Marco, S.; Hasanova, Z.; Kanagaraj, R.; Chappidi, N.; Altmannova, V.; Menon, S.; Sedlackova, H.;
Langhoff, J.; Surendranath, K.; Huhn, D.; et al. RECQ5 Helicase Cooperates with MUS81 Endonuclease in
Processing Stalled Replication Forks at Common Fragile Sites during Mitosis. Mol. Cell 2017, 66, 658.e8–671.e8.
[CrossRef] [PubMed]

36. Heyer, W.D.; Ehmsen, K.T.; Liu, J. Regulation of homologous recombination in eukaryotes. Annu. Rev. Genet.
2010, 44, 113–139. [CrossRef] [PubMed]

37. San Filippo, J.; Sung, P.; Klein, H. Mechanism of eukaryotic homologous recombination. Annu. Rev. Biochem.
2008, 77, 229–257. [CrossRef]

38. Krejci, L.; Altmannova, V.; Spirek, M.; Zhao, X. Homologous recombination and its regulation. Nucleic Acids Res.
2012, 40, 5795–5818. [CrossRef]

39. Mitchel, K.; Zhang, H.; Welz-Voegele, C.; Jinks-Robertson, S. Molecular structures of crossover and
noncrossover intermediates during gap repair in yeast: Implications for recombination. Mol. Cell 2010, 38,
211–222. [CrossRef]

40. Zheng, L.; Kanagaraj, R.; Mihaljevic, B.; Schwendener, S.; Sartori, A.A.; Gerrits, B.; Shevelev, I.; Janscak, P.
MRE11 complex links RECQ5 helicase to sites of DNA damage. Nucleic Acids Res. 2009, 37, 2645–2657.
[CrossRef]

http://dx.doi.org/10.1074/jbc.M109.015750
http://www.ncbi.nlm.nih.gov/pubmed/19570979
http://dx.doi.org/10.1128/MCB.01583-09
http://www.ncbi.nlm.nih.gov/pubmed/20231364
http://dx.doi.org/10.1093/nar/gkq697
http://www.ncbi.nlm.nih.gov/pubmed/20705653
http://dx.doi.org/10.1038/nsmb.2596
http://dx.doi.org/10.1083/jcb.201507099
http://www.ncbi.nlm.nih.gov/pubmed/27502483
http://dx.doi.org/10.1093/nar/gkl677
http://dx.doi.org/10.1038/s41467-018-05236-y
http://dx.doi.org/10.1038/sj.emboj.7600301
http://dx.doi.org/10.1093/nar/gkt1147
http://dx.doi.org/10.1128/MCB.25.8.3305-3316.2005
http://dx.doi.org/10.1073/pnas.0506350102
http://www.ncbi.nlm.nih.gov/pubmed/16314571
http://dx.doi.org/10.1074/jbc.C500423200
http://www.ncbi.nlm.nih.gov/pubmed/16286474
http://dx.doi.org/10.1101/gad.1477006
http://dx.doi.org/10.1128/MCB.01137-10
http://www.ncbi.nlm.nih.gov/pubmed/21402780
http://dx.doi.org/10.1016/j.molcel.2017.05.006
http://www.ncbi.nlm.nih.gov/pubmed/28575661
http://dx.doi.org/10.1146/annurev-genet-051710-150955
http://www.ncbi.nlm.nih.gov/pubmed/20690856
http://dx.doi.org/10.1146/annurev.biochem.77.061306.125255
http://dx.doi.org/10.1093/nar/gks270
http://dx.doi.org/10.1016/j.molcel.2010.02.028
http://dx.doi.org/10.1093/nar/gkp147


Genes 2020, 11, 232 12 of 12

41. Paliwal, S.; Kanagaraj, R.; Sturzenegger, A.; Burdova, K.; Janscak, P. Human RECQ5 helicase promotes
repair of DNA double-Strand breaks by synthesis-Dependent strand annealing. Nucleic Acids Res. 2014, 42,
2380–2390. [CrossRef] [PubMed]

42. Wang, W.; Seki, M.; Narita, Y.; Nakagawa, T.; Yoshimura, A.; Otsuki, M.; Kawabe, Y.; Tada, S.; Yagi, H.;
Ishii, Y.; et al. Functional relation among RecQ family helicases RecQL1, RecQL5, and BLM in cell growth
and sister chromatid exchange formation. Mol. Cell Biol. 2003, 23, 3527–3535. [CrossRef] [PubMed]

43. Izumikawa, K.; Yanagida, M.; Hayano, T.; Tachikawa, H.; Komatsu, W.; Shimamoto, A.; Futami, K.;
Furuichi, Y.; Shinkawa, T.; Yamauchi, Y.; et al. Association of human DNA helicase RecQ5beta with RNA
polymerase II and its possible role in transcription. Biochem. J. 2008, 413, 505–516. [CrossRef] [PubMed]

44. Saponaro, M.; Kantidakis, T.; Mitter, R.; Kelly, G.P.; Heron, M.; Williams, H.; Soding, J.; Stewart, A.;
Svejstrup, J.Q. RECQL5 controls transcript elongation and suppresses genome instability associated with
transcription stress. Cell 2014, 157, 1037–1049. [CrossRef] [PubMed]

45. Helmrich, A.; Ballarino, M.; Tora, L. Collisions between replication and transcription complexes cause
common fragile site instability at the longest human genes. Mol. Cell 2011, 44, 966–977. [CrossRef] [PubMed]

46. Garcia-Muse, T.; Aguilera, A. Transcription-Replication conflicts: How they occur and how they are resolved.
Nat. Rev. Mol. Cell Biol. 2016, 17, 553–563. [CrossRef]

47. Macheret, M.; Halazonetis, T.D. Intragenic origins due to short G1 phases underlie oncogene-Induced DNA
replication stress. Nature 2018, 555, 112–116. [CrossRef]

48. Hamperl, S.; Cimprich, K.A. The contribution of co-Transcriptional RNA: DNA hybrid structures to DNA
damage and genome instability. DNA Repair (Amst.) 2014, 19, 84–94. [CrossRef]

49. Hamperl, S.; Bocek, M.J.; Saldivar, J.C.; Swigut, T.; Cimprich, K.A. Transcription-Replication Conflict
Orientation Modulates R-Loop Levels and Activates Distinct DNA Damage Responses. Cell 2017, 170,
774.e19–786.e19. [CrossRef]

50. Minocherhomji, S.; Ying, S.; Bjerregaard, V.A.; Bursomanno, S.; Aleliunaite, A.; Wu, W.; Mankouri, H.W.;
Shen, H.; Liu, Y.; Hickson, I.D. Replication stress activates DNA repair synthesis in mitosis. Nature 2015, 528,
286–290. [CrossRef]

51. Bhowmick, R.; Minocherhomji, S.; Hickson, I.D. RAD52 Facilitates Mitotic DNA Synthesis Following
Replication Stress. Mol. Cell 2016, 64, 1117–1126. [CrossRef] [PubMed]

52. Schlacher, K.; Christ, N.; Siaud, N.; Egashira, A.; Wu, H.; Jasin, M. Double-Strand break repair-Independent
role for BRCA2 in blocking stalled replication fork degradation by MRE11. Cell 2011, 145, 529–542. [CrossRef]
[PubMed]

53. Chappidi, N.; Nascakova, Z.; Boleslavska, B.; Zellweger, R.; Isik, E.; Andrs, M.; Menon, S.; Dobrovolna, J.;
Balbo Pogliano, C.; Matos, J.; et al. Fork Cleavage-Religation Cycle and Active Transcription Mediate
Replication Restart after Fork Stalling at Co-Transcriptional R-Loops. Mol. Cell 2020, 77, 528–541. [CrossRef]
[PubMed]

54. Zellweger, R.; Dalcher, D.; Mutreja, K.; Berti, M.; Schmid, J.A.; Herrador, R.; Vindigni, A.; Lopes, M.
Rad51-Mediated replication fork reversal is a global response to genotoxic treatments in human cells.
J. Cell Biol. 2015, 208, 563–579. [CrossRef]

55. Neelsen, K.J.; Lopes, M. Replication fork reversal in eukaryotes: From dead end to dynamic response.
Nat. Rev. Mol. Cell Biol. 2015, 16, 207–220. [CrossRef]

56. Mourgues, S.; Gautier, V.; Lagarou, A.; Bordier, C.; Mourcet, A.; Slingerland, J.; Kaddoum, L.; Coin, F.;
Vermeulen, W.; Gonzales de Peredo, A.; et al. ELL, a novel TFIIH partner, is involved in transcription restart
after DNA repair. Proc. Natl. Acad. Sci. USA 2013, 110, 17927–17932. [CrossRef]

57. Helmrich, A.; Ballarino, M.; Nudler, E.; Tora, L. Transcription-Replication encounters, consequences and
genomic instability. Nat. Struct. Mol. Biol. 2013, 20, 412–418. [CrossRef]

58. Li, M.; Pokharel, S.; Wang, J.T.; Xu, X.; Liu, Y. RECQ5-Dependent SUMOylation of DNA topoisomerase I
prevents transcription-Associated genome instability. Nat. Commun. 2015, 6, 6720. [CrossRef]

59. Wasserman, M.R.; Schauer, G.D.; O’Donnell, M.E.; Liu, S. Replication Fork Activation Is Enabled by
a Single-Stranded DNA Gate in CMG Helicase. Cell 2019, 178, 600–611. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/nar/gkt1263
http://www.ncbi.nlm.nih.gov/pubmed/24319145
http://dx.doi.org/10.1128/MCB.23.10.3527-3535.2003
http://www.ncbi.nlm.nih.gov/pubmed/12724411
http://dx.doi.org/10.1042/BJ20071392
http://www.ncbi.nlm.nih.gov/pubmed/18419580
http://dx.doi.org/10.1016/j.cell.2014.03.048
http://www.ncbi.nlm.nih.gov/pubmed/24836610
http://dx.doi.org/10.1016/j.molcel.2011.10.013
http://www.ncbi.nlm.nih.gov/pubmed/22195969
http://dx.doi.org/10.1038/nrm.2016.88
http://dx.doi.org/10.1038/nature25507
http://dx.doi.org/10.1016/j.dnarep.2014.03.023
http://dx.doi.org/10.1016/j.cell.2017.07.043
http://dx.doi.org/10.1038/nature16139
http://dx.doi.org/10.1016/j.molcel.2016.10.037
http://www.ncbi.nlm.nih.gov/pubmed/27984745
http://dx.doi.org/10.1016/j.cell.2011.03.041
http://www.ncbi.nlm.nih.gov/pubmed/21565612
http://dx.doi.org/10.1016/j.molcel.2019.10.026
http://www.ncbi.nlm.nih.gov/pubmed/31759821
http://dx.doi.org/10.1083/jcb.201406099
http://dx.doi.org/10.1038/nrm3935
http://dx.doi.org/10.1073/pnas.1305009110
http://dx.doi.org/10.1038/nsmb.2543
http://dx.doi.org/10.1038/ncomms7720
http://dx.doi.org/10.1016/j.cell.2019.06.032
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Structure and Biochemical Properties of RECQ5 
	RECQ5 Regulates Homologous Recombination 
	RECQ5 Regulates Transcription Elongation and Prevents Transcription Stress 
	RECQ5 Promotes Resolution of Transcription-Replication Conflicts 
	Concluding Remarks 
	References

