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ABSTRACT

Guanine-rich DNA strands can fold in vitro into non-
canonical DNA structures called G-quadruplexes.
These structures may be very stable under phys-
iological conditions. Evidence suggests that G-
quadruplex structures may act as ‘knots’ within ge-
nomic DNA, and it has been hypothesized that pro-
teins may have evolved to remove these structures.
The first indication of how G-quadruplex structures
could be unfolded enzymatically came in the late
1990s with reports that some well-known duplex DNA
helicases resolved these structures in vitro. Since
then, the number of studies reporting G-quadruplex
DNA unfolding by helicase enzymes has rapidly in-
creased. The present review aims to present a gen-
eral overview of the helicase/G-quadruplex field.

INTRODUCTION
G-quadruplex structures

It has been long known that guanine-rich DNA strands can
fold in vitro into non-canonical DNA structures called G-
quadruplexes (G4). G4 structures are based on the stack-
ing of several G-quartets, which consist each of four gua-
nine bases held together by Hoogsteen-type hydrogen bond-
ing, further stabilized by the presence of cations (generally
monovalent) in the central channel of the G4 helix (Fig-
ure 1). A G4 motif can be formed by one or several DNA
strands with the strands in parallel or antiparallel orienta-
tions. The structural diversity, folding properties and stabil-
ities of G-quadruplex DNA have been extensively studied,
both as a model for a secondary structure deviant from the
canonical Watson—Crick DNA structure and as a pharma-

cological target for small molecules that have potential to
impact gene expression.

For many years after the first characterization of G4,
there was general scepticism that G4 formed in vivo. During
the past decade, however, mounting evidence indicates that
intramolecular G4 motifs are biologically relevant struc-
tures. Recently, D. Rhodes and H.J. Lipps have published
a comprehensive review on the experimental data support-
ing role of G4 in replication, transcription or telomere bi-
ology (1). Under certain circumstances (e.g. recombination
between sister chromatids, telomeric DNA transactions),
inter-strand G4 may also arise and be biologically impor-
tant, in addition to intramolecular G4 (2,3). Two bioinfor-
matics studies suggested that there are ~370 000 regions
in the human genome that can potentially form G4 struc-
tures (4,5). This figure was recently re-evaluated using a
novel algorithm (6) and use of high-resolution sequencing—
based methods, indicating that the number of regions in the
human genome with potential to form G4 is significantly
greater, with 716 310 distinct potential G4 structures identi-
fied (7). Interestingly, these putative G4 are not distributed
randomly in the genome. Sequences with G4-forming po-
tential are often found near the replication origins of higher
eukaryotes. The majority of the 250 000 human replication
origins are close to G4 motifs (8-10), suggesting that the
formation of stable G4 structures participates in initiation
of replication. Additionally, the promoter regions of nu-
merous genes are characterized by the presence of putative
G-quadruplex forming sequences in humans, arguing for a
potential role in transcription regulation (11). In humans,
potential G-quadruplex forming regions are not exclusively
found in nuclear DNA sequences but are also found in mi-
tochondrial DNA sequences (12,13).
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From a structural viewpoint, intramolecular G-
quadruplex DNA motifs differ depending on the number of
G-quartets, the nature and lengths of the interconnecting
loops, and the nature of the cation present in the central
channel (Figure 1). The polarity of the conformation (par-
allel, antiparallel or hybrid) enlarges the diversity of DNA
G-quadruplex structures that may originate from a single
sequence. In fact, many G-rich DNA oligonucleotides
can fold into multiple G4 structures, which can be present
simultaneously and in thermodynamic equilibrium, and
there is a close relation between the number of species
coexisting simultaneously and the polarity of the DNA
strands involved in the G4 motif (14).

Although G4 DNA and potential involvement of DNA
helicases will be emphasized in this review, RNA and hybrid
DNA-RNA sequences are also able to fold into highly sta-
ble G-quadruplexes (15-17), arguing that these structures
could affect all functions of nucleic acids in the cell. The
importance of RNA G4 and RNA helicases is beginning to
emerge. RNA G-quadruplexes are less structurally diverse
than their DNA counterparts, as mostly parallel polarity
has been reported for these structures. Another distinguish-
ing characteristic of RNA G4 is their remarkable stabil-
ity when compared with DNA. The same oligonucleotide
sequence usually leads to more stable G4 structures when
formed by pure ribonucleotide strands than when formed
by deoxyribonucleotide strands. Several recent excellent re-
views cover various G4-RNA aspects such as structure,
pharmacology or recognition (16,18-19).

In addition to the extensive investigation of G-
quadruplex motifs and their biological roles, chemists have
synthesized an ever-growing library of small molecules
capable of binding selectively to G4 structures (20). These
G4-ligands are generally small aromatic molecules that
bind G4 structure with high affinity, showing little or no in-
teraction with duplex DNA (Figure 3 shows a few examples
of commonly used ligands). Many of the reports discussed
in the present review employed some of these G4-ligands
in order to demonstrate G4-dependent biological activities.

G4 helicase proteins

Helicases are molecular motors that use the energy of nu-
cleoside triphosphate hydrolysis in order to impact nucleic
acid structure (21-24). The unwinding of DNA and RNA
double helices by helicases is often required before cellular
machineries can act on the nucleic acid substrate. Helicases
are involved in practically all aspects of cell metabolism:
replication, repair, recombination, transcription, chromo-
some segregation and telomere maintenance (25-28). Al-
though the main task attributed to helicase enzymes is the
catalytic formation of single-stranded nucleic acids, some
helicases also have the ability to catalyse the opposite re-
action in vitro, namely to reanneal complementary DNA
strands (29). In addition, increasing evidence suggests that
some helicases are involved in the active resolution of other
non-canonical DNA structures such as triplexes (30,31),
four-stranded Holliday junctions (HJs) (32) and G4s. The
mechanism employed by helicase enzymes to separate the
two strands from a duplex DNA (or to unwind a G4 motif)
involves a complex reaction pathway that has been widely

discussed in the literature (see ref (33) for a comprehensible
review).

It has become increasingly evident that helicases are an
important class of proteins in human disease, such as can-
cer, and in ageing (34-37). Helicases play critical roles in
DNA damage response or DNA repair pathways to help
cells cope with or correct endogenous or exogenously in-
duced DNA damage and replication errors. When such
helicase-dependent pathways are deficient, the coding in-
formation and genomic integrity is compromised resulting
in not only defective replication and transcription but also
mutagenesis, cellular senescence and death, carcinogenesis,
ageing at the tissue and organismal levels, and neurological
problems. Helicases preserve genome homeostasis by not
only their catalytic action on structured DNA but also via
their protein interactions with other factors that govern nu-
cleic acid processing or signal transduction events that help
to mediate the appropriate cellular response. Therefore, un-
derstanding the nucleic acid substrates acted upon by heli-
cases and how the transactions involving helicases are im-
portant for genome homeostasis has become a priority in
the field. In the current review, we will highlight the molec-
ular and cellular roles of helicases known to resolve the G-
quadruplex structures that are now widely believed to arise
during nucleic acid transactions in vivo.

Why helicases are needed for G4 unwinding?

Accumulating evidence suggests that G-quadruplex struc-
tures are present in living cells (38). In certain contexts G4
structures may have beneficial roles (e.g. telomere capping,
regulation of replication initiation or transcription), but it
is commonly agreed that G4 formation can be detrimental
to certain processes such as the progression of the replica-
tion fork. During DNA replication and transcription, he-
licases separate individual strands of the DNA double he-
lix, at least transiently. At this point, guanine-rich strands
can potentially fold into stable G-quadruplexes. The role of
these non-canonical structures could be either stimulatory
(acting as DNA binding sites for regulatory factors) or in-
hibitory (acting as barriers or disrupting a double-stranded
binding site) (Figure 2) (39). Whatever their role, G4s must
be unfolded during the replication or transcription of the
G-rich strand and to correctly refold the DNA double he-
lix. Therefore, highly stable G-quadruplex structures could
act as kinetic traps that alter efficiency of replication, tran-
scription or duplex reannealing. In fact, the presence of the
complementary C-rich sequence is not always sufficient to
unfold a stable G-quadruplex structure within a reasonable
timeframe, and some extra element may be required for the
correct refolding of the duplex DNA. Even under condi-
tions in which duplexes are the more thermodynamically
favoured species, G4 can be long-lived enough to act as ki-
netic traps.

The first indication of how stable G4 structures could
be unfolded enzymatically came in the late 1990s, when re-
ports showed that some well-known duplex DNA helicases
resolved G4s in vitro (40-43). Since then, the number of
studies reporting G-quadruplex DNA unfolding by helicase
enzymes has rapidly increased. The present review aims to
present a general overview of the helicase/G4 field.
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Figure 1. Schematic representations of a G-quadruplexes containing one (intramolecular), two (bimolecular) and four (tetramolecular) DNA strands. The

two cations (green spheres) in the central channel stabilize the structure.
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Figure 2. Possible roles of DNA G-quadruplex in transcription by RNA polymerase (orange) (39). (A) Blocking transcription: transcription is inhibited due
to the formation of a stable G-quadruplex. (B) Facilitating transcription: formation of a stable G4 in the complementary strand enhances transcription.
(C) Stimulating transcription: G-quadruplex binds proteins (blue) that stimulate the transcription process. (D) Repressing transcription: G-quadruplex
binds protein that repress transcription directly (green) or via other proteins (blue).

Reported G4 helicases

Based on their amino acid sequences, DNA helicases are
classified into six superfamilies (SF) (23), and this classifi-
cation will be used in the present review. The SF1 Pifl he-
licase and SF2 helicases RecQ, FANCJ, Bloom syndrome
protein (BLM) and Werner syndrome protein (WRN) are
the best characterized G4 helicases; thus this review will pay
particular attention to these two families. Less studied G4
helicases, such as RTEL1 and DNAZ2, are also discussed in
this review. Finally, we will briefly discuss RNA helicases
known to act on G4 RNA. Table 1 shows the families of
G4-helicase enzymes discussed in this review.

SUPERFAMILY 1
Helicase Pifl

Pif1 is a founding member of the SF1 family of DNA he-
licases. Genetic studies in yeast showed that the two yeast
Pif1 family helicases, Pifl and RRM3, are region-specific
helicases, active in the nucleus at telomeres and at the rDNA
locus (44), respectively. Pif1 is also present in mitochondria,
where it was originally discovered (45).

Pifl is an inhibitor of telomerase. At the mechanistic
level, it is believed that Pif1l removes telomerase by directly
displacing telomerase from DNA ends (both from telom-
eres and from double-stranded breaks), due to its robust
ability to unwind RNA-DNA hybrids (46,47). Pifl was
first recognized to be a G4 processing enzyme through a
serendipitous observation in yeast that was then confirmed
in vitro. Ribeyre et al. showed that in absence of Pif1, a re-
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Table 1. Helicase enzymes reported in this review

Superfamily Subfamily Helicase name Substrate® Directionality
SF1 Pif1 DNA 5 =3
DNA2 DNA 5 =3
SF2 Fe-S helicases FANCJ DNA 5 =3
DDX11 DNA 5 =3
RTEL1 DNA 5 =3
RecQ BLM DNA 35
WRN DNA 3 -5
Yeast Sgsl DNA 35
Bacterial RecQ DNA 3 -5
DHX9 RNA and DNA R
SF3 SV40 T-ag DNA 35
SF4 Twinkle mtDNA 5 =3
SF5S RHAU RNA and DNA 35

4DNA and RNA stands for the oligonucleotide substrates employed in the investigations cited in the present review, thus selectivity towards DNA versus

RNA is not demonstrated.

peated array of the G-rich human minisatellite CEB1 was
genetically unstable in yeast growing exponentially, lead-
ing to a 100-fold increase in gross chromosomal rearrange-
ments at the repeated locus (48,49). A mutated version of
this array, unable to form G4 structures, was much less sen-
sitive to the absence of the helicase in the nucleus. By melt-
ing experiments, it was shown that the CEB1 sequence in
solution is able to form G4 structures (49), which were re-
cently shown to be a ‘snapback’ parallel structure. This par-
allel conformation involves a dimeric G-quadruplex, where
each subunit adopts a 3-tetrads parallel scaffold formed by
three guanine columns and one snapback fragment (with
two conservative G’s and one G randomly occupied by sev-
eral guanines) (50). In bulk enzymatic experiments, Pifl
was shown to unwind a tetra-molecular G4 formed by the
CEBI sequence at a similar apparent rate that it unwinds
RNA-DNA hybrids (49). In addition, the potent G4 binder
PhenDC3 (51), a bisquolinium compound, inhibits G4 un-
winding by Pifl in vitro and growing wild-type (WT) cells
in its presence mimics Pifl deficiency (52). These studies
in an artificial genetic system were confirmed by analysis
of Pifl residency sites on the natural yeast genome. Pifl
acts in regions with the potential to form G-quadruplex in
the Saccharomyces cerevisiae genome at the end of S-phase,
pointing towards a post-replicative role in processing re-
maining G4 structures (53). In the absence of Pifl, repli-
cation fork progression is slowed down at the vicinity of
potential G4 sites, and Pif1 deficiency increases the rate of
gross chromosomal rearrangement at several G4 forming
sequences (48,54). Pifl was originally thought to be a gen-
eral guardian of double-stranded breaks through its inhibi-
tion of telomerase binding, but these recent experiments in-
dicate that Pif1 also prevents deleterious events that lead to
DNA breakage through its processing of G-rich secondary
structures during or after replication (53,55). Linking these
two activities (telomerase and G4) will certainly be an in-
teresting development of future molecular genetic studies
of Pifl.

The first in vitro studies demonstrating Pifl activity on
G4 DNA were done in bulk assays using tetramolecular G-
quadruplexes (56). With these types of substrates, the G4
resolvase activity of helicases is easily monitored by elec-
trophoresis of reaction products on native polyacrylamide

gels, given the difference in mobility between tetramolecu-
lar substrates and single-stranded DNA products. Analyses
of this type of multi-molecular substrate are unlikely to re-
capitulate Pifl activities in vivo, as Pifl is believed to act
mainly on intramolecular G4 species. Several studies have
therefore been conducted to assay Pifl helicase activity on
intramolecular substrates by single molecule Forster reso-
nance energy transfer (smFRET) assays (57), bulk FRET
assays (58) and fluorescence-based assays (59,60) using well
defined G-quadruplex forming sequences. These studies are
facilitated given the relatively wide range of buffer condi-
tions in which Pifl is active in vitro; the enzyme works as
well in sodium- or potassium-containing buffers (58,60).
From these studies, some mechanistic characteristics of Pif1
G4-processing activities are emerging.

Pif1 appears to bind tightly to G4 structures, but the en-
ergy required to open G-quadruplexes is higher that the
energy necessary for translocase activity (58,59). Several
studies have proposed that Pif1 dimerizes upon DNA bind-
ing and that this activity potentiates Pif] translocase activ-
ity through double-stranded DNA substrates (57-58,61). It
will be interesting in the future to address the mechanistic
implications of Pifl dimerization and to determine whether
monomer cooperativity is an important factor of Pifl reg-
ulation in the cell. Slow binding of Pifl to G4 substrates
would kinetically facilitate the formation of Pifl dimers,
which would in turn explain the observation that Pifl un-
winding of double-stranded DNA in vitro is enhanced by
the presence of an upstream G4 structure (59).

Another pending question is whether Pifl has any pref-
erence for parallel or antiparallel G4 fold. This question
was briefly addressed in two recent studies. Mendoza et al.
analysed Pifl unwinding of parallel (e.g. ¢cMyc promoter)
and antiparallel (e.g. human telomere) G4 structures (60). It
was found that both types of structures are processed with
similar rates, arguing against the recognition of a partic-
ular fold. A similar conclusion was reached in the single-
molecule study performed by Zhou et al. (57). Since DNA
helicases are not expected to work in isolation within the
cell, but as multi-protein complexes, there remains the pos-
sibility that various G4 folds are recognized by different G4
binders in the cell as a first step towards their processing by
a helicase. Future work on proteins that preferentially bind
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Figure 3. Examples of G4 ligands.

to particular G4 conformations (e.g. Subl (62) and STM1
(63)) will likely be necessary to address this question.

DNAZ2 helicase-nuclease

The Dna2 gene was originally identified in a screening study
of genes involved in DNA replication (64). The Dna2 pro-
tein exhibits several biochemical activities: it possesses a sin-
gle strand DNA-specific endonuclease activity (both on 5
and 3’ single-stranded overhangs) (65) and a helicase enzy-
matic activity with a 5’ to 3’ translocation direction (66).
Dna?2 plays an essential role in processing flaps during mat-
uration of Okazaki fragments (67), and increasing evidence
suggests that Dna2 has also important roles in DNA repli-
cation stress response and DNA repair (68). In vitro assays
proved that Dna2 can recognize and resolve telomeric G-
quadruplex structures through cleavage at the G4 site (69).
The study was complemented by in vivo studies employing
mouse cells. Reduction of levels of Dna?2 results in telomere
replication defects and high levels of fragile telomeres and
sister telomere associations. The frequency of these telom-
ere defects was found to increase moderately when cells were
treated with G4-ligands such as TMPyP4 and TMS (Figure
3) (69). Thus, the role of Dna2 in the processing of DNA
structures such as G4 in 5’ flaps, the purported activity of
Dna?2 related to G4 during general genome replication, may
also come into play in the metabolism of G4 structures that
arise at chromosome ends.

SUPERFAMILY 2 DNA HELICASES
Fe-S helicases

Fe-S helicases contain an iron—sulphur cluster that has an
essential capacity to accept and donate electrons (70). This
cluster can strongly bind to organic substrates or proteins
containing electron-rich oxygen and nitrogen atoms. The

Telomestatin
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iron—sulphur moiety also plays an important role during
protein folding, stabilizing an important domain of the en-
zyme (71). Eukaryotic Fe-S family members include heli-
cases XPD, FANCJ, RTEL1 and DDX11.

Fanconi anemia group J helicase (FANCJ). Initial reports
on the FANCIJ helicase subfamily were focused on the un-
winding reactions of tetra-stranded G4 structures formed
by the murine immunoglobulin switch sequence (TP-G4),
the Oxytrichia nova telomere (OX1), and an oligonucleotide
V4 containing a four-guanine run (Table 2) (72,73). Radio-
labelled oligonucleotides were used to identify and quan-
tify the helicase reaction carried out in both K* and Na*
buffers. The FANClJ-catalysed unwinding of G4 structures
is adenosine triphosphate (ATP)-dependent, and the reac-
tion yield is proportional to protein concentration and incu-
bation time (72,73). When the helicase assay was performed
in sodium-containing buffer FANC]J efficiently unwound
OX1 and V4 substrates, but TP-G4 structure was a clear ob-
stacle for the protein (73). This difference may result from
differences in stabilities of the various G-quadruplexes.
OX1 folds into a bimolecular G4 in potassium, whereas in
Na* the predominant form is tetra-molecular, thus—and
counter-intuitively—the potassium form of G4-DNA sub-
strate presents a less stable obstacle for the protein and
therefore showed a greater FANCIJ helicase activity.

The directionality of the FANCJ enzyme is 5 to 3’ for
both G4 and duplex DNA unwinding. This polarity was
analysed by comparing the activity of this helicase against
a four-stranded parallel G4 system formed by d(CGG);
flanked by an 8-nt tail located either at Send (5'-Tail
d(CGG)7 in Table 2) or 3’end (3'-Tail d(CGG); in Table
2) (72): the activity of FANC]J is negligible on the 3'-Tail
d(CGG); substrate, but the G4 formed by 5'-Tail d(CGG);
is efficiently unwound. Additionally, the length of the ¥
tail affects FANCIJ helicase activity (72). The substrate with
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Table 2. Commonly used G4 substrates for helicase studies in vitro

Substrate Name Structure Sequences
TP-G4 & 5’-TGGACCAGACCTAGCAGCTATGGGGGAGCTGGGGAAGGTGGGAATGTGA-3’ (72,
87,171)
3 N 5’-TGGACCAGACCTAGCAGCTATGGGGGAGCTGGGG-3’ (73)
OX-1 s 5-ACTGTCGTACTTGATATTTTGGGGTTTTGGGG-3’ (72, 87)

/)I(/
P

5’-CGGCGGCGGCGGCGGCGGCGGCGTGGACTG-3' (72, 171)

5’-GTCAGGTGCGGCGGCGGCGGCGGCGGCGGC-3' (72, 171)

3’-Tail d(CGG), e
=
5’-Tail d{(CGG), ¥
£ NS =N
N
V4 J

L

Human telomeric 8-nt 5’ tail:

5’-ACTGTCGTACTTGATATTGGGGC-3’ (73)

5'-TAGACATGITAGGGTTAGGGTTA-3’ (72)

15-nt 5’ tail: 5’-TCATGACTAGACATGTITAGGGTTAGGGTTA-3’ (72)

a 15-nt 5 tail (Table 2) is more efficiently unfolded by
FANCI] than the substrate containing a shorter 8-nt 5’ tail.
The helicase-promoted G4 opening activity was also com-
pared to Watson—Crick duplex unwinding activity: FANCJ
is more active on G4s, suggesting that FANCJ’s preference
to unwind G4 may be important for its role during replica-
tion of G-rich DNA sequences.

The effect of selective G4-ligands on the helicase-
promoted reaction was also studied in an early report. The
activity of FANC]J is significantly reduced by the pres-
ence of the G4-ligand telomestatin (TMS, Figure 3) (72).
Other G4 binders, including proteins, have the same effect.
The presence of the MutSa (MSH2/MSH6) heterodimer,
which binds strongly to G-quadruplex structures (74), re-
duces the catalytic activity of FANCI. In contrast, proteins
such as Replication Protein A (RPA), which binds to single-
stranded DNA, stimulate the G4 unwinding reaction. This
protein is not considered a helicase enzyme and in vitro
studies showed that RPA unfolds G4 structures in the ab-
sence of ATP (75-77). During the replication process, RPA
has a key role in ensuring that the two strands do not re-
fold into duplex. In vitro assays showed that RPA prevents
the formation of G-quadruplex in the lagging strand dur-
ing telomeric replication (76,78). RPA appears therefore as
a major partner of helicases in promoting the processing of
G4 structures arising in single strand intermediates during
DNA replication.

In eukaryotic cells, mounting evidence suggests that
FANCJ unwinding of G4 DNA is necessary for mainte-
nance of genomic stability. In nematodes with mutations in
the FANCJ orthologue dog-1, deletions in the genome are
proposed to be a consequence of guanine-rich secondary

structures that perturb normal lagging strand synthesis. It
was hypothesized that the transient single-strands that arise
on the lagging strand templates form G4 structures that im-
pede the normal replication machinery. Based on these data,
the Lansdorp lab conjectured that DOG-1 has a specialized
duty to resolve G4 DNA (79). Recent experimental data
suggest that an unresolved replication fork barrier block-
ing G4 DNA structure in the dog-1 mutant persists through
mitotic divisions, causing gaps that are converted to dou-
ble strand breaks and promote genomic instability at each
generation, with consequences during organogenesis (80).
Extrapolation of the Caenorhabditis elegans dog-1 mu-
tant phenotype to human cells deficient in FANCJ was
made independently by two laboratories. First, FANCIJ-
deficient cells (either cells of patients with Fanconi anemia
(FA), which results from a mutation in the gene encoding
FANCIJ, or human cells depleted of FANCJ by RNA inter-
ference) are hypersensitive to the G4 ligand TMS, which in-
duces apoptosis and DNA damage (72). An important ob-
servation made in this work was that FA patient cells mu-
tated in both copies of the genes encoding FANCA (a mem-
ber of the FA core complex) or FANCD?2 (a key player in the
activation step of the FA interstrand crosslink repair path-
way) did not display hypersensitivity to TMS, consistent
with a model in which FANC]J helicase has a unique role
outside the classic FA pathway to resolve G-quadruplexes
that arise in the human genome. In another study that same
year, FANCJ-deficient cells were shown to accumulate dele-
tions at predicted G4 motifs (73). Further evidence for the
specificity of FANCJ among the Fe-S cluster helicases for
a role in G4 DNA metabolism was provided by the obser-
vations that only FANC]J efficiently resolves intramolecular



G4 DNA substrates and that deficiencies in the related XPD
and DDXI11 Fe-S helicases did not render human cells sen-
sitive to the anti-proliferative and DNA damage-inducing
effects of TMS (81). Consistent with the cell-based assays,
purified human DDXI11 or archaeal XPD helicases very
poorly resolved intramolecular G4 DNA substrates under
conditions that the enzymes efficiently unwound more con-
ventional forked duplex DNA substrates (81).

Turning to a model vertebrate cell-based system
amenable to genetic analysis, chicken DT40 cells provided
fresh mechanistic insight into the functional roles of the
conserved FANCIJ orthologue BRIP1. It was originally
reported that expression of human FANCJ in DT40 cells
deficient in BRIP1 rescue the mutant cells from sensitivity
to DNA damaging agents (82), including the G4 ligand
TMS (83). Later, transcription profiling of the BRIPI-
deficient DT40 cells demonstrated a genetic interaction
between bripl and the genes encoding the trans-lesion
polymerase REV1 and the RecQ DNA helicases WRN and
BLM. All are necessary to maintain epigenetic stability at
G4 DNA motifs (84). Another study showed that BRIP1
facilitates replication through TMS-stabilized G4 DNA
sequences, thereby suppressing heterochromatin spread-
ing (85). Consistent with these observations supporting
an important role of FANCJ in G4 DNA metabolism,
FANC]J-deficient DT40 cells exposed to TMS accumu-
late G4 structures as demonstrated by elevated nuclear
immunofluorescent staining using a monoclonal antibody
specific for G4 DNA (86).

DDXI11 helicase. DDXI11 is also called DEAH box pro-
tein 11, ChIR 1, Ctfl and Mcm12. DDX11 resolves G4 and
other non-canonical DNA structures such as triplex DNA
(31). Although DDX11 belongs to the same protein fam-
ily as FANC]J, it has a clearly different behaviour against
G-quadruplex DNA substrates. This difference in G4-
resolving activity is evidenced by activities toward a tetra-
stranded parallel G-quadruplex DNA substrate formed by
TP-G4 sequence (Table 2). Less than 5% of the TP-G4 sub-
strate was unwound by DDX11 (87) compared to nearly
complete unwinding by FANCJ (72). This difference is re-
markable considering that both helicases belong to the same
family and contain the conserved Fe-S domain. DDXI11
does efficiently unwind two-stranded anti-parallel G4 DNA
substrates (referred to as G2’). The preferential ability of
DDXI11 to resolve the two-stranded G4 substrate likely re-
flects the greater affinity of the helicase for the G2 DNA
molecule compared to a four-stranded G4 substrate. Al-
though the biological significance of DDXI11 resolution
of G2’ DNA is unclear, it is conceivable that the G4-
resolving capacity may be important for resolution of repli-
cated DNA molecules or during recombination between
sister chromatids (88). In support of this idea, the repli-
cation fork complex factor Timeless/Tim operates in the
same fork recovery pathway as DDXI11, physically binds
to DDX11 and stimulates its unwinding activity on several
DNA substrates, including a bimolecular anti-parallel G4
DNA structure (89).

Regulator of telomere elongation helicase 1 (RTELI). Ev-
idence for the involvement of RTELI1 (also known as NHL,
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DKCA4, DKCBS5 and C20orf41) in G4 processing comes
mainly from cell-based experiments. /n vitro experiments
showed that purified RTELI is able to unwind an inter-
molecular G4 substrate made from the human telomeric
sequence, and that the ATPase activity of the helicase is re-
quired for unwinding to occur (90).

Boulton’s lab showed that in the absence of RTELI, T-
loops are not correctly resolved during DNA replication.
This results in a complete loss of the telomere circle (90).
Further analysis was then completed by the group of De
Lange, who employed mouse cells to study the specific role
of RTELLI in replication (91). They found that RTELI1
binds to the replisome through interaction with a DNA
clamp protein known as proliferating cell nuclear antigen
(PCNA). If this binding is disrupted, the telomere replica-
tion is adversely affected, resulting in replication fork insta-
bility, reduced replication fork extension rates and increased
origin usage. This study therefore proved a link between
RTELI and telomere replication. Indeed, individuals with
inherited mutations in the gene encoding helicase RTEL1
exhibit Hoyeraal-Hreidarsson syndrome, a severe form of
Dyskeratosis congenita characterized by telomere dysfunc-
tion (92,93).

RTEL1 has been suggested originally to be involved in G-
rich DNA metabolism based on its sequence similarity with
dog-1 and the presence of the RTEL1 gene in a genomic lo-
cation linked to telomere length in mice. It was shown by
the Lansdorp group that Rtell deficiency is embryonically
lethal in mice, and that telomere elongation indeed compro-
mised in Rtel ™/~ ES cells (94). The mechanistic link between
G-rich regions and RTELI activity was further confirmed
in a study by the de Lange lab, where it was shown that shut-
ting down RTELI expression increases telomere fragility in
a similar way as the BLM helicase (95). In agreement with
a link between RTELI1 and telomere replication, individu-
als with inherited mutations in RTEL1 exhibit Hoyeraal-
Hreidarsson syndrome, a severe form of Dyskeratosis con-
genital characterized by telomere dysfunction (92,93). It
was proposed that a RTELI telomere-associated role was
the removal of a barrier to the replication fork machinery,
most likely a G4 structure (95). This hypothesis is strength-
ened by the observation that treating RTEL1 deficient cells
with the G4 ligand TMPyP4 increases the telomere fragility
(91).

RecQ helicases

RecQ helicases are a large family of proteins found in bac-
teria and eukaryotes. RecQ enzymes have a conserved do-
main of about 450 amino acids that includes seven motifs
conserved in many different classes of helicases. These in-
clude the DExH box domain, a characteristic feature of this
family which comprises the DEAD, DEAH and DExH sub-
groups. RecQ helicases are involved in several important
functions in the cell such as preserving DNA integrity dur-
ing replication (96). In human cells there are five RecQ fam-
ily members; three (BLM, WRN and RECQ4), are of spe-
cial interest because of their involvement in inherited disor-
ders associated with a predisposition to cancer and prema-
ture ageing (97).
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The G4 opening catalysed by the RecQ group of enzymes
is well characterized. As in RecQ-promoted duplex unwind-
ing, ATP is required and opening proceeds in the 3'— 5’ di-
rection for denaturing G4 structures. The quadruplex un-
folding process first involves the binding between the DNA
structure and the RecQ C-terminal protein domain (RQC).
The RQC domain is present in RecQ helicases such as BLM
and WRN and it is responsible for the recognition of var-
ious DNA structures (98,99). Initial reports on this heli-
case family were performed using simple tetra-stranded G-
quadruplex motifs (42,72,73); however, reactions with more
complex substrates such as biologically relevant intramolec-
ular G-quadruplexes have also been studied (100,101).

BLM helicase. The gene encoding the BLM helicase is
mutated in patients with Bloom syndrome (102). Patients
with this syndrome suffer from genomic instability and have
a predisposition to cancer development. The BLM enzyme
was one of the first human helicases ever reported to re-
solve G4 DNA. In 1998, the laboratories of I. D. Hickson
and N. Maizels demonstrated that this protein unwinds in-
termolecular G4 structures in a 3’ to 5 direction as previ-
ously observed for duplex DNA (42). As found for FANCJ-
mediated helicase reactions, BLM preferentially binds to
G4 structures over duplex DNA. The preference of BLM
for G4 systems was also proved by comparing the helicase
reaction with more ‘branched’ nucleic acids such as HJs
(103). When the enzyme is incubated in the presence of a HJ
system and G4, the preferred DNA substrate is always the
G-quadruplex. The remarkable difference in activity against
G4 and HJ was correlated with a 15-fold higher binding
affinity for G4 over HJ (103).

BLM activity is inhibited by G4 ligands. G4 organic lig-
ands such as acridines and porphyrins (Figure 3) decrease
the activity of BLM significantly (104). This inhibitory ef-
fect was first proposed to be the result of G4 stabilization;
however, these ligands also inhibit duplex unwinding, sug-
gesting that it results from an uncharacterized effect of the
ligand on BLM activity.

These previous studies were using tetramolecular G4
DNA as substrates. As for other helicases, the studies have
moved more recently towards more physiologically relevant
intramolecular substrates and single molecule studies, in or-
der to get insights into the structural and kinetic mecha-
nism of G4 unfolding. The unfolding of intramolecular G4
structures by BLM has been studied in real-time employing
fluorophore-labelled DNA substrates (Figure 4). Tan et al.
compared the unfolding of a G4-forming oligonucleotide
and a duplex DNA in the presence of a 10-fold excess of
protein (100). This analysis showed that BLM unfolds G-
quadruplexes less efficiently than it does duplexes, proving
that G-quadruplexes are indeed blocks for enzyme progres-
sion. These results contrast with previous reports based on
bulk studies and intermolecular quadruplex, which showed
that intermolecular G4 structures are better substrates for
BLM and the yeast helicase Sgs1, with at least 10x higher
unwinding efficiency than dsDNA. This apparent discrep-
ancy is likely due to the differences in the conformations
of intra- and intermolecular G-quadruplexes. This high-
lighted that intermolecular G4 DNA and intramolecular

G-quadruplexes are very different substrates, which may be
unwound with different efficiencies by various G4 helicases.

BLM requires a 3" single-stranded overhang in order
to load onto a DNA substrate (42). The minimum length
of this tail was determined employing fluorophore-labelled
DNA substrates (Figure 4). The telomeric d(TTAGGG)
repetitive sequence was used as a substrate; a 6-nt tail al-
lowed the helicase to bind to the G4 substrate (101). As ex-
pected, the absence of a 3’ overhang led to the total suppres-
sion of the helicase activity.

The unwinding of telomeric G4 by BLM has also been
studied using single-molecule FRET (smFRET), provid-
ing important mechanistic insights into how the BLM he-
licase is able to process intramolecular G-quadruplexes.
For this purpose a truncated protein containing the RecQ-
core of BLM was constructed and incubated with the hu-
man telomeric sequence (105). In these experiments 3’ over-
hang lengths from 2- to 15-nt were evaluated: in agreement
with bulk studies, a 6-nt minimum overhang was found.
The activity of the helicase enzyme was also evaluated as
a function of ionic strength of the solution. Increasing the
presence of monovalent cations increased the stability of
the G-quadruplex and thus reduced the efficiency of the
helicase-mediated G4 unfolding reaction, confirming that
a G-quadruplex provides a roadblock for the progression
of the helicase. Interestingly, Budhatokhi et al. (105) also
showed that if the intramolecular G4 is followed by a single-
strand region as small as 5-10 nt, BLM is able to process
the G-quadruplex without requiring ATP hydrolysis. This
is unique to BLM since in the same assay, the Pifl heli-
case is not able to process the quadruplex without ATP.
The mechanistic reason behind this property was elucidated
with a smFRET study from the Rothenberg lab (106), in
which they showed how the two RecQ-family protein do-
mains, the RQC and the Helicase-RNase D C-terminal
(HRDC) domains (107), are important for the G4 unwind-
ing activity, and also provided a rationale to explain ATP-
independent G4 unwinding. Analysis of sSmFRET traces of
intramolecular G4 substrates revealed that in presence of a
single stranded DNA region downstream of the G4 block,
the interaction between the HRDC domain and this single-
stranded region favours G4 unfolding, due to the cooper-
ative binding of the HRDC domain with the G4-binding
RQC domain. In absence of a single-stranded region down-
stream of the G4 block, unfolding is very inefficient, even in
the presence of ATP. If a single-stranded region is provided
by a complementary strand to the G4 sequence, as would
be encountered in a DNA bubble for example, the G4 pro-
cessing activity of BLM is restored, owing to the interaction
of the HRDC domain with the complementary strand. As a
supplementary argument, the same study provided evidence
that WRN, another RecQ helicase containing HRDC and
RQC domains (see below), exhibits both ATP dependent
and independent G4 processing, whereas RecQLS, which is
devoid of HRDC and RQC domains, cannot process G4
substrates (either inter or intramolecular) (108,109). These
results suggest that BLM (and other helicases possessing
RQC and HRDC domains) process G4 substrates through
cooperative interaction between the helicase, a G4 structure
and proximal ssDNA downstream or opposite the G4 struc-
ture.
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Recent work has suggested that BLM helicase has the
ability to unfold G4 DNA by distinct mechanisms depen-
dent on the structure of G4 encountered by the enzyme
(110). Using a FRET-based assay, researchers of the Xi lab-
oratory showed that BLM may either actively translocate
along single-stranded DNA to resolve the G4 or may an-
chor at the junction of single-stranded and structured DNA
and acts in a repetitive manner to unwind the adjacent G4
in a 3’ to 5 direction, reeling in the single stranded DNA
5" overhang by its 3’-5’ translocation activity. This is remi-
niscent (albeit in the other orientation), of the activity de-
scribed for Pifl by the Ha group (57) in a similar smFRET
approach.

Werner syndrome helicase WRN. Like BLM, WRN be-
longs to the RecQ family. Patients with dysfunctional WRN
suffer premature ageing (111). The observation of a physical
interaction between BLM and WRN suggests a possible co-
operation between these two enzymes in vivo (112). The first
report showing the G4-unwinding activity of this enzyme
was performed on the G-quadruplexes formed by repeti-
tions of the d(CGG) trinucleotide (113). The formation of
either a hairpin or G4 by this trinucleotide repeat is thought
to be the cause for its genomic instability, making this se-
quence clearly biologically relevant. The ability of WRN
to resolve G4 structures was demonstrated on intermolecu-
lar substrates formed by d(CGG);. Formation of G4 from
d(CGG); requires very long incubation times and further
gel purification to remove single-stranded forms present in
the solution. Expectedly, the enzyme requires the presence
of Mg?*, and the unfolding reaction is ATP-dependent. In
addition, as for the majority of helicase enzymes, WRN
requires a single-stranded tail, and blunt-ended structures

are found to be inert to the enzyme (113). The presence
of a short 7-nt tail is sufficient to allow WRN to denature
G4 more efficiently than it does duplexes (113). Subsequent
work verified the requirement of a 3’ ssDNA tail for WRN
to unwind a variety of G4 DNA substrates (114). WRN he-
licase activity has been also studied in presence of G4 lig-
ands such as acridines (104). As found for BLM, acridine
derivatives also have an inhibitory effect on duplex DNA
substrates, arguing against a G4-based specific inhibition.
At the mechanistic level, WRN has not be studied as thor-
oughly as BLM, probably owing to the difficulty to purify
the enzyme.

In vivo studies have been also carried out to unveil the
specific role of WRN in resolving G4 structures. The level of
mRNAs in human fibroblasts deficient in several RecQ fam-
ily helicases was compared to WT cells. This study found a
specific correlation between the location of G4 sequences
and the upregulated loci in wrn cells (115).

The group of Opresko used a forward mutagenesis as-
say based on the supF shuttle vector assay to study the fi-
delity of replication of episome-borne telomeric repeats in
WT versus WRN knockdown cells. This study showed that
the sequence (TTAGGG)q is properly replicated in this vec-
tor in WT cells, but mutagenic in WRN-deficient cells. In
the case of WRN knockdown, the frequency of large dele-
tions and rearrangements within the shuttle vector increase
significantly, pointing to a specific role of WRN in pro-
cessing structures formed by these repeats (116). The in-
hibitory effect exhibited by G4 ligands in living cells has
been also investigated by exposing human cells to the or-
ganic molecule 1-(propoxymethyl)-maleimide. The incuba-
tion of living cells with this ligand significantly decreased
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the growth and proliferation of the human cells induc-
ing apoptosis in a WRN-dependent manner. In addition,
the exposure resulted in elevated y-H2AX and PCNA foci
(117).

Yeast Sgsl. The S. cerevisiae Sgs1 helicase is a RecQ ho-
mologue. It is easily purified from yeast and has been used
as a model for helicase studies in vitro. In the first report
on Sgsl activity on G4, Sun et al. showed how this helicase
unfolds G-quadruplexes in an ATP-dependent manner and
requires the presence of cofactors such as Mg?* (43). The
processivity of this proteinis 3’ to 5, and it requires the pres-
ence of a 3’ tail in the DNA substrate. The sequence studied
in this first report contained a G4 motif composed of the S.
cerevisiae telomere sequence with a 7-nt long 3’ overhang.
The reaction time was found to be similar to that of G4
DNA unwinding catalysed by recombinant BLM helicase
(42). Sgs1 catalyses more efficiently G4 unfolding than the
unwinding of duplexes (43) or other DNA structures such
as HJs (103).

The activity of this enzyme is also modulated by G4
ligands. The well-known G-quadruplex binder N-methyl
mesoporphyrin IX (NMM, Figure 3) has a significant in-
hibitory effect on this enzyme. This reduction in activity is
probably due to the increase in G4 stability (103). Other lig-
ands reported to be G4-chaperones such as N,N’-Bis[2-(1-
piperidino)ethyl]-3,4,9,10-perylenetetra-carboxylic diimide
(PIPER, Figure 3) also block Sgsl activity on tetra- and bi-
molecular systems (118). Again, this inhibitory effect prob-
ably results from the stabilization of the G4 motif, which
then becomes an obstacle for the enzyme (118). A direct or
non-specific effect of the helicase was excluded as the heli-
case activity on duplex DNA substrates was not affected by
the presence of these G4 ligands.

In vivo, however, evidence supporting a role of Sgsl in
processing G4 DNA has been scarce. For example, dele-
tion of SGS1 had no effect on the genomic stability of G4-
forming minisatellites in the yeast genetic assay developed
by Nicolas et al. (49) (see discussion on Helicase Pif1 above).
To our knowledge, G4 related effects of Sgsl in vivo have
been evidenced by the Johnson lab only. They showed that
variation in the steady state mRINA levels in a sgs/ A strains
compared to a WT strain affect in a statistically signifi-
cant manner genes possessing G4 forming motifs in their
open reading frames (119). In another study, they showed
that growth defects originating from compromised telom-
ere capping are suppressed by deletion of Sgsl or by the
G4-stabilizing agent NMM (120). However, the mechanism
involved remains to be characterized, and we are still lack-
ing strong evidences for Sgs1 importance in G4-DNA pro-
cessing, as compared to evidences accumulated for Pifl in
the same organism.

Bacterial RecQ. The Escherichia coli RecQ enzyme also
resolves G4 structures in a ATP-dependent manner and
in presence of divalent cations as cofactors (121). This
helicase exhibits a similar behaviour against duplex and
G-quadruplex DNA. As found for other RecQ helicases,
NMM (Figure 3) is a highly specific inhibitor of RecQ ac-
tivity on G-quadruplex substrates; NMM causes no reduc-
tion in helicase-mediated duplex unwinding. This supports

the conclusion that the inhibition of G4 unwinding is the
result of specific G4 stabilization (121).

SUPERFAMILY 3: SIMIAN VACUOLATING VIRUS 40
T-ANTIGEN (SV40 T-ag) HELICASE

The simian virus 40 (SV40) genome is a simple model sys-
tem commonly employed for investigating eukaryotic repli-
cation. Indeed, the SV40 T-ag was one of the first heli-
case enzymes to show an unwinding activity against G4
(40). The unwinding activity of this tumour antigen en-
zyme was demonstrated using 3?P-labelled tetra- and bi-
molecular DNA systems. A complete study of the effect of
G4 ligands on this helicase was performed by Kerwin e? al.
(122). They screened a small library of organic ligands for
those that reduced helicase activity. The porphyrin NMM
inhibited T-ag enzyme less effectively than it did other com-
mon helicases such as Sgsl, BLM and WRN. The ICs,
value of NMM for SV40 T-ag helicase was about 95 wM,
whereas the ICs, values for Sgs1, BLM and WRN helicases
were in the low wM range (103,121). In contrast, a well-
established—but poorly selective for G4 relative to duplex
DNA-—cationic porphyrin TMPyP4 did not reduce the G-
quadruplex unwinding activity of T-ag, even at concentra-
tions as high as 100 wM. This is a remarkable selectivity as
TMPyP4 significantly affected the activity of several RecQ-
like helicases such as BLM (103,104), WRN (104) and Sgs1
(103).

HELICASES THAT UNWIND BOTH RNA AND DNA G4
STRUCTURES

Superfamily 2 helicase DEAH box protein 9 (DHX9)

DHX9, which is also called RNA helicase A (RHA), leuko-
physin (LKP) and nuclear DNA helicase I (NDHII), un-
winds DNA-DNA, RNA-RNA and DNA-RNA duplexes
with a 3’ to 5’ polarity (123). It acts preferentially on RNA
substrates and is capable of unwinding R-loops and G4
structures. DHXO is a substrate-specific helicase with prop-
erties comparable to the WRN helicase. As WRN, DHX9
helicase resolves G-quadruplex-containing substrate (124).
However, unlike WRN, DHX9 failed to unwind HJs. To
confirm this remarkable difference, a 17-nt single-stranded
extension was added to the HJ and DHX9 was still unable
to unwind this substrate (124).

Superfamily S helicase RNA helicase associated with AU-rich
element (RHAU)

RNA helicase associated with AU-rich element (RHAU) is
also known as MLE-like protein 1 (MLEL1), G4 resolvase
(G4R1) and DEAH box protein 36 (DHX36). This RNA
helicase unwinds duplex RNA, RNA-DNA hybrids as well
as other non-canonical DNA structures such as triplexes
(125). In a 1997 report, the group of Steven A. Akman
showed that the G4 unwinding properties of RHAU depend
on Mg?* and ATP (41). Subsequent studies have focused
mostly on tetramolecular DNA substrates.

The activity of RHAU has been investigated on the G4
DNA systems listed in Table 3. These include the well-
characterized murine immunoglobulin switch sequence TP-



G4, the oligonucleotide sequence from the human 28S ribo-
somal RNA gene (rD4), and a sequence from the H,O, /Fe-
mediated mutation in the supF gene of the reporter plas-
mid pZ189 (Z33 (126)) (127,128). The tetra-stranded G4-
DNA substrates formed by these sequences were readily de-
natured by RHAU. A simple series of oligonucleotides with
a single G-run of variable length (substrates containing 5, 6,
7 or 8 consecutive guanines) followed by a 15-nt poly(dA)
3'-flanking overhang (Table 3) was employed to study the
influence of the number of G-quartets on the unwinding re-
action catalysed by RHAU (128). As expected, increasing
the number of G-quartets gradually reduced the RHAU-
resolvase activity as a consequence of the increase in G4
stability. G4-ligands such as pyridostatin, Phen-DC3 and
12459 also significantly inhibited RHAU helicase unwind-
ing of G4 substrates (128).

Akman and Vaughn showed that RHAU has an extraor-
dinarily high affinity for DNA and RNA G-quadruplexes.
RHAU showed a strong affinity for tetra-stranded RNA G-
quadruplexes (Kq ~ 39 pM) (129) as well as intramolec-
ular DNA structures such as Zicl and a c-Myc (Table 3,
Kys of 6.3 and 4 pM, respectively) (130). These remarkable
values suggest that RHAU might function to denature G-
quadruplexes in cells (129). RIP-ChIP methods have been
used to screen for RNA G4 motifs recognized by RHAU
(131). RHAU acts as a chaperone to promote the formation
of the P1 helix in the human telomerase RNA (132), which
is in competition with quadruplex formation (133). The
binding mode of this protein has also been characterized.
The structure of RHAU contains a helicase core, which
is responsible for the ATP hydrolysis and helicase activity,
flanked on either side by N- and C-terminal extensions. The
N-terminal extension is essential for G-quadruplex recogni-
tion (134-136).

G4 HELICASES AND TRANSCRIPTION OR TRANS-
LATION

RHAU appears to be involved in translational regulation.
Interestingly, RHAU inhibits the expression of PITXI1, a
transcription factor, apparently by binding to a non-G4
region (137). In contrast, RHAU enhances the expression
of the oncoprotein YY1. YY1 is a multifunctional protein
with regulatory potential in tumorigenesis, which contains
G4 sequences in both the promoter and the 5-UTR of its
gene. RHAU acts at the DNA level by unwinding the G4
formed in the promoter (138).

The activity of RHAU helicase can be also stimulated
and assisted by the presence of other proteins. Vaughn et
al. demonstrated a cooperative association between RHAU
and the telomerase holoenzyme (139). This association
leads to an increase of the telomerase activity. The authors
speculate that RHAU unwinds the telomeric G4-structures
allowing the telomerase to act on the single-strand sequence
(139). The cytoplasmic protein Aven RGG/RG also showed
a cooperative effect with RHAU helicase. Translation of
MLL (the mRNA encoding the oncogene mixed lineage
leukemia) is stimulated by Aven. The Aven RGG/RG mo-
tif selectively binds to G4 structures present in the coding
regions of the MLL mRNAs, and the RHAU helicase de-
natures these G-quadruplexes (140).
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Unexpectedly, Werner syndrome and Bloom syndrome
mutant cells defective in RecQ helicases WRN and BLM,
respectively, displayed preferential upregulation of genes
characterized by predicted G-quadruplex forming se-
quences in non-coding regions, primarily promoters and
first introns (115). It was surmised that G4 DNA may pre-
clude normal nucleosome formation or the interaction of
duplex DNA binding proteins that might repress transcrip-
tion; however, this remains to be determined. In another
work, the individual genes regulated by BLM were inves-
tigated by measuring the expression of mRNA and mi-
croRNA (miRNA) in fibroblasts (141). The results obtained
in BLM-depleted cells and cells derived from Bloom syn-
drome patients (a syndrome caused by mutations in the gene
encoding BLM protein) were found to be significantly dif-
ferent, and the difference in mRNA expression was corre-
lated with the presence of G4 motifs. Although a precise un-
derstanding of how human helicases regulate gene expres-
sion in a G4-dependent manner is still lacking, molecular
evidence is pointing toward a direct interaction of DNA he-
licases (e.g. BLM (141)) with G4 motifs residing near tran-
scriptional start sites of differentially expressed genes. In the
case of BLM, these differences between BLM-deficient and
BLM-proficient cells would affect the abundance of messen-
ger RNA molecules that regulate cell proliferation, survival
and cancer as well as microRNA molecules influencing can-
cer and immune function.

However, a more recent study suggested a more com-
plex relationship between expression of genes and their
G4-forming potential that is dependent on the mutational
status of the WRN and BLM genes (142). A model was
presented that intramolecular G4 structures occurring just
downstream of the transcriptional start site (within 140-
270 bp) activate transcription, and that their resolution by
the WRN and BLM helicases may attenuate G4-activation
of transcription. However, G4 formation that occurs fur-
ther downstream of the transcriptional start site may hinder
RNA polymerase II transcription; in this case, G4 resolu-
tion by WRN and BLM helicases may alleviate transcrip-
tion inhibition by G4.

The human helicases XPB and XPD of the general tran-
scription factor complex were also found to have a role in
transcription related to G4 structure. ChIP-Seq analysis of
human cells showed that XPB and XPD binding sites over-
lap with G4 motifs, suggesting that these proteins are re-
cruited to G4 structures that form in the genome (143). XPB
and XPD were found to be enriched in the vicinity of tran-
scriptional start sites of highly expressed genes; however,
further mechanistic studies are required to advance our un-
derstanding of the functional importance of XPB/XPD tar-
geting to genes implicated in signalling pathways or cancer.
The potential involvement of the human RecQ DNA heli-
case RECQI in regulation of genes playing a role in tumori-
genesis was investigated by the group of Sharma. Depletion
of RECQI in HeLa or MDA-MB-231 cells reduced the ex-
pression of several genes that play key roles in cell migra-
tion, invasion and metastasis. Remarkably, the promoters
of genes regulated by RECQI helicase showed a rich con-
centration of putative G4 sequences. In addition, chromatin
immunoprecipitation assays showed the binding of RECQ1
to G4 motifs in the promoters regions of the genes regu-
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Table 3. Substrates used for studying RHAU G4-resolvase activity

Substrate name Sequence

Zicl 5-AAA AAA AAA AGG GT GGG GGG GCG GGG GAG GCC GGG GAA AAA AAA AA-3

c-Myc 5-GGC CGC TTA TGG GGA GGG TGG GGA GGG TGG GGA AGG TGG GGA GGA GAC TCA-3’
733 5'-AAAGTGATGGTGGTGGGGGAAGGATTTCGAACCT-3

TP-G4 5-TGGACCAGACCTAGCAGCTATGGGGGAGCTGGGGAAGGTGGGAATGTGA-3

rD4 5Y-TTGAAAATCCGGGGGAGAGGGTGTAAATCTCG-3’

8G 5-TTAGGGGGGGGA |5 3

7G Y- TTAGGGGGGGA |5 3

6G 5Y-TTAGGGGGGA 5 3

5G 5-TTAGGGGGA 5 3

lated by RECQ1 (144). Although RECQ1 was reported to
display very low to no activity on a variety of G4 DNA sub-
strates in vitro (72), it remains to be understood if RECQ1’s
involvement in regulating cancer genes involves a direct ef-
fect of the helicase on G4-associated promoter elements.

G4 HELICASES AND REPLICATION

Recent studies have shown how G-quadruplex structures
are unwound during DNA replication. In an in vivo ap-
proach, Sarkies et al. showed how FANC] is able to main-
tain epigenetic stability near G4 DNA motifs through two
independent mechanisms (145). First, FANCIJ helicase and
REV1 polymerase appear to cooperate: in this model,
REVI destabilizes G-quadruplex structures so that FANCJ
can unwind the G4 from the opposite side of the G4 struc-
ture. More recently, the group of Eoff unveiled the mecha-
nism of the G4-disrupting activity of REV1 (146). In a sec-
ond mechanism, WRN or BLM helicases assist FANCJ un-
winding activity. These enzymes have opposite polarities to
FANCIJ. FANCJ and BLM could act upon G-quadruplexes
found in specific chromosomal regions under particular en-
vironmental or genetic conditions (147).

Evidence that FANCJ smooths replication fork progres-
sion through G4 DNA was provided by studies using Xeno-
pus egg extracts and single-stranded plasmid DNA tem-
plates (148). Replication stalling within a few nucleotides
from the G-quadruplex was greatly enhanced in the absence
of FANCJ; moreover, G4 stabilization by the inclusion of a
G-quadruplex binding ligand in the reaction mixture sig-
nificantly increased the need for FANCJ to be present in
order to alleviate replication block. Notably, stalling of the
replisome proteins at sites of G4 DNA under conditions of
FANCIJ depletion did not occur when FANCD?2 was de-
pleted, indicating that FANCJ has a unique role in facili-
tating replication progression through G4 templates that is
independent of its role in the classical FA pathway used for
repair of interstrand crosslinks.

Role of yeast S. cerevisiae Pif1 and its essential Schizosac-
charomyces pombe orthologue Pfh1 during replication was
also assessed in several studies (53-55,149). Although this
family of helicase has not been involved in general fork pro-
gression, in both these models, absence of these helicases
leads to replication fork slowing and chromosomal fragility
around G4 sites.

G4-HELICASES AND TELOMERES

The human telomeric DNA G-rich strand is able to fold
into G-quadruplex structures. This (GGGTTA)n repeat is
probably the most studied and characterized of G4 motifs.
The presence of a single-stranded 3’ telomeric overhang al-
lows telomeric G-quadruplex formation without opening a
corresponding DNA duplex. Multiple topologies have been
observed in biophysical studies of oligonucleotides with this
sequence, and the human telomeric motif can be consid-
ered as a highly polymorphic G-quadruplex-prone repeat.
G-quadruplexes have been proposed to play role in capping
telomeres to preserve chromosome integrity (150).

The correct replication of telomeric DNA has been found
to be significantly dependent on WRN and BLM heli-
cases, which likely unwind the G-quadruplex motif dur-
ing the replication process. Cells lacking WRN helicase
lose telomeres from the lagging strand in single sister chro-
matids (151). More recent reports suggested that WRN
may possess a greater unwinding activity for telomeric G-
rich sequences than BLM (152). A single-molecule analy-
sis, SMARD, was performed to study the effect of BLM
helicase on telomeric replication. Telomeric synthesis in
the leading strand replication forks was slower in BLM-
deficient cells. In addition, fork progression was inhibited
in the presence of the G4 ligand PhenDC3 (153).

These complementary studies suggest that these two
RecQ helicases have specialized roles in resolving G4 mo-
tifs in the telomeric region, in the leading strand (BLM) and
lagging strand (WRN) templates. Thus, a combination of
BLM and WRN may be necessary for the efficient replica-
tion of the chromosome terminal regions, preventing telom-
eric loss and genomic instability. As noted in previous sec-
tions, in addition to BLM and WRN, RTEL1 and DNA2
helicases have been also reported to have key roles in re-
solving telomeric G4 structures. As discussed before, the
group of Boulton has significantly investigated the key role
of RTEL1 in maintaining telomeric integrity (90,91).

MITOCHONDRIAL GENOME G4 DNA

The mitochondrial genome is comprised of a guanine-rich
DNA strand (the heavy ‘H’ strand) and a cytosine-rich
strand (light ‘L’ strand). Therefore, the H strand has a pro-
nounced potential for G-quadruplex formation. Applying
an in silico approach, numerous sequences with G4-forming
potential were identified in mitochondrial DNA. These sites
map in close proximity to known mitochondrial deletion
breakpoints (12). More recently JJ Lin’s group provided ev-



idence supporting the existence of mitochondrial DNA G4s
in live cells employing a G4-specific fluorescent ligand (154)

The Twinkle enzyme, discovered in 2001, belongs to the
helicase superfamily 4. Twinkle is a mitochondrial replica-
tive DNA helicase encoded by the mitochondrial gene
cl0orf2 (155) that unwinds mitochondrial DNA substrates
in a 5 to 3 direction in a NTP-dependent manner (156).
Structurally, Twinkle contains two domains connected by
a linker region (157). The C-terminal domain is responsi-
ble for the helicase activity. An in vitro test demonstrated
that Twinkle alone was unable to resolve mitochondrial G4
structures, whereas it readily unwound duplex DNA sub-
strates. It is conceivable that Twinkle or the mitochondrial
replication machinery may act with other factors including
auxiliary helicases (e.g. PIF1, SUV3) to resolve mitochon-
drial G4 DNA structures (158). In addition, it will be inter-
esting to determine if Pifl activity towards G4 is involved
in its mitochondrial function. Interestingly, it has been es-
timated that there is a 10-fold enrichment in potential G4
forming sequences in the yeast mitochondrial DNA com-
pared to nuclear DNA (159). In agreement with this ob-
servation, yeast cells lacking Pif1 experience mitochondrial
DNA breakage at specific sites, even in the absence of geno-
toxic stress (160). Nevertheless, it seems reasonable to sug-
gest that mitochondrial G4 motifs present a formidable bar-
rier during the replication process and are likely to cause
genome instability within the organelle (12).

METHODS USED TO STUDY G4 UNFOLDING BY HE-
LICASES

Gel-based assays

Gel-based assays are the main biochemical technique em-
ployed to study the G4 unfolding activity of helicase en-
zymes. DNA substrates employed in gel assays are mainly
based on tetra- and bi-molecular G-quadruplexes; thus the
single-stranded products migrate faster than the dimeric or
tetrameric substrates (Figure 4). Gel-based assays can be
also used to measure helicase-catalyzed unwinding of uni-
molecular G4 DNA substrates when a trap oligonucleotide
complementary to the radiolabelled one is used (81,130).

Surface plasmon resonance

The first report on a helicase resolving an intramolecular
G4 motif employed surface plasmon resonance (SPR). This
real-time technique was used to study the SV40 T-ag he-
licase (161). Biotinylated human telomeric repeats, duplex
DNA and single-stranded sequences were immobilized on
the gold surface of the SPR sensor chip. Binding of the hex-
americ SV40 T-ag to the DNA substrate was found to be
ATP dependent and, expectedly, the helicase activity also
required ATP.

Single-molecule studies

Recently Budhathoki et al. studied the unwinding of in-
tramolecular G-quadruplexes at the single-molecule level
using FRET (smFRET; Figure 4) (105). In this study, per-
formed under physiological salt concentrations, BLM en-
zyme was active even in the absence of ATP. In a more recent
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study, the same group reported an ATP-dependent unwind-
ing activity for this protein (162). To explain this discrep-
ancy, they suggested that BLM protein binds to a single-
stranded region in the vicinity of a G4. This can lead to sig-
nificant destabilization of the G-quadruplex structure.

The important addition of single-molecule techniques to
the helicase-G4 field has aided mechanistic studies. The
mechanism employed by BLM (106,110) and Pif1 (57,163)
enzymes to unfold G-quadruplex structures were investi-
gated using SmFRET techniques.

Fluorescent-based bulk assays

The introduction of fluorescent-based techniques allowed
monitoring of the G4 unfolding reaction in real-time and
at high-throughput. Tan et al. designed a novel DNA sys-
tem consisting of a hybrid duplex-quadruplex DNA to over-
come the issue of rapid refolding of an intramolecular G4
(100). In this system an intermolecular DNA duplex motif
is placed immediately downstream of a G-quadruplex struc-
ture. Therefore, the helicase enzyme unwinds the duplex
DNA directly after having resolved the G-quadruplex struc-
ture (Figure 4). As this duplex is a bimolecular structure,
its reformation is slower than and highly dependent on the
strand concentration. Employing this G4-duplex DNA sub-
strate, the helicase-promoted G4 unwinding can be moni-
tored in real-time by labelling one of the DNA strands with
an organic fluorophore.

In cellulo tools

A number of studies have demonstrated that various he-
licases resolve G-quadruplexes in vitro using purified en-
zymes on controlled substrates. However, the demonstra-
tion of their direct involvement in the resolution of G4 in
cells has only been made in a limited number of cases. Early
reports demonstrated that the inhibition or absence of the
G4 helicases leaves a footprint in the genome that can be
detected by bioinformatic studies and correlated with G4
propensity (49,72). More recently, G4-specific antibodies
have been developed to detect G4 DNA structures in living
cells, and the influence of G4 helicases in cells was studied
in presence of these specific antibodies (164,165).The Lans-
dorp lab and their collaborators developed a murine mono-
clonal antibody specific for G4 structures (1H6), which ex-
hibits strong nuclear staining in human and murine cells
(165). Cells deficient in FANCJ show stronger nuclear stain-
ing than cells containing a normal level of this helicase.
Therefore G4 DNA structures are less abundant in FANCIJ-
proficient cells, suggesting a specific G4-resolving role of
this helicase. The same G4 DNA-specific antibody was used
to show that G4 structures are present in heterochromatin,
and that G4 staining in germline DNA was much stronger
in somatic cells compared to stem cells in a variety of or-
ganisms including mammals (166), pointing to a role of G4
DNA in cell differentiation during development.

An antibody against yH2AX was used to identify DNA
damage produced during cell replication in cells treated
with a G4-specific ligand. Cells were exposed to pyrido-
statin (Figure 3) and an yH2AX antibody was used to pre-
cipitate genomic DNA flanking double-strand breaks (167).
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A chromatin immunoprecipitation sequencing analysis of
these regions of DNA damage revealed that pyridostatin
targeted genes containing sequences with potential to form
G-quadruplexes. Thus, pyridostatin was able to regulate the
expression of these genes.

There is also a growing field in which G4-specific molec-
ular beacons or probes are being developed with the aim to
have convenient G4 cellular imaging. There are several re-
views on this topic (168—170). If such probes become readily
available, then it would be of great interest to assess specific
G4 DNA topologies that accumulate in certain helicase-
deficient backgrounds.

DISCUSSION AND CONCLUSIONS
Common characteristics of G4 helicases

As it has been discussed in this review, helicases with G4-
resolvase activity belong to different helicase families. All
have certain features in common, however. All the reported
G4-helicases require a single-stranded tail (either at the 3
or 5 end) in order to load onto the DNA substrate and act
on the G4 structure. To the best of our knowledge, no heli-
case has been shown to act on blunt-ended G4 structures. In
addition (with the exception of WRN and BLM acting on
G4 structures surrounded by ssDNA) all the G4-helicases
have been found to employ ATP hydrolysis as a source of
energy to unfold the G4 structures.

Interestingly, most helicases are able to denature inter-
molecular G4 DNA structures more efficiently than duplex
DNA. This is remarkable considering the high thermal sta-
bility of many G4 structures in comparison with duplexes.
For many helicase proteins, the helicase activity can be mod-
ulated by presence of G4 ligands or DNA-binding proteins;
although in some cases the reduction in helicase activity is
not due to G4 stability but a direct effect on the helicase
enzyme.

Not all G4 are born equal, neither are G4-helicases

G-quadruplexes should be considered as a family of struc-
tures rather than a single fold. Multiple topologies and
strand stoichiometries have been observed. In addition,
RNA, DNA, and hybrid G-quadruplexes can be formed,
at least in vitro. Moreover, some stable G4 have one long
single-stranded loop (possibly allowing helicase loading
‘within’ the G-quadruplex rather than at the 5’ or 3’ extrem-
ities. In addition to this structural heterogeneity, G4 struc-
tures exhibit important differences in thermal stability and
in kinetics of folding. Mirroring this diversity, a number of
helicases have been found to act on G4 structures, at least in
vitro. At this stage, countless questions are still open: Why
are so many helicases active on G4? Are their activities re-
dundant or do they act on different G-quadruplex classes?
Are helicases active at different stages of the cell cycle? Are
there G4-resolving enzymes yet to be discovered? Do some
proteins bind to G4 without unfolding these structures? Is a
very high affinity for G4 a hindrance to G4 unfolding? How
do helicases cooperate with other proteins?

When are G4-helicases required?

Helicases that act on G4 are required for certain cellular
processes. That these helicases are necessary for normal
development is demonstrated by the involvement of genes
encoding helicases in a number of human diseases. It re-
mains unclear whether the G4-resolving activities of these
helicases are required. What are their roles during replica-
tion and transcription? Are they key components for ge-
nomic stability? How different are the leading and lagging
strands? Are helicases involved during ribosome scanning?
How conserved are these functions? Can one selectively in-
activate G4-resolving activity while keeping duplex activ-
ity intact? Are there some pathologies associated with G4-
resolving deficiency?

As more assays are being designed to study the mecha-
nism of G4 DNA resolution by helicases in the cell, some of
the remaining questions will surely be resolved in the near
future.
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