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Abstract

Guanine-rich DNA can fold into highly stable non-canonical four-stranded DNA structures called
G-quadruplexes. These structures present obstacles for the DNA replication machinery, and it has
been hypothesized that both eukaryotic DNA helicases and polymerases have evolved to resolve
G4 DNA in vivo. Since the discovery of G-quadruplex DNA in the early 1960’s, a number of
studies have emerged reporting G-quadruplex DNA unfolding by helicase enzymes and DNA
synthesis past G4 by specialized translesion polymerase enzymes. Recently, the discovery of the
primase-polymerase PrimPol and its role in G4 bypass has sparked even more excitement in the G-
quadruplex and DNA replication fields. This review presents an overview of the molecular
interactions of G-quadruplexes with DNA helicases and polymerases implicated in their
resolution, with an emphasis on how the regulation and coordination of these enzymes is critical
for genome homeostasis. Targeting G4-interacting DNA helicases and polymerases for therapeutic
strategies is discussed.
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1. DISCOVERY OF G-QUADRUPLEX DNA

A timeline marking some of the key events in the discovery of G-Quadruplex (G4) DNA,
depicted in Fig. (1), shows the relatively slow awakening from the first observation in 1910
that guanine (G)-rich DNA sequences form a “gel” [1] to its description in 1962 at the sub-
atomic level as a tetrad stack of coordinated guanines [2], bridging a time-period of over 50
years. Interestingly, during this period the DNA double helix structure of DNA was
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discovered [3], leaving doubt as to the relevance of a four-stranded DNA conformation.
After another hiatus of 16 years, researchers in the late 1980°s and 1990’s began to
recognize and document that G-rich DNA sequences found at telomeres, gene promoters,
and chromosome recombination hotspots spontaneously fold into unique molecular G-
quadruplex DNA structures /in vitro [4, 5], and that G4 DNA can alter the activities of DNA
metabolic enzymes such as telomerase [6, 7]. The dissension from the canonical B-form
DNA double helix paralleled discoveries of other alternatively folded DNA structures
including DNA triplexes, hairpins, and Z-DNA (for review, see [8-10]). What has perhaps
uniquely driven the G-quadruplex field over the last decade and a half is the increasing
number of experimental findings that G4 DNA exists /7 vivo and has important biological
consequences for nuclear and mitochondrial genomic DNA metabolism and cellular
homeostasis [11-20]. Moreover, the development of algorithms which have been used to
analyze DNA sequence computationally and predict the formation of G4 has sparked large-
scale genome analysis efforts [21, 22]. In more recent years, the characterization of G4 and
its effects on cellular processes of replication and transcription, as well as its impact on
genome stability, have provided exciting new directions for the G-quadruplex field [23-27].
Beyond the distilled timeline shown in Fig. (1), the reader is referred to several excellent
review articles which chronicle the research efforts entailing G4 DNA discovery [28, 29].
While we do not address G4 RNA structures here, the reader is referred to several recent
articles in this new and emerging field as well [30, 31].

In this review, we will focus the discussion on DNA helicases and polymerases implicated in
G4 DNA metabolism, placing an emphasis on how their regulation and coordination are
critical for genome homeostasis. Throughout the review, we bring attention to potential areas
of translational research in which the unique G-quadruplex DNA structure and its interacting
proteins may represent suitable targets for emerging therapeutic strategies.

2. COMPUTATIONAL TOOLS AND ALTERNATIVE STRATEGIES TO
DETECT G4-PRONE SEQUENCES

Increased attention to G4-forming sequences and their roles in various biological contexts
has led to the development of many computational tools. These instruments are meant to
help in the identification and characterization of G4 sequences. Computational analyses use
the DNA sequence itself to predict G4-forming regions and can effectively leverage the vast
amounts of publicly available genome data.

Early algorithms used biophysical and biochemical experiments to construct a search pattern
that could be applied to DNA sequences. Todd ef a/. [22] and Huppert and Balasubramanian
(authors of QuadParser [21]) agreed on such a pattern based on previous literature as well as
their own experiments: Gy N;_7 G+ Ni_7 G N;_7 Gz The groups noted that guanine
runs of 3 or more in the guanine tetrads led to significant increases in thermodynamic
stability of the G4 structure. They also noted that loop sizes tended to be constrained
between one and seven nucleotides [21, 22]. Both groups acknowledged that the pattern
required further experimental validation, and noted some identified sequences were likely
false positives that would not form G4 structures [22]. A significant conclusion from these
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two computational analyses was that predicted G-quadruplexes are relatively abundant in the
human nuclear genome, with an estimate of ~375,000 in total. Sixty percent of these
predicted G-quadruplexes were mapped to intergenic regions [22]. Of the remaining 40%
found in genes, they were split evenly between the two DNA strands. Approximately 3.7%
of the total predicted G4-forming sequences in the human nuclear genome were found in
exons. The significant percentage of predicted G4 structures identified in gene promoter
elements has garnered interest that G4 plays a major regulatory role in gene expression.

Using the idea of the consensus search sequence, other groups created tools such as QGRS
Mapper [32], designed to provide a more customizable approach for further research. QGRS
Mapper utilized a search pattern similar to that used in QuadParser. However, it allowed a
moderate level of user customization, such as selecting a total sequence length of anywhere
between 30 and 45 nucleotides, loop size specification, and loop sequence specification.
QGRS Mapper assigned a G-score to sequences based on how likely they were to form G4
structures. It considered factors such as shorter loops being more common than longer loops,
loops of equal size being most common, and the greater stability generated from a larger
number of guanines in the tetrads. Interestingly, the authors even at this early stage in the
field of computational approaches to study G-quadruplexes appreciated that such an unusual
nucleic acid conformation has implications for not only G-rich DNA sequences such as
promoters and telomeres, but also for RNA sequences. Indeed, as cited above in some recent
reviews [30, 31], the RNA G-quadruplex field is blossoming.

QuadBase [33] investigated conservation of G4 sequences between species to highlight
those that may have been evolutionarily relevant. The QuadBase project generated two
databases, EuQuad and ProQuad, focusing on eukaryotic and prokaryotic genomes,
respectively. EuQuad searched for orthologs of putative G4-forming motifs in the human
genome to those in the mouse, rat, and chimpanzee genomes. ProQuad compared G4
sequences in a query genome to 145 other prokaryotic genomes for its ortholog search. This
work was extended by QGRS Homology and QGRS Conserve [34, 35], which included the
G-score function of QGRS Mapper to predict stability as well as an improved scoring
system for conservation of G4 sequences between species.

A new algorithm, G4Hunter [36], diverged from the long-held search pattern constraint and
instead gave sequences a G4 propensity score as a measure of thermodynamic stability.
G4Hunter was based on literature that called for a focus on a scoring system for
thermodynamic stability at physiological temperature, as sequences likely to form at
physiological temperature are most likely to have a biologically relevant function [37].
Unlike a pattern search for a consensus sequence, G4Hunter searches windows of a user-
specified size for guanine richness and guanine skewness (guanine-cytosine asymmetry
between complementary strands). The tool assigns each of these windows a score, and
selects windows that meet the user-specified propensity threshold. This tool showed a higher
sensitivity and lower false discovery rate as compared to other programs such as QuadParser
[36]. A striking conclusion from this study was that the number of DNA sequences in the
human genome predicted to form G4 was significantly greater than earlier predictions, by a
factor of 2- to 10-fold. A unique aspect of the work first describing G4Hunter was the
extensive experimental validation of a large dataset of predicted G4-forming sequences
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using an array of biophysical techniques to determine if the corresponding oligonucleotides
indeed formed G4 in vitro. Overall, the ambitious nature of the investigation and
development of a G4 predictor algorithm that provides a propensity score make the Bedrat ef
al. [36] publication a highly significant contribution to the field. Consistent with the
conclusion that the number of human genomic G4 structures may have been underestimated,
a recently published high-resolution sequencing-based method revealed over 700,000
distinct G4 structures, over half of which had not been predicted by the earlier G4
algorithms [38]. The observation that many of these G-quadruplex structures were mapped
to oncogenes, tumor suppressors, and somatic copy number alterations led the authors to
propose that such G4’s may contribute to the genomic instability prevalent in cancers.
Furthermore, small molecules that specifically bind the novel G4 DNA structures with high
affinity may prove to be useful for anti-cancer therapeutic strategies in the future.

Experimental studies using G4 prediction algorithms which take into account variability in
the length and nucleotide composition of G-tract and intervening loop sequences, and by
inference G4 formation probability, stability and topography, are ongoing [39-41].
Interfacing the computational approach with quantitative and biophysical analysis of G4
formation will be useful in this regard [42]. Moreover, alternative strategies to map G4-
forming sequences in the genome, such as the high-resolution sequencing technique [38],
are rapidly moving the field forward. Genomic mapping of G4 structures has been advanced
quite recently by the development of a G4-antibody-based chromatin immunoprecipitation
and high-throughput sequencing procedure (ChlP-Seq) using fixed chromatin as the
genomic DNA source [43]. This study suggested that G4 formation in human nuclei is
strongly influenced by transcriptional state in which nucleosome-depleted chromatin that is
highly transcribed has the greatest abundance of G4 structures. Other ChlP-Seg-based
approaches that exploit the use of G4-specific binding proteins are also being used to inform
the predictive G4 algorithm analysis (for review, see [28]). The development of a database
(designated G41PDB) which catalogs G4-forming and interacting proteins and associated
parameters in a single platform may help to devise 3D G4 predictors (e.g., basket, propeller,
etc.) for future efforts in drug discovery based on G4-interacting ligands [44].

3. DNA HELICASES THAT SMOOTH DNA REPLICATION THROUGH G4-
FORMING SEQUENCES

Several recent reviews have described an emerging class of nucleoside triphosphate
dependent DNA unwinding enzymes known as helicases that are capable of resolving
various G-quadruplex DNA structures /n vitro [45-50]. Presumably, if these G4-resolving
heli-cases were to efficiently act upon their targets /n vivo, their effects on cellular nucleic
acid metabolism of G4-forming sequences would be profound. Indeed, cell-based assays
have invoked unique and important roles of certain eukaryotic DNA helicases in replication
and genome stability maintenance that are likely based at least in part on their ability to
resolve G-quadruplexes (Table 1). There are a number of DNA helicases which behave very
inefficiently to resolve various G4 topologies /n vitro, suggesting that the biological
functions of G4-resolving helicases are specialized and play unique roles in nucleic acid
metabolism [51]. A provocative area of study is the investigation of coordinate action
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between G4-resolving helicases and proteins that are involved in the synthesis past or
downstream of G4 obstacles. In the following sections, we will discuss some of the DNA
polymerases which appear to have specialized roles in DNA synthesis of nuclear or
mitochondrial DNA templates. We believe that concentrated efforts to decipher the
coordinate action of such DNA polymerases with G4-resolving helicases may provide
tremendous insight to how such G4 impediments to the replication machinery are overcome
in vivo.

Molecular insights into the orchestration of G4-resolving helicases and DNA replication
proteins may offer opportunities for therapeutic strategies, particularly to combat cancer. A
number of G4-resolving helicases (e.g., human RecQ enzymes) are up-regulated in various
cancers, suggesting their requirement for rapidly proliferating transformed cells to cope with
abundant replicative lesions [52]. If such helicases can be targeted for inhibition by
pharmacological means, then the cancerous cells may become hypersensitive to DNA
damaging therapies. Such a chemical synthetic lethality approach has gained momentum in
other areas of DNA repair and replication stress targeted therapies [53]. Small molecule
inhibitors of human DNA helicases have been identified and characterized biochemically 7in
vitroand in cell-based models [54-57], but their efficacy in pre-clinical organismal models
has been largely under-studied. Further studies in this area are of paramount importance in
order for translational approaches to develop. Given that some of the potential targets of G4-
resolving helicases include telomeres and G-rich promoters of proto-oncogenes (Table 1), it
seems reasonable that these cancer-relevant chromosomal regions would be good targets for
anti-cancer strategies.

A good example of a potential G4-resolving helicase to target in a synthetic lethality
approach is FANCJ. Previously, it was reported that cellular deficiency of FANCJ resulted in
elevated sensitivity to a G4-stabilizing ligand known as Telomestatin (TMS) [13]. The
premise of the study was that a greater number of G4 structures would persist /77 vivo when
the G4-resolving helicase FANCJ was deficient; consequently, the cells would become
hypersensitive to the DNA damage-inducing and anti-proliferative effects of a G4-specific
DNA binding compound. Indeed, this was observed. Moreover, a subsequent study using a
G4-specific antibody showed that FANCJ-deficient cells exposed to TMS displayed elevated
immunofluorescent foci representing G4 DNA recognized by a G4 antibody [17]. Thus, it is
reasonable to postulate that a FANCJ-specific helicase inhibitor may subject human cancer
cells or tumors susceptible to a G4 ligand; however, this remains to be seen. A similar
scenario may exist for Pifl, as it was reported that a yeast strain deficient in the G4-
resolving helicase was hypersensitive to a G4 ligand [64]. However, to our knowledge a
similar finding has not yet been reported for PIF1-deficient human cells.

The efficacy of a G4-specmc helicase inhibitor in an anti-cancer therapy regime is
challenged by the probability that G4 structures themselves act as a driving force for
mutagenesis that may be very well a determinant for carcinogenesis in a tissue-specific
manner [75]. Therefore, finding a therapeutic threshold for a putative G4 helicase inhibitor
or drug delivery mechanism that targets the tumor would be imperative to reducing toxic
side effects for normal tissues.
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4. NUCLEAR DNA REPLICATION OF G4-FORMING DNA SEQUENCES

4.1. DNA Polymerases are Required for Genome Replication

In eukaryotes, three DNA polymerases are responsible for carrying out faithful replication of
the nuclear genome: polymerase alpha (pol @), polymerase delta (pol 6), and polymerase
epsilon (pol €). Pol a is known to synthesize a DNA/RNA hybrid primer, thereby initiating
DNA synthesis on both the leading and lagging strands; Pol & and pol e then carry out
synthesis by extending the primer [76].

Early experiments on the differential functions of pol & and pol e suggested that each is
involved in synthesis of one strand only. Chromatin immunoprecipitation assays have shown
that pol e is bound at DNA origins during fork establishment and remains associated with
the fork as it migrates from the origin [77-79]. These early findings suggested that pol e is
responsible for replicating only one strand at the replication fork. Furthermore, the
observations that both polymerases can be purified as monomers [80], [81] and that pol &
and pol e proofread opposite strands [82] have helped confirm the one-polymerase-one-
strand hypothesis. It has now become widely accepted that pol & is solely responsible for
synthesis of the lagging strand; studies in yeast have shown that pol & is known to pause
during replication of the lagging strand in order to maintain a nick that can later be ligated
[83]. Pol e, mean-while, has been implicated in leading strand synthesis; a 2007 study in
yeast utilizing a constructed pol e derivative with an active site mutation documented a
pattern indicating that the enzyme carries out replication of the leading strand [84]. The
tailored functions of the replicative DNA polymerases raise the question of whether they are
differentially affected by DNA lesions or unusual DNA conformations such as G-
quadruplexes that they encounter in the respective template strands.

4.2. G4-forming Sequences Present Obstacles for Replicative Polymerases

Some of the earliest pioneer research to assess the effect of G4 DNA structure on DNA
synthesis was from the Usdin lab. They developed an /n vitro DNA synthesis arrest to show
that G-rich sequences in the DNA template strand blocked DNA synthesis catalyzed by
bacterial or bacteriophage DNA polymerase in a K* ion-dependent manner, consistent with
the requirement of a monovalent cation (e.g., K*, Na*) to reside in the central channel of the
G4 tetrad to stabilize it [85]. It was also shown in this work that blocking the N7 positions of
guanine residues which would be predicted to disallow the Hoogsteen hydrogen bonding of
the G4 structure abolished polymerase arrest. In subsequent work from the Usdin lab, they
determined using the DNA polymerase arrest assay the size and base composition of the G4
DNA stem and loop sub-elements [85]. Furthermore, their work demonstrated that
increasing the length of the G tracts greatly increased arrest of DNA synthesis, suggesting
that the number of G4 structures which form enhances the blocking effect. Importantly, their
work with DNA templates harboring different putative G4-forming sequences suggested that
a much greater number of G-quadruplexes were likely to exist under physiological
conditions that what was previously thought.

A key aspect of replicative DNA polymerases is their high fidelity, since accurate replication
of the genome is required to faithfully maintain genetic information over many generations
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and to avoid potentially deleterious mutations that can lead to human disease. While the
replicative polymerases possess proofreading and exonuclease abilities to maintain fidelity,
G-quadruplexes pose problems for the replication machinery that DNA polymerases do not
tolerate well. A 2001 study by the Fry lab demonstrated that G4 structures directly block
synthesis by all three replicative polymerases, pol a, pol & and pol e [86]. A more recent
study by the Opresko lab investigated G4-induced stalling of pol 6 at templates mimicking
telomeric TTAGGG repeats and found that it was greater on the G-rich strand compared to
the C-rich strand [87]. Similar experiments have shown that pol e fails to replicate G4 sites
as well; the Eoff lab has shown that pol e exhibits both decreased efficiency and fidelity
when trying to copy the first guanine it encounters in a G4 motif [88]. Even the primase/
polymerase pol a is blocked by G-quadruplexes, as the Drosophila pol a has been shown to
stall at G4 sites /n vitro [89]. Thus, G4 sites present obstacles for all three classical DNA
polymerases (Fig. 2A).

An important consideration regarding G4-prone sequences is whether they behave
symmetrically on both strands. A 2011 yeast study by the Nicolas lab provided significant
data to support the notion that the processing of G4 motifs by replicative polymerases /n
vivo depends largely upon which strand is more G-rich [65]. They inserted a G4-prone
CEBL1 tandem array near a replication origin and saw that it was frequently destabilized
upon treatment with a G4 ligand or by knocking out the Pifl helicase, but only when the
more G-rich strand was the template of leading-strand replication. These results indicate that
a G-quadruplex certainly constitutes a physical barrier to replication; however, the actual
degree to which it impedes replication may depend on the polymerase that encounters it, the
template strand in which the G4 resides, as well as on the ligand-induced stability of the G4
and the status of G4-resolving helicases.

While the immediate consequence of G4 formation in the nuclear genome is replicative
polymerase stalling, a single G-quadruplex can interfere with replication over many
generations. A recent study by the Tijsterman lab found that unresolved G-quadruplex
structures in the DNA can retain their conformation through multiple mitotic divisions [90].
Furthermore, the study went on to show that failure to replicate across a G4 site causes gaps
of single-stranded DNA that can give rise to double-strand breaks (DSBs) in future cell
divisions. These results indicate that G4 sequences pose such significant problems for
replicative polymerases that the persistence of a single G-quadruplex in the nuclear genome
can have serious mutagenic consequences, including genetic heterogeneity and genomic
rearrangements. The observation that just a single G4 can have such a profound effect on
mutagenesis is striking, and it suggests that multiple tandem G4 structures are not required
to affect replication fidelity /7 vivo. Moreover, even a poorly processive DNA helicase that
can remove just one G-quadruplex may greatly influence DNA replication and potential
errors that arise.

5. BYPASS OF G4 BY TRANSLESION DNA POLYMERASES

5.1. Translesion Synthesis Employs Specialized Polymerases to Synthesize past G4 Sites

Translesion synthesis (TLS) is a DNA damage tolerance process by which the DNA
replication machinery bypasses a DNA lesion through the incorporation of a nucleotide
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opposite the lesion. Since many lesions (e.g., apurinic sites, UV-induced pyrimidine dimers,
hydrolyzed bases, bulky adducts, G4 sites, etc.) are impermissible for replicative DNA
polymerases 5 and s [86], a specialized class of translesion polymerases is employed to
bypass the damage site. TLS polymerases can use damaged DNA as a template to bypass the
lesion regardless of the lesion’s potential conformational constraints but do not correct the
lesion (Fig. 2B); thus, they are typically regarded as reduced fidelity polymerases, employed
strictly to mitigate the more deleterious effects of fork stalling and collapse. G-quadruplex-
forming sequences fold into large and highly stable secondary structures /in vivo [47] and
much evidence has arisen that TLS plays an important role in the replication of these
structures. A simple representation of the scenario in which a translesion polymerase
replaces a replicative polymerase that is stalled by a G4 structure is shown in (Fig. 2B). In
eukaryotes, TLS of G4 DNA is carried out by polymerases Rev1l, eta (pol 1), kappa (pol x),
theta (pol ©) and potentially zeta (pol C). The general function and localization of these
enzymes is summarized in Table 2.

REV1 has Dual Roles in G4 Translesion Synthesis

Rev 1 has been implicated in both catalytic and non-catalytic roles in TLS of G4 in both the
nucleus and the mitochondria [103]. It has been previously shown that Rev1 acts as a
scaffolding protein to help coordinate the TLS process through protein-protein interactions
with the pol 8 DNA clamp PCNA and ubiquitin, as well as through direct interactions with
pols € and x [92, 93, 104, 105]. Additionally, Rev1 is known to play a restricted catalytic
role in TLS by acting as a deoxy-cytidyl transferase opposite G4 sites [106, 107]. A 2014
study by the Eoff lab showed that Rev1 binds G4 DNA with Kyvalues that are 4 to 15-fold
lower than those of non-G4 DNA substrates and that the presteady-state rate constant of
deoxycytidine monophosphate insertion opposite G4 by Rev1l is about half as fast as that
opposite non-G4 DNA [91]. These results suggest that Rev1 promotes bypass of G4 by
actively aiding in the unfolding of G4 structures, either by actively dislodging tetrad
guanines and allowing extension by other polymerases or by binding to unfolded G4 DNA
and preventing refolding. A recent review by Wickramasinghe ef al. proposes an interesting
speculative model for G4 replication by Revl in which the deoxycytidyl transferase activity
of Rev1 provides a ‘bait’ to compete for the dG bases at the start of the quadruplex [98]. The
model proposes that catalysis is then carried out through handoff to another polymerase,
since Revl is known to interact directly with pol x and pol  [92]. However, it is not known
whether Rev1 behaves synergistically with pol x or pol  to catalyze DNA synthesis at an
elevated rate using G4-forming sequences as a DNA template, or if the fidelity is affected.

Thus, it is likely that Revl plays more than one role in G4 replication /n vivo, as it has been
shown to act both directly and indirectly on G4 structures, as well as help coordinate
replication by other polymerases. It is also likely that Rev1 functions in conjunction with
DNA helicases that help unwind the G4 structure [98], a suggestion requiring further
biochemical studies. A study by Yeom et al. suggested that certain germline missense
variations in Revl may either inhibit or enhance the ability of Rev1l to bypass G4 motifs,
thereby affecting an individual’s susceptibility toward carcinogenesis [108], a finding which
warrants further study of Rev 1 as a potential drug target.
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5.3. G4 Replication by Translesion Polymerases n and x

Two additional polymerases eta (m) and kappa (x) have also been shown to replicate past G4
sites [94]. Pol n was originally identified as the protein defective in the disorder Xeroderma
pigmentosum and characterized as being able to synthesize past UV-generated cyclobutane
thymine dimers [95]. Kinetic analysis conducted by the Eoff lab has shown that pol n is
capable of maintaining more than 25% activity on G4 substrates compared to non-G4
substrates, with a fidelity ~100-fold more accurate than the replicative polymerase pol e
when comparing the frequency of misinsertion opposite a G4 site [96]. Additionally, in
another study, pol n was shown to copy damaged DNA with higher fidelity than the
equivalent undamaged sequence; it can even ‘sense’ when the lesion has been successfully
bypassed and triggers its own dissociation from the DNA [109]. Such findings reaffirm the
notion that replicative polymerases fail to faithfully replicate past G4 sites and that the
replication temporarily calls in translesion polymerases to do the job. These analyses also
support a model in which the replication machinery carries out a simple kinetic switch
between replicative and translesion polymerases to help govern fork progression during the
replication of G4 [96].

Pol x, in addition to acting as a translesion polymerase, has also been shown to play a role in
the nucleotide excision repair pathway [97]. Past research on the crystal structure of pol « in
a ternary structure with DNA revealed that pol x possesses a unique “N-clasp” structure at
its terminus [110], a structure that is distinct from pol n and absent in other Y-family
polymerases. The clasp region restricts the enzyme’s active site, limiting its affinity for
certain lesions and increasing its fidelity. The N-clasp also serves to “lock in” a nucleotide
after incorporation across from a lesion to promote efficient replication [110]. Another study
was conducted by the Eoff lab to elucidate how the structure and biochemical properties of
pol « affect how it behaves on G4 substrates. Their group conducted several Kinetic analyses
of pol x and determined that it exhibits both enhanced activity and decreased fidelity two
nucleotides before a G4 motif [88], a finding which they interpreted to mean that pol x may
be involved in priming synthesis just upstream of the G4 motif.

While both are members of the same polymerase family, pol ) and pol x appear to differ
slightly in their interactions with G4. A study from the Eoff lab presented data from
polymerase extension assays that are consistent with the notion that G4 sites present a
greater obstacle to DNA synthesis by pol x as compared to pol i [88]. It has also been
shown that an increase in DNA breakage associated with other alternative structures besides
G4, such as repetitive GA-DNA, occurs after downregulation of pol x but not pol n [94].
This suggests that while both act on G4, pol « likely plays a more general role in
maintaining genomic stability by also acting on less bulky lesions, while pol n may function
on helix-distorting lesions.

5.4. Pol 8 Joins Breaks Arising at G-quadruplexes

DNA polymerase theta (pol 8), which is encoded by the POLQ gene in eukaryotes, contains
both a polymerase-like domain and a helicase-like domain [100]. Both domains have been
shown to play important functional roles in DNA damage tolerance [111]; one study showed
that the helicase domain binds its substrate downstream of the polymerase domain, thereby
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setting up the strand for subsequent processing by the polymerase [112]. However, it is not
yet known if the helicase-like domain serves to actively aid in the unwinding of G4.

As a holoenzyme, Pol 6 plays a unique role in the replication of G4 structures; it is
responsible for repairing genomic DSBs that arise when the replication barrier persists at G4
sites [99]. This noncanonical DSB repair pathway, termed theta-mediated end joining
(TMEJ), appears to be the preferred method to cope with DSBs occurring at structural
replication fork barriers at G4 sequences. Evidence has arisen to suggest that a replication
fork stalled at a G-quadruplex is subject to collapse, resulting in large-scale deletions when
double stranded DNA breaks [113]. In a study by Koole et al., pol & was shown to carry out
end-joining of breaks by creating an overlap of one base pair and extending this to create a
template on flanking DNA [99]. The study also showed that C. e/egans lacking both the
FANCJ homolog dog-1 (an important helicase for unwinding DNA structures) and pol 6
displayed large deletions of several kilobases at G4 motifs while worms lacking only dog-1
displayed much smaller deletions (50-300 base pairs), suggesting that pol 0 is utilized as a
backup for the failure to unwind G4 when dog-1 is nonfunctional. Thus, theta-mediated end
joining of DSBs arising from G4 DNA structures seems to be a “last resort” translesion
process that is potentially mutagenic but prevents catastrophic large-scale deletions.

Pol ¢ Carries out Translesion Synthesis in the Mitochondria

Until very recently the mitochondrial DNA polymerase -y, which has both replicative and
repair functions, was the only known mitochondrial polymerase [114]. A 2015 study by the
Singh lab demonstrated that not only is there another human polymerase, pol C, that
localizes to the mitochondria, but that this enzyme functions therein as a translesion
polymerase to maintain and protect the mitochondrial genome from harmful lesions like UV
photoproducts [101]. Pol € is composed of a catalytic subunit REV3 as well as a structural
subunit REV7 that helps to stabilize the polymerase [115].

Work carried out by the Chang lab used fluorescence lifetime imaging microscopy in live
cells using a G4 ligand to verify that G4 DNA exists in the mitochondrial genome [18].
There is little evidence in the literature implicating pol C as acting on G4 DNA substrates,
since most experiments on the catalytic function of REV3 focus on UV-induced damage.
However, the enzyme’s localization to the mitochondria and its known role as a translesion
polymerase suggest it is a possible candidate for mitochondrial G4 TLS. Pol C has already
been shown to work alongside Rev1 to replicate “difficult” sequences, such as hairpin
structures [116] and is required for the majority of damage-induced mutagenesis in budding
yeast [117]. Thus, while pol C is a good candidate for G4 TLS, further research is required
to confirm that it acts on G4.

6. SPECIALIZED ROLE OF PRIMPOL DNA POLYMERASE TO PRIME DNA
SYNTHESIS DOWNSTREAM OF G4

With the 2013 discovery of a novel eukaryotic DNA polymerase and primase designated
PrimPol [118-121], there was renewed excitement in the field of DNA metabolism.
Previously, Pril/Pri2 associated with DNA polymerase alpha was the only known nuclear
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primase, and it was shown to be responsible for replication initiation of DNA synthesis
[119]. For mitochondria, the mitochondrial RNA polymerase (POLRMT) was known to
prime at major initiation sites on either the light or heavy strands of the organelle’s circular
genome [122]. Although another primase activity in mitochondria of human cells was
identified, the actual protein was unknown [123]. Unlike polymerase alpha or POLRMT,
PrimPol was found to be capable of initiating polynucleotide synthesis with
deoxyribonucleotides and not be confined to the use of ribonucleotides as was the case for
Pril/Pri2 or POLRMT. PrimPol was determined to reside in both the nuclear and
mitochondrial compartments of human cells [118, 119]. Interestingly, PrimPol depletion by
RNA interference in human cells negatively affected mitochondrial DNA synthesis [119],
providing the first insight to its biological importance. Although a PRIMPOL™'~ mouse is
viable, the redundancy with other mitochondrial DNA polymerases is imperfect as attested
to by the observation of mitochondrial DNA depletion in PR/MPOL™~ mouse embryonic
fibroblasts.

Several labs acquired scientific data implicating a specialized role of PrimPol to facilitate
replication of unusual DNA sequences or bypass DNA damage. Research from the Doherty
lab showed that PrimPol binds G4 DNA structure tightly and catalyzes DNA synthesis
downstream of DNA structures [124]. This /n vitrofinding coupled with an observed G4-
dependent transcriptional instability at a defined locus in a chicken DT40 primpol cell-based
model led them to propose a model in which PrimPol promotes restart of DNA synthesis
downstream of leading strand G4 DNA replication roadblocks (shown schematically in Fig.
2C), thereby ensuring efficient coupling of DNA synthesis with histone recycling [125].
Thus, PrimPol aids in the restart of replication forks perturbed by alternate DNA structure
(e.g., G4) to preserve normal epigenetic gene expression patterns. PrimPol is also important
to restart replication downstream of DNA synthesis-blocking lesions or when forks are
stalled by chain-terminating nucleosides. The elevated sensitivity of PrimPol-deficient DT40
cells to UV irradiation is characterized by a pronounced checkpoint arrest [126], indicating
that PrimPol plays an encompassing role at stalled forks. Indeed, PrimPol was shown by a
variety of experimental approaches and model systems to enable bypass of UV
photoproducts encountered by the eukaryotic chromosomal replication machinery. As
mentioned above, in addition to nuclear replication, evidence also suggests a specialized role
of PrimPol in mitochondrial DNA replication [118]. This is highly likely to involve the
bypass of G-quadruplexes, as they are predicted to be highly abundant in the mitochondrial
genome [36, 127, 128]. From data mining, the prevalence of mitochondrial deletion
breakpoints in the vicinity of predicted G4-forming sequences suggests that PrimPol’s
ability to bypass such alternate DNA structures is highly relevant to their potential
involvement in mitochondrial genome instability associated with mitochondrial genetic
disorders, cancer, and aging. Although a formal role of PrimPol in replicating past
mitochondrial G4 obstacles has not yet been documented, it seems probable based on its
involvement in nuclear G4 bypass and interaction with mitochondrial DNA metabolic
proteins (for review, see [129]). A strong candidate to partner with PrimPol is the human
mitochondrial transcription factor A (TFAM), a factor that was recently shown to bind G4
with a high affinity [130]. Interestingly, the nuclear single-stranded DNA binding protein
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Replication Protein A (RPA) significantly stimulates PrimPol activity [131], and helps to
recruit it to nuclear replication forks through its physical interaction [132].

As pointed out in a recent review by Guilliam and Doherty [133], PrimPol may be a good
candidate for chemotherapeutics because it is implicated in the tolerance of DNA damage,
which is typically induced by many anti-cancer drugs. Indeed, the induction of genomic
instability and disruption of normal epigenetic regulation by targeted inhibition of PrimPol
DNA synthesis could be highly deleterious to the metabolism and growth of rapidly dividing
cancer cells, which are prone to the formation of replicative DNA lesions on their own right.
Computational analysis of PrimPol’s protein sequence indicates extensive homology
throughout the Kingdoms of life, with several structural and catalytic domains including a
primase active site and Zn2* finger. Virtual docking and high-throughput biochemical
screens of small molecule libraries may identify lead compounds that bind to these and other
domains of the protein and serve as potent and specific PrimPol inhibitors that could be
further developed and used for studies in cells and pre-clinical organismal models.

COORDINATE ACTION OF G4-RESOLVING HELICASES AND DNA

POLYMERASES

The likely encounter of DNA polymerases with G-rich genomic DNA sequences prone to
form G-quadruplexes prompts attention to G4-resolving helicases that would facilitate DNA
synthesis. Early work from the Fry and Loeb labs established that the WRN helicase
collaborates with DNA polymerase & /n vitroto copy G4-forming sequences derived from
genomically unstable trinucleotide repeats [86]. The ability of WRN to bind tightly to G4
DNA structures may aid in efficiently resolving them in a manner to allow efficient DNA
synthesis past the G4 obstacle [134]. /n vivo data from a chicken cell-based system suggests
that FANCJ collaborates with WRN, or the sequence-related BLM helicase, to enable
smooth replication past G4. FANCJ is also believed to collaborate with REV1 translesion
DNA polymerase in this capacity [61]. A role for FANCJ in replication fork progression
through G4 DNA was substantiated by studies using Xenopus egg extracts and G-rich
single-stranded DNA templates [58].

In addition to their more general role in replication of G4-forming sequences in the general
genome, G4-resolving helicases may be particularly required for more specialized regions of
the genome such as telomeres. BLM-deficient cells are significantly compromised in
telomeric DNA synthesis, and G4 ligands exasperate the effect [72]. It remains to be seen if
WRN and BLM have unique or overlapping functions to resolve telomeric G4 DNA
structures. Aside from WRN and BLM, the Fe-S cluster helicase RTEL1 is proposed to
resolve telomeric G4 DNA to maintain telomeric stability [63]. It is hard to reconcile how so
many G4-resolving helicases could play a role in telomere metabolism. In general, the field
now demands sophisticated cellular assays, perhaps involving single molecule analyses, to
delineate the biological context in which these helicases operate with DNA replication and
repair proteins to perform their functions. One idea in G4 DNA metabolism is that helicases
may have specificity in targeting certain G4 topologies; however, more research in this area
is required to establish if G4 substrate specificity is biologically relevant [51]. Interestingly,
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recent evidence suggests that non-canonical G4 DNA structures that vary in their connecting
loops and thermal stability is related to their genome-destabilizing effects /n vivo, raising the
question if the G4 topology specificity of specialized DNA helicases, polymerases, and G4-
binding proteins plays a key role in cellular DNA metabolism [135]. A fundamental
distinction among families of DNA helicases is their directionality of translocation along
single-stranded DNA. For example, the RecQ helicases (e.g., WRN, BLM) translocate in the
3’ to 5’ direction, whereas the Fe-S helicases (e.g., FANCJ, RTEL1) translocate in the 5’ to
3’ direction. As shown in (Fig. 3), it is conceptually easier to visualize a 3’ to 5’ helicase
collaborating with DNA polymerase to replicate past a G4 obstacle. However, as noted in the
G4 DNA discovery timeline (Fig. 1), evidence suggests that the 5’ to 3’ DNA helicase Pifl
plays a prominent role in resolving G4 DNA structures to allow smooth replication fork
progression in yeast [15, 24]. The take-home message is that as far as scientific research has
taken us in the study of G-quadruplexes, we may still be at the tip of the iceberg in our
understanding of even the most basic questions, such as the mechanisms whereby DNA
sequences prone to form G4 structures are efficiently copied in the cell.

A potentially informative approach will be to correlate G4-associated mutations in the
nuclear or mitochondrial genomes with the propensity of respective DNA polymerases to
misincorporate (or extend by mispairing) nucleotides across from G4-forming templates. In
addition, characterizing the precise mechanisms (likely to involve G4-resolving helicases) in
mammalian cells whereby DNA is replicated past G4 obstacles in the leading versus lagging
strand, similar to what has been done in yeast [65], should be useful in understanding the
mutagenicity and genomic instability imposed by G4. In this manner, G4 stability and
architecture are likely to play key roles.

8. CONCLUDING REMARKS

In this review, we have provided the reader an emerging sense of the G-quadruplex field,
emphasizing the unique and important roles of specialized DNA helicases and polymerases
to resolve and copy sequences which are quite abundant based on algorithmic and genomic
analyses, and have been shown to readily form G4 Jn vitro. The growing evidence that G4
DNA exists /in vivo has attracted many researchers to experimentally address their impact on
genomic stability, and the mechanisms which exist to deal with such structures during
replication, recombination, and repair of the nuclear and mitochondrial genomes. The DNA
G- quadruplex field has also sparked interest in potential medicinal approaches that exploit
the unusual genomic architecture for targeting by G4 ligands and small molecule inhibitors
of DNA helicases and polymerases; however, the field is still in its infancy and there is a
significant amount of research required to assess its potential translational relevance.

Structure-based virtual screening to identify therapeutic G4-interacting compounds [136—
138], as alluded to in Section 2, combined with interdisciplinary approaches involving
biophysical and functional analysis /n vitro, genome G4 mapping, and /7 vivo cell-based and
animal models represent an exciting new area of investigation that offers clinical potential.
Since the first molecular description of G4 DNA over 50 years ago, it remains an exciting
journey in the coming years to unveil a deeper understanding of what was once a
controversial DNA structure that is projected to have medicinal value.
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Fig. (1).
A timeline of G-quadruplex nucleic acid discovery.
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Replicative DNA Pol
stalled by G4

Processing of G4 by replicative and translesion DNA polymerases. A) A G4 site in template
strand stalls the replicative polymerases pol 6 and pol e. B) Pol & and pol € are replaced by a
translesion polymerase. The translesion polymerase adds a nucleotide opposite the G4 site
and synthesis continues without resolving the G4. C) A G4 site in the template strand stalls
pol 6 and pol e. Synthesis resumes when PrimPol synthesizes a short ANTP primer

downstream of the G-quadruplex.
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Fig. (3).

Coordinated action of DNA replication proteins during synthesis past G4 obstacle. A) A G-
quadruplex DNA structure impedes leading strand synthesis during replication. As the CMG
complex unwinds duplex DNA at the replication fork, RPA binds to stabilize the exposed
single-stranded DNA. A 3" to 5" helicase, such as WRN or BLM, helps smooth over the G4
site, allowing the polymerase to synthesize the complementary strand. RPA heterotrimer is
represented by spheres of orange (RPA70), blue (RPA32), and yellow (RPA14). B) Leading
strand replication is again stalled by a G-quadruplex. The action of a 5’ to 3’ helicase, such
as FANCJ, RTELYZ, or PIF1, helps smooth the G-quadruplex in the direction opposite
synthesis, resolving the replication block. The helicase dissociates from the DNA to allows
the polymerase to proceed as synthesis continues.
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Table 1.

G4-resolving eukaryotic helicases and their proposed biological roles in G4 DNA metabolism.
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5’ to 3 DNA helicases
Helicase Cellular Function References
FANCJ DNA replication [13, 14, 58-60]
Epigenetic regulation [61]
RTEL1 Telomeric G4 resolution [62, 63]
PIF1 Genomic G4 DNA stability [15, 64]
DNA replication [24, 65]
DNA2 Telomeric G4 resolution [66]
XPD G4-regulated gene expression [67]
3’ to 5’ DNA helicases
Helicase Cellular Function References
WRN Telomeric G4 resolution [68]
G4-regulated gene expression [69-71]
Epigenetic regulation [61]
BLM Telomeric G4 resolution [72]
G4-regulated gene expression [69, 71, 73]
Epigenetic regulation [61]
RECQL1 * | Gé4-regulated gene expression [74]
XPB ™ G4-regulated gene expression [67]

*
DNA helicases shown to bind but not unwind G4 DNA
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