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1. Introduction

It has been known since the 1960s that some DNA sequences with
runs of adjacent guanines can assemble into helical arrangements of
stacked G-quartets, with each quartet comprising four guanines linked by
Hoogsteen hydrogen bonds."” G4s form under conditions of physiologic

Annual Reports in Medicinal Chemistry, Volume 54 © 2020 Elsevier Inc. 3
ISSN 0065-7743 All rights reserved.
https://doi.org/10.1016/bs.armc.2020.06.004


https://doi.org/10.1038/s41580-020-0236-x

4 F. Brad Johnson

pH and ionic strength, and some are as stable as, or even more stable than,
duplex DNA. Their stability derives from the hydrogen bonds as well as
from pi-orbital interactions among the quartets and from coordination by
the quartets of centrally located cations (principally thought to be K + within
cells). G4s are a polymorphic family of structures, which can be formed by
guanines within a single nucleic acid strand (unimolecular) or from multiple
strands (intermolecular). A minimum of two stacked quartets are required,
but stability generally increases with additional quartets. The orientations of
the phosphodiester backbones of G4s can vary, with all running in the same
5’ - 3/ direction (parallel) or two of them running opposite to the other two
(antiparallel) or with one of the four running counter to the other three
(hybrid). Furthermore, the glycosidic bond angles of the guanines can vary,
as can the sequences, lengths, and connectivity of the intervening loops.
There are also examples where a nucleotide interrupting what would
otherwise be a run of Gs is looped-out to enable uninterrupted stacking
of G-quartets to form a quadruplex. G4s can also form from RNA
sequences, a key difference from G4 DNA being that G4 RNAs favor
parallel folds. Thus rather than being a uniform structure, G4s are a family
of interrelated nucleic acid folds.

Interest in the possibility that G-quadruplexes might play roles in biology
grew as it became evident that sequences with the capacity to form G4s (at
least in vitro) existed within telomeres and near the promoters of oncogenes.”
The identification of proteins that can bind and process G4s with high aftin-
ity and some degree of selectivity, including transcription factors, compo-
nents of telomere chromatin, helicases and nucleases, further stimulated
interest, as did the discovery and design of small molecules that could bind
. The earliest tests of
G4 biology yielded intriguing, yet often inconclusive findings, and it is

and stabilize G4 folds (some early reviews include’ )

probably fair to characterize the view of most biologists until at least the
mid-2000s as one of high skepticism concerning the physiologic importance
of G4s. However, the discovery that sequences with the potential to form
unimolecular G4s are abundant in the genomes of many eukaryotes,”” '
coupled with the knowledge that individuals lacking DINA helicases that
can remove G4s suffer from genome instability and transcriptional derange-
ments (e.¢. people with Werner and Bloom syndromes, who lack the WRIN
and BLM helicases, respectively; reviewed in'') convinced many investiga-
tors that at least G4s, if not prevented from forming, might in some way con-
tribute to pathology. Supporting this view are the findings that bacterial
transcriptomes are depleted of potential G4-forming sequences and that



Fundamentals of G-quadruplex biology 5

artificial introduction of G4 RNA inhibits bacterial growth, whereas in
mammalian cells RNAs with G4 forming potential appear to be predomi-
nantly unfolded.'” Similarly, the most thermodynamically stable, and genet-
ically unstable, G4-forming sequences were found to be depleted in most of
600 species analyzed.'” In contrast, evidence that G4 forming sequences
are evolutionarily conserved and overall are over-represented in many
genomes, including that of humans, suggests that they must overall be of
some benefit.'* Regardless, investigation continued, and as described below,
a large body of evidence now supports a variety of normal, as well as
pathologic, roles for G4s in biology.

In this chapter I discuss (i) some basic experimental approaches to the
investigation of biological G-quadruplexes, and (i) highlight some of the
evidence indicating their importance in particular biological processes.
[ also briefly discuss some of the more exciting and recent findings in the
field, and it provides warnings about some of the many experimental
difficulties that can accompany biological G4 investigations.

2. Experimental approaches to G-quadruplex biology
2.1 Some general principles and potential pitfalls

It is relatively challenging to demonstrate the existence and functions of
G-quadruplexes in biological contexts, although as detailed later in this
chapter, experimental findings have overall provided strong support for
the importance of G4s in a remarkable range of biological processes. The
challenge stems from several facts, chief among them that the presence or
absence of a G-quadruplex reflects whether or not a particular nucleic acid
has adopted a G4 conformation, rather than simply the absence or presence
of the underlying nucleic acid itself. The fact that G4s are a family of related
conformations, rather than a single structure, also adds to the difficulty of
developing probes that can detect a range of G4 structures, while also
maintaining high affinity and selectivity. Overall, it is important to under-
stand that methods for detecting G4s unambiguously in biological contexts
are not yet available, although the use of several independent methods can be
used to build a strong case for G4 involvement in particular contexts.
One way to illustrate the challenge of accurately detecting G-quadruplex
folds in biology is to compare the experimental approaches taken to explore
G4 biology to those used to investigate the function of individual genes.
One of the most revealing ways to understand the function of a gene is
to examine the consequences of its selective inactivation, which has become
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quite straightforward through the use of genome editing (e.¢. via CRISPR).
Any resulting changes in cell or organismal behavior reflect the normal func-
tion of the gene. Although some of the changes will be direct and others
indirect, the fact remains that all of the changes are ultimately attributable
to the gene itself. Furthermore, inactivation of a gene provides a critical con-
trol for testing the fidelity of probes for the RINA and protein products of the
gene, e.g. antibodies and small molecules. Such probes are themselves essen-
tial for understanding the mechanisms by which the gene exerts its eftects,
for example by enabling the subcellular location and levels of a protein
encoded by a gene to be monitored. Biological contexts are highly complex,
and so a probe must distinguish with high selectivity among a large number
of potential targets. For example, a typical human cell is estimated to contain
10*-10° different proteins, and it is not uncommon for a probe of any given
protein to react to some degree with additional proteins. Moreover, the rel-
ative abundance of different biomolecules can vary widely, e.g. concentrations
of different proteins in human cells range over more than six orders of mag-
nitude.'” Thus even a probe with 1000-fold selectivity for a low abundance
target vs a highly expressed and unintended target could conceivably bind pri-
marily to the unintended target. Therefore, only if the reactivity of a probe is
abolished by inactivation of the gene encoding its intended target, can it be
concluded safely that off-target reactivity will not confound experimental
findings; i.e. probe reactivity indicates the presence of the target.

The chain of inferences just described concerning the elucidation of gene
function, and the confirmation of probe specificity for gene products, cannot
be made in a similar fashion for G-quadruplexes in biological settings, for
several reasons. First, although it is possible to reduce or eliminate the
G4-forming potential of a particular nucleic acid via mutation of its
sequence, any resulting changes in the function of that nucleic acid cannot
necessarily be attributed to G4 loss per se, because the change in sequence
could (and will likely) impact additional functions of the nucleic acid that
are unrelated to G4 formation. For example, consider a DNA sequence near
a gene promoter that forms stable G4s in vitro, and which has clear effects on
the rate of transcription from the promoter in vivo. If mutation of the
sequence to reduce its G4 forming potential alters the rate of transcription,
this could reflect a change in binding by a sequence-specific duplex
DNA-binding transcription factor protein, rather than a change in G4 sta-
bility. Compounding this problem is the common experimental practice of
mutating several Gs within a G4-forming sequence to test the biological
consequences, when in principle, mutation of a few guanines (in some cases
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a single G) should significantly diminish G4 stability. Second, there is no
known way to selectively remove all G4s from a biological context, and thus
the specificity of G4 probes cannot currently be confirmed in a global fash-
ion. Third, and perhaps most importantly, a probe for a G4 can be expected
to stabilize the conformation that it detects (because its reactivity is based on
having a surface energetically complementary to its target), and it can there-
fore be difficult to know to what degree the detected G4 existed prior to appli-
cation of the probe. These and additional potential pitfalls are discussed in
Sections 2.2-2.7, which provide commentary on some of the experimental
approaches used to explore G4 biology.

2.2 In silico approaches

Algorithmic approaches to identifying sequences with the potential to form
G4s have been essential to the investigation of G4 biology. Recently, these
were reviewed comprehensively,'® and only a few key points will be dis-
cussed here. The algorithms generally identify short stretches of nucleotides
along one nucleic acid strand that contain four runs of at least two, but more
typically three or more Gs, separated by one or more loop nucleotides of any
type. In this chapter, such sequences are referred to as G4 “motifs,” so as to
distinguish them from actual G4 folds, because it is not yet possible to know
precisely the propensity of an arbitrary such sequence to form a G4, in vitro
and especially in vivo. G4 motifs are typically sought on one strand given the
generally entropic favorability of intramolecular folds vs those requiring dis-
parate strands to associate into intermolecular G4s, together with the reason-
able assumption that G4 DNA is most likely to form when DNA is in a
single-stranded form (e.g. during replication) and thus has diminished com-
petition with duplex formation. However, it is worth mentioning that
G-runs on different, nearby strands of a duplex could conceivably rearrange
to form intermolecular G4s, for example under the influence of G4 binding
proteins and torsional stresses driving duplex unwinding. Algorithms for
identifying such duplex-derived intermolecular G4s have also been
described, although to date they have not revealed much evidence of such

. . . 17,18
G4 formation in vivo. "

For intramolecular G4 searches, exactly how long
the overall motif can be is not definite, although in vitro G4 stabilities are
generally higher for shorter motifs, and if at least two of the loops are very
short,'” and parallel folds are favored when at least one of the loops is only
one nucleotide long.”” Some of the most commonly used open-source algo-

rithms with web interfaces are G4 Hunter (http://bioinformatics.ibp.cz),
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PQR Sfinder (https:/pgstinder.fi.muni.cz/), QGRS (http://bioinformatics.
ramapo.edu/QGRS/index.php) and G4RNA screener (http://scottgroup.
med.usherbrooke.ca/G4RINA_screener/).

Several approaches have been used to improve the predictive power of
in silico G4 algorithms. For example, G4Hunter incorporates data on the
in vitro stability of 392 G4 motifs.”' The G4RNA screener uses a machine
learning derived model based on experimentally verified G4 and non G4
RNA structures in the G4 RNA database.”” DNA and RNA G4-seq eval-
uate the genome and transcriptome-wide capacity of G4-motifs to impede
the progression of a DNA or RNA polymerases selectively under
G4-promoting conditions, typically the presence of K+ and the G4 small
molecule ligand pyridostatin (PDS), and can thus be used to refine in silico

14,23 . L - - - 24
including incorporation of machine learning approaches.

predictions,
Impressively, G4-seq has been used to compare the genome-wide
G4-forming potential of 12 different species.”” However, it is important
to understand that although G4-seq helps reveal the G4-forming potential
of different motifs in vitro, polymerases might also be impeded by other non-
G4 secondary structures, and moreover that bona fide G4s identified by
G4-seq and other in vitro approaches will not necessarily form in vivo.
Similarly, the use of G4 stabilities as measured in vitro may not be highly pre-
dictive of those formed in vivo. Even though they employ physiologic pH
and ionic strength, in vitro studies involve conditions that are otherwise quite
different from those in vivo, and which may substantially impact G4s. In par-
ticular, in vitro studies of intramolecular G4s are typically carried out under
dilute conditions, e.g. approximately 1 mM DNA, which is equivalent to
10 mg/mL for a 30-mer oligonucleotide and which is dramatically lower
that the approximate overall intracellular macromolecular concentration
of 400 mg/mL.”" Agents that mimic intracellular conditions by enhancing
molecular crowding and reducing water concentration (e.g. polyethylene
glycol) have been found to stabilize G4s vs duplex DNA and to favor parallel
vs other G4 folds.”>*” Moreover, the presence in vivo of G4 binding proteins
and unwinding helicases, histones and other chromatin proteins, phase-
separation of intracellular components to generate varied biochemical sub-
cellular chemical environments,”™ and regulators of topological DNA
stresses are very likely to have major, but so far largely uncharacterized,
impacts on G4 structure and stability.

Although in silico approaches are useful for identifying G4 motifs within
particular genes of interest, they also enable genome-wide association studies
to address the potential connection of particular factors of interest to G4
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biology. For example, the WRN and BLM DNA helicases unwind G4s
in vitro, and gene expression in cells lacking either of these helicases occur
preferentially for genes with G4 motifs, consistent with the notion that
G4 unwinding by these helicases impacts transcription.” > Although this
relationship does not hold for every gene, and thus cannot be predicted
for an arbitrary gene, such genome-wide association studies enable the sta-
tistical significance of the general relationship to be evaluated by effectively
testing it a large number of times. It is also important to consider in silico con-
trols to further evaluate such relationships, for example by demonstrating
that the relationship is weaker for motifs that imperfectly match G4 motifs,
e.g. sequences that would qualify as G4 motifs except that they are missing

one or two of the Gs required for G4 formation.”

2.3 Antibodies

Antibodies have relatively large and randomly generated protein surfaces
that have been subjected to strong selective pressure to achieve high target
affinity and specificity and are thus very useful probes of biomolecules.
Indeed, anti-G-quadruplex antibodies have provided some of the clearest
evidence of G4s in biology. Among the first, and strongest, such evidence
came from antibodies raised against G4s formed in vitro by the single-
stranded telomere DNA overhang sequence of the unicellular eukaryote
Stylonychia lemnae (T4G4T4Gy, which in vitro can form antiparallel G-G
paired hairpins, two of which can pair to form a G4). S. lemnae possess mac-
ronuclei that contain several million chromosome fragments with telomeres
at each end and are thus a rich source of whatever structures those telomeres
might form. Immunofluorescence microscopy revealed that macronuclei of
formaldehyde-crosslinked cells were stained using an antibody recognizing
parallel as well as anti-parallel G4s, but not with an antibody that binds only
parallel G4s, suggesting the telomeres might exist as the bimolecular G4s
observed in vitro.”" Interestingly, replicating chromatin was not stained, con-
sistent with the expectation that G4s should be removed by an advancing
replication fork. Nonetheless, there was uncertainty about the specificity
of antibody binding within the context of a complex biological substrate
and also about whether the staining might reflect G4s induced by the anti-
body, since molecular motion sufficient for G4 folding might occur even in
formaldehyde crosslinked cells. However, RNAi-based genetic depletion of
the telomere binding protein TEBPS abolished antibody staining,’” which
was particularly remarkable because the homolog of TEBPS in the related
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protist Oxytricha nova had been previously shown to catalyze G4 formation
in vitro.”® This demonstration that antibody reactivity depended on the pres-
ence in vivo of a telomere binding protein that itself was expected to promote
G4 folds, provided strong evidence for antibody specificity and that the telo-
meres form G4s naturally. Uncertainties remain, including what fraction of
telomeres are in a G4 state at any given time (and this fraction could
conceivably be low), and what exactly are the functions of the telomeric
G4s. Nonetheless, these landmark studies encouraged further biological
investigation of G4s.

The antibodies used for the S. lemnae studies are so-called single chain
antibodies (scFvs), in which variable regions of the heavy and light chains
that compose the antigen recognition surface of a natural antibody are syn-
thesized as a single polypeptide. This provides a convenient platform for ran-
dom mutagenesis and selection to generate antibodies against a target of
interest. Indeed, the Balasubramanian laboratory generated a set of anti-
G4 scFvs against a intramolecular parallel G4 formed by a DNA sequence
in the c-kit promoter (CG3;CG3;CGCGAG;AG,), including the scFvs hfl
and hf2.”>” These recognized several G4s and had approximately 1000-fold
higher affinity for these than duplex DNA. Another advantage of scFvs is
that they can be expressed in cells, and when hfl was expressed in a human
cell line, it altered the expression of genes with high G4-forming potential
preferentially vs those without such potential, supporting its specificity in an
in vivo context.”® The scFv BG4, which is widely used as a probe of G4s in
biology, was isolated in a similar fashion, and is remarkable for its capacity
to recognize a broad array of DNA and RINA G4 structures with nanomolar
affinity, while having substantially less affinity for some duplex and single-
7% The broad reactivity of BG4 for G4-forming
sequences is arguably surprising given the diversity of different G4 folds, and

stranded DNA sequences.

it would be interesting to investigate precisely which G4 features are bound.
Another anti-G4 scFv, called D1, was generated similarly against a G4
from the human BCL2 gene, and proved to have high selectivity for parallel
vs hybrid and anti-parallel G4s in vitro and to preferentially immunoprecip-
itate regions of chromatin from human cells having parallel G4 forming abil-
ity."" In addition to the above scFvs, a standard IgG type antibody, called
1H6, was generated using conventional monoclonal antibody techniques
against the tetramolecular parallel G4 DNA formed by (T4Gy),, and was
found in vitro to bind several (but not all) DNA G4 structures with
nanomolar affinity but not to several control RINA, ssDNA, and duplex
DNA sequences.



Fundamentals of G-quadruplex biology 11

Several observations support the capacity of the above antibodies to
detect G4s in vivo. For example, nuclear staining by BG4, D1 and 1H6 of
cultured human cells, as detected by immunofluorescence microscopy, is
augmented by small molecules that stabilize G4 formation.””*"*
Similarly nuclear 1H6 staining was enhanced by genetic deficiency for
the G4-unwinding FANC] helicase in human cells, and telomere staining
by BG4 was increased by genetic deficiency for the G4-unwinding
WRN and/or BLM helicases in mouse cells.**** Furthermore, BG4 and
D1 staining increases during S-phase as would be expected if G4s form from
the single stranded DINA that is exposed during DNA replication (and at
least in the case of D1, staining returns to baseline levels in the G2/M phase,
demonstrating elevated S-phase staining is not simply caused by a doubling
of DNA content).””"!

However, it must be stressed that within a biological context none of the
above findings ensures that any of the antibodies will detect a given G4 in a
sensitive fashion nor G4s in a selective fashion. First, an increase in reactivity
following manipulations that promote G4s, for example observing addi-
tional nuclear foci upon antibody staining following treatment with a G4
binding ligand, does not prove that the reactivity under normal conditions
is due to G4s. In other words, even though the manipulation may increase
reactivity by enhancing the levels of G4s, this does not prove that the pre-
manipulation reactivity was due to natural G4s (e.g. it could be cross-
reactivity with a non-G#4 target). Second, reactivity with the full range of
potential targets present in a cell has not been assessed for any of the anti-
bodies in vitro, but emerging data are already raising concerns. Indeed, it
has been found that 1H6 has poor affinity for G4s lacking thymidines in their
sequences, and moreover can bind with high affinity to poly-T single
stranded DNA." In the case of BG4, a recent DNA microarray survey of
~24,000 G4 and non-G4 forming sequences found that although the anti-
body binds to a wide array of G4s, it also binds to many ssDNA sequences
incapable of forming G4s, to some even more strongly than to Gd4s."
Although these findings have not yet been validated by independent studies,
it raises important questions about the many reports using BG4 reactivity to
indicate G4s. Third, even if an antibody is shown to fully discriminate
among different nucleic acids in vitro, it may yield misleading information
in a biological context because it could bind a cross-reactive non-nucleic
acid species or because it could induce a G4 fold artifactually.
Demonstrating that antibody binding can be blocked with an excess of
G4 competitor is encouraging, but it does not rule out the possibility of
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binding to a cross-reactive target (i.e. if the G4 and cross-reactive molecule
bind to overlapping surfaces on the antibody, they will compete with one
another even though they are distinct molecules). The most convincing
way to confirm specificity would be to demonstrate an absence of binding
after all G4s have been selectively removed in vivo, e.g. by overexpressing a
pan-G4-unwinding helicase (and DHX36 may be such a candidate™), but
such findings have not been reported. Nonetheless, the specificity of the par-
allel G4-specific scFv D1 is suggested by the observations that nuclear and
telomere staining are diminished when cells are treated with the berberine
derivative Ber8, which binds anti-parallel G4*'; presumably Ber8 converts
the targeted parallel G4s to anti-parallel folds, but this has not yet been
directly demonstrated. Overall these considerations indicate that binding
of G4 antibodies to biological samples per se should not be assumed to reflect
bona fide G4 structures. However, it is equally important to acknowledge that
even imperfect probes for G4s can be very useful, provided appropriate
controls are included and results are not overinterpreted.

2.4 Chromatin immunoprecipitation

Chromatin immunoprecipitation (ChIP) is a powerful approach to under-
standing the distribution across the genome of the various protein, RINA and
DNA components that contribute to regulated gene expression, replication,
and repair. The standard approach is to covalently cross-link proteins to each
other and to nucleic acids within cells or tissues (typically with formalde-
hyde), and then isolate and fragment the chromatin into stretches of a
tew hundred DNA base pairs. The levels within each fragment of a feature
of interest, e.¢. a histone post-translational modification, can be determined
by immunoprecipitating the fragments with an antibody that binds the
feature, and then quantifying the relative efficiencies of fragment recovery,
usually by using quantitative PCR (ChIP-qPCR) or next generation
sequencing (ChIP-seq). ChIP using this approach and the G4 antibody
BG4 has been reported,” and the results are consistent with the idea that
naturally formed G4 folds are being detected. In particular, ChIP-seq with
BG4 revealed that sequences with G4-forming potential, particularly in
nucleosome depleted promoter regions, are more efficiently precipitated
(i.e. “ChIPed”) than those not predicted to form G4s.

There are several caveats that should be considered in interpreting G4
ChIP data. First, it is conceivable that during isolation and immunoprecip-
itation of chromatin natural G4 folds might be lost, or alternatively, formed
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artifactually. The DNA within crosslinked chromatin will have some degree
of conformational freedom, and although the crosslinking of proteins to the
DNA might restrain changes in G4 folds to some degree, it is not clear that
this is enough to prevent bulk changes in G4 formation or disassembly. An
interesting approach that avoids potential losses and gains of G4s during
chromatin 1solation is to express anti-G4 scFvs within cells, which can thus
be crosslinked in vivo to native chromatin prior to its isolation. Indeed, this
approach was used for the hfl and D1 scFvs, which were expressed in yeast

. . . 41,47
and cultured human cervical carcinoma cells, respectively.”

In the yeast
case, telomeres were ChIPed by hfl only under genetic conditions where
G4s were expected to form (see Section 3.5 below™). In the human case,
ChIPed chromatin was primarily gene-associated and enriched for DNA
sequences that form parallel G4s in vitro, consistent with the demonstrated
specificity of D1 for parallel G4s in vitro, and supporting the idea that D1
binds bona fide parallel G4s within chromatin.”' However a second caveat
is that anti-G4 antibodies are expected to induce the G4 folds to which they
bind, as discussed above. Such artifactual G4 could be induced by scFvs
expressed in vivo, as well as during antibody incubation with chromatin
in vitro during standard ChIP (e.g. by BG4), and therefore ChIP evidence
of G4 formation should be interpreted with caution. A third caveat involves
so-called high-occupancy target (HOT) regions, which correspond to
regions of chromatin, typically the promoters of highly expressed genes, that
are recovered in ChIP experiments against a large number of different indi-
vidual proteins, and thus have also been referred to as “hyper-ChIPable”
regions. HOT regions were recently found to overlap with loci ChIPed
by BG4."""" Importantly, HOT ChIP peaks are often artefactual, as can
be demonstrated by performing a control ChIP experiment on samples in
which the protein targeted by the antibody has been removed by genetic
deletion of the gene encoding it; any remaining ChIP signal cannot be
due to the binding of the intended target, and such residual binding is typical
for HOT regions. As discussed above, this control experiment is difficult to
carry out for G4 targets, raising some uncertainty about G4 ChIP findings.
Because HOT regions, like BG4-chipped loci, tend to be nucleosome-
depleted, it is possible that the positively charged, G4-binding surface of
the antibody is prone to bind DNA exposed by nucleosome depletion.
Regardless, these considerations emphasize the need for studies to demon-
strate whether G4 ChIP efficiency can be diminished using chromatin
isolated from in vivo settings where natural G4s are likely to have been
unwound (e.g. after overexpression of a pan-G4 unwinding helicase), thus
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providing evidence that the baseline level of G4s are neither induced by the
antibody nor are they explained by HOT features.

As an aside, the scFv hf2 was used to immunoprecipitate purified human
genomic DNA, and the recovered sequences were enriched for G4 forming
potential, indicating this scFv preferentially binds G4s within the context of
genomic DNA." Although the experiment described in this report has been
frequently referred to as “ChIP” in subsequent literature, it is important to
consider the differences between naked genomic DNA and DNA within the
context of crosslinked chromatin, particularly with respect to the potential
of an added antibody to induce G4 folds.

2.5 Small molecules

A large number of small molecule G4 ligands have been designed or identified,
and can be explored in the G-quadruplex Ligands Database (G4LDB) (http://
www.g4ldb.org/ci2/index.php). A few of the ones used commonly in biology
are discussed Dbriefly here, including the porphyrins 5,10,15,20-
tetra(N-methyl-4-pyridyl)porphyrin (TmPyP4) and N-methyl mesopor-
phyrin IX (NMM), the bisquinolinium PhenDC3, the N,N -bis(quinolinyl)
pyridine-2,6-dicarboxamide pyridostatin (PDS), and the pentacyclic acridine
RHPS4.”" > More detail about small molecule G4 ligands can be found in
the other chapters of this volume, and in several outstanding reviews
(e.g.”>”"). All of the compounds just mentioned are capable of binding G4s
with equilibrium dissociation constants in the submicromolar range, and of sta-
bilizing G4 folds, but they differ in some important respects. First, TmPyP4 has
only a few-fold higher affinity for G4s vs duplex DNA due to its ability to bind
the minor groove of the latter.”'”® This contrasts with the porphyrin NMM,
which unlike TmPyP4 and many other G4 small molecule ligands is anionic
and thus generally repelled by nucleic acids, making it a highly selective G4
ligand; it appears to derive its ability to stack on the quartet face of G4
DNA from a slight aplanarity caused by its central methyl group.””
Remarkably, NMM is also capable of selectively binding and inducing parallel
G4 folds.” Phen-DC3, PDS, and RHPS4 are also highly selective for G4 vs
duplex DNA, and RHPS4 also has the interesting property of accumulating
preferentially in mitochondria when added to cells at low doses.”’ Some small
molecule ligands can fluoresce when bound to Gd4s, eg. NMM and
N-TASQ"* ** making them potential visual reporters of intracellular G4 for-
mation. Also, it is worth mentioning that although the impact of small mole-
cule G4 ligands on cell biology is typically interpreted as a reflection of G4
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stabilization, it is important to also consider that displacement of natural ligands
from G4s, e.g. proteins or endogenous porphyrins, could be involved.

Goals for the design of small molecule G4 ligands include the selective
targeting of G4s vs other nucleic acids, and selective targeting of particular
G4 structures, for example to repress expression of particular oncogenes.
These are formidable aims. The steady state level of G4 DNA in vivo is not
known, but it seems likely to be less that 1% of total DNA. Thus even a ligand
that has 100-fold selectivity for G4 vs duplex DNA would at best be equally
distributed between G4 and duplex targets in aggregate; of course the level of
the ligand would be lower for any particular duplex DNA target than for any
particular G4, but depending on how the ligand functions, this might still be
problematic. Furthermore, designing compounds that bind selectively to par-
ticular G4 folds is also challenging, although great progress is being made as
described in other chapters in this volume. Among the clever approaches
being taken are the design of multifunctional molecules that bind to G4s hav-
ing particular loop sequences and topologies, to several neighboring G4s at
once, or to G4s and flanking duplex DNA in a sequence-specific fashion
(reviewed in’”).

From a biological perspective, it is interesting that porphyrins are excel-
lent ligands for G4s,”” raising questions of whether natural porphyrins might
impact G4 biology. In fact, recent study raised new suggestions for how G4s
might impact cellular oxidative stress, in particular by sequestering heme.””
Heme is an ancient molecule found in most forms of life and is an essential
cofactor for many enzymes but is toxic when free, due to reactive oxygen
species generated by the iron it carries. The study provided evidence that
small molecule G4 ligands, particularly PhenDC3 and AQ1, which are
unrelated to heme other than sharing an affinity for G4s, can displace heme
from cellular G4s in human cells. Such displacement was inferred by the
strong upregulation in cells treated with the ligands of genes involved in
heme degradation, particularly HMOX1, and in iron transport including
FTH1, FTL1, and genes involved in vacuolar acidification. Of note, these
findings are consistent with studies in yeast, which found enrichment for G4
motifs in the promoters and ORFs of genes involved in iron metabolism,
and that genes required for vacuolar acidification are the most important
for providing resistance to growth inhibition by the G4 ligand NMM. "
Thus it is possible that DNA or RINA G4s can serve to protect against
heme-induced oxidative damage overall, but might also sacrifice themselves
to such damage.”® Because heme may be a natural ligand for G4s, these find-
ings raise the possibility that G4 biology might be impacted by genetic
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defects in heme synthesis, which cause a group of diseases called porphyrias,
which are characterized by skin, nervous system, and other defects.”’
Environmental exposure to lead might also affect G4s, given that this element
inhibits heme synthesis and can also bind within G4s itself.”® Furthermore,
given that heme catalytic activity is fine-tuned by the different proteins in
which it binds, it is interesting to speculate about the possibility that G4s might
similarly influence heme catalytic activity in vivo, as they can for hemin

. . 69
n vitro.

2.6 Microscopy

The colocalization as determined by light microscopy of antibody or small
molecule staining with subcellular features expected to form Gds, e.g.
nuclear foci and nucleoli, or even simply entire nuclei or mitochondria,
is often taken as evidence for G4 formation in vivo. However, it is important
to acknowledge the resolution limits of this technique, at roughly half the
wavelength of the light used to visualize samples, i.e. no less than approxi-
mately 0.2 pm, which is about the diameter of a typical E. coli cell. Clearly
there are molecules not actually associated with one another that lie within
this distance of one another in vivo, and so it is important not to over-
interpret such colocalization data. Super resolution microscopy techniques
can enhance resolution approximately 10-fold, but this approach does not
yet appear to have been taken in studies of subcellular G4 localization.
Electron microscopy, in contrast, can provide more definitive evidence of

molecular associations and has begun to be used for G4 studies.”””"

2.7 Genetic approaches

Genetic approaches are critical to understanding the functions of
G-quadruplexes in biology. Genetics can provide an avenue for directed,
hypothesis-driven questions, and some general thoughts as well as specific
examples of this are discussed throughout the chapter. However, one of
the most powerful types of genetic approach is the so-called “genetic
screen.” These provide information about which parts of the genome
impact a phenotype of interest, e.g. sensitivity to a G4 stabilizing ligand.
They do this by showing that this phenotype is altered when a region of
the genome, potentially as small as a single base pair, is mutated from the
norm. The power of genetic screens derives precisely from the fact that they
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require no a priori knowledge of what these regions of the genome might be.
In a well-designed screen, important and often unanticipated clues to the
underlying biology will emerge.

The first genetic screen aimed at understanding G4 biology was con-
ducted in the yeast S. cerevisiae.'” It addressed which gene deletions cause
yeast cells to be hypersensitive or resistant to growth inhibition by the small
molecule G4 ligand NMM. As discussed above, NMM is a highly selective
ligand for parallel G4s, including that formed by telomere repeats. Deletion
of genes regulating telomere function, protein ubiquitination and chromatin
structure were among those most strongly influencing NMM sensitivity,
including those impacting the post-translational modification (PTM) of his-
tone H3 on lysine 4 by methylation (of note, this histone PTM, H3K4me,
has also been connected to G4 chromatin changes in vertebrates (see
Section 3.1, below)). Recently, similar screens were reported in two cul-
tured human cancer cell lines, which used genome-wide shRINA knock-
downs of protein coding genes to identify those that normally guard
against cell growth inhibition by the G4 ligands PDS and Phen-DC3."""
Hypersensitivity to either or both compounds occurred preferentially when
there were reductions in the activities of genes impacting gene expression,
DNA replication, telomeres, mRINA splicing, ribosomes, and ubiquitin-
mediated proteolysis, supporting roles for G4s in these processes. Because
PDS and Phen-DC3 are structurally distinct compounds, and thus are likely
to have different “off-target” (i.c. non-G4 related) effects, genes that mod-
ulate cell responses to both compounds are the most likely to be G4-specific,
and interestingly, the screen yielded the highest level of enrichment for
cancer-related genes when this subset was considered. Also of note, the four
genes that are required for resistance to both compounds and in both cell
lines, are TOP1, BRCA1, DDX42 and GARI1, consistent with G4 roles
in DNA replication and recombination, transcription, and translation.
A caveat of this screen was that it was carried out in cancer cells that have
various mutations that may perturb the impact of G4 ligands, e.g. they
carry oncogenic mutations hyperactivating the RAS/BRAF/MAPK path-
way, which is known to enhance replication fork collapse in telomeres.””
Furthermore, to what degree the above screens provide information primar-
ily about the impact of small molecules that stabilize G4s or rather about
natural G4 biology per se is not yet clear. Screening for genes that modulate
responses to genetic stabilization of G4s (e.¢. deletion of G4 helicases) or to
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G4 destabilization (by pharmacologic or genetic means) may be informative
in this regard. Finally, it would be interesting to carry out parallel screens
with structurally similar small molecules that have much less or no G4 sta-
bilizing activity to further rule out potential G4-unrelated eftects of the
compounds, e.g. mesoporphyrin IX in place of NMM, or Bipy-DC3 in
place of Phen-DC3.7"

Genetic approaches can also enable hypothesis-directed investigation.
For example, the Rap1 protein from the yeast S. cerevisiae was one of the
first G4 binding proteins described.” Rap1 also binds in a sequence-specific
fashion to G-rich duplex DNA, and it uses such binding to localize to telo-
meres and to the promoters of approximately 5% of all yeast genes, including
those encoding ribosomal proteins.”” At telomeres it functions to prevent
end-resection by nucleases, regulate telomere lengthening by telomerase,
and to recruit the Sir2/3/4 protein complex that forms heterochromatin
and which can repress the transcription of nearby genes, whereas at most
of its other genomic targets it cooperates with various other cofactor proteins
to instead activate transcription. An obvious question thus arises: which of
these functions require G4 binding, duplex DNA binding, or both? Simply
deleting or overexpressing the gene encoding Rap1 cannot answer the ques-
tion, because all Rap1 functions would be affected. However, structural
studies have revealed that different faces of the Rap1 DNA binding domain
engage each type of DNA target,”® and thus it may be possible to test the
in vivo consequences of mutant Rapl proteins selectively deficient in G4
or duplex DNA binding (i.e. so-called “separation of function” mutations).
Also of note, nucleosome displacement by Rap1 is coupled to its ability
to activate transcription, and a small patch of amino acids in the Rapl
DNA binding domain required for direct binding of Rap1 to histone H3
and for nucleosome displacement was mapped recently.”” Given the appar-
ent connections between G4 DNA and nucleosome occupancy (see
Section 3.1, below), it would be of interest to test whether G4-binding sur-
faces of Rap1 might also be involved in nucleosome displacement. The sep-
aration of function mutation approach could be of general use when
investigating the functions of G4 interacting proteins, because it appears
to be more often than not the case that such proteins have more than
one cellular role. For example, G4 DNA-unwinding helicases in the
RecQ family, such as human WRN and BLM and yeast Sgs1, appear to tar-
get G4s primarily via their so-called RQC domain (e.g. see Sections 3.2 and
3.4), but this domain is also important for the processing of other DNA

78,79
structures.
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3. Biological processes impacted by G-quadruplexes
3.1 Chromatin

Genomic DNA is organized by a variety of proteins and RINAs into
chromatin, the heart of which is the nucleosome, comprising two copies
each of the core histone proteins H2A, H2B, H3 and H4 and the approx-
imately 147 bp of DNA wrapped around them. The occupancy of nucleo-
somes within a region of DNA, as well as the organization of nucleosomes
and post-translational modification (PTM) of their histones, can influence
the recognition of DNA by the various factors that carry out its transcription,
replication and repair. Euchromatin and heterochromatin refer to regions of
relatively open and active chromatin vs more compact and silent chromatin,
and whereas the transcriptional start sites of actively transcribed genes tend to
be nucleosome-free, euchromatic and heterochromatic regions appear to
have similar nucleosome occupancies overall.”’ Early evidence in yeast,
C. elegans, and human cancer and helper T-cells indicated that gene pro-
moters containing G4 motifs have reduced nucleosome occupancy, and
subsequent studies have provided additional support for the idea that
G-quadruplexes might generally tend to interfere with the wrapping of

104681755 1t is now evident that the interplay of

DNA into nucleosomes.
G4s and chromatin is more complex and extends beyond nucleosome occu-
pancy. For example, electron microscopy studies using the 1TH6 antibody
indicate that despite associations of G4s with active, and thus nucleosome
free promoter regions, they might actually be more abundant within
heterochromatin than euchromatin.”’ Moreover, there appear to be numer-
ous interactions between G4s and the histone PTMs and chromatin remo-
deling enzymes that regulate nucleosome assembly, disassembly, and
positioning, as first suggested by genetic studies in yeast.'” For example,
the chromatin remodeler and G4 binding protein ATRX deposits the
H3.3 variant of histone H3 within telomere chromatin, and experimental
reduction in H3.3 levels enhances telomere recombination (sister chromatid
exchanges) in response to treatment with the G4 stabilizing ligand
TmPyP4.5*° Plausibly connected to this H3.3 biology, during transcrip-
tion of telomere DNA into TERRA RNA, ATR X suppresses the accumu-
lation of telomere R-loops, which may enable G4s to form on the G-rich
displaced telomeric DNA strand, and furthermore, ATRX deficiency itself
confers greater sensitivity to the toxicity of the G4 small molecule ligand
CX-3543.""%" Another example of G4-chromatin interactions involves
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the LSD1-CoREST complex which can demethylate the lysine 4 and 9
residues on histone H3, and which may be recruited to telomeres by G4
RNA formed by TERRA and to the transcriptional promoters of the
CDKNI1A and hTERT loci by G4 DNA.” ”* Furthermore, studies in
chicken DT40 cells have revealed that G4 motifs can disturb the transmis-
sion of epigenetic information that normally maintains the repressed or
active transcriptional state of genes through rounds of DNA replication
by recycling H3K4 and H3K9 methylated histones from nucleosomes ahead

93,94
*”" That such chroma-

of the replication fork to those reforming behind it.
tin changes are mediated by bona fide G4s is supported by the abilities of the
WRN, BLM, REV1 and FANC]J G4 unwinding helicases to alleviate the
impact of the G4 motifs, and by the capacity of the PDS-related small
molecule PDC12 to stimulate this epigenetic reprogramming.”””
Covalent modifications to DNA itself, particularly methylation of the 5
position of cytosine (5mC), can also impact chromatin structure and
function, including G4s. 5mC can stabilize G4 folds via enhancement of base
pairing between cytosines, and the de novo human DNA methyltransferases
DNMT3a and DNMT3b bind G4s avidly in vitro.”””® However genome-
wide studies in normal human cells found lower levels of 5mC at G4
motifs,”” suggesting G4s might generally limit 5mC modification of DNA.
In addition, oxidative modification of G4s has been suggested to serve as
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an epigenetic modification.

3.2 Transcription

Some of the earliest evidence for G4 biology came from studies of transcrip-
tion, particularly those focused on G4 motifs in the promoter regions of
oncogenes such as MYC.""" " These studies are discussed in detail in sev-
eral of the other chapters of this volume, and have also been extensively

reviewed (e.g.'"")

. Overall, there is evidence that G4s, depending on con-
text, can either enhance or inhibit transcription. Additional evidence for G4
involvement in transcription came from the observation that G4 motifs are
over-represented in the upstream promoter regions of many organisms, and
that treatment of yeast and human cancer cells with small molecule G4
ligands preferentially impacts the mRINA levels from genes with G4 motifs

. . . 9,10,105
near their transcription start sites. N

Similarly, selective modulation of
transcript levels from genes containing G4 motifs has been observed in cells
lacking the RecQ family G4 unwinding WRN, BLM or Sgsl heli-

cases.'"?” % Also in support, ChIP for the XPB and XPD helicases, which
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bind, and bind and unwind, respectively, G4s in vitro, showed enrichment at
G4 motifs especially near the transcriptional start sites of highly expressed
genes.' " For the WRN and BLM studies, there were several interesting dif-
ferences in the findings reported, most notably that the first study showed
that transcripts from genes with G4 motifs are upregulated by loss of
WRN or BLM, whereas the later studies observed downregulation. This
difference has not been explained, but it is interesting that the first study used
cells grown in 3.5% oxygen, which is considered to be more physiological

107 -
Given the sus-

than the ambient oxygen levels used in the later studies.
ceptibility of G4s to the oxidative modification 8-oxoG, which can impact
G4 stability and conformation, and can interfere with transcription, along
with the facts that there are defects in the repair of oxidatively damaged
DNA in WRN and BLM mutant cells and that G4 oxidation has been linked
to transcriptional regulation, it would be interesting to explore whether such
G4 oxidation might contribute to the different findings.'"® ''”

The exact mechanisms by which G4s regulate transcription are not well
understood in most cases, but they can apparently affect RNA polymerase
initiation, promoter-proximal pausing and elongation (reviewed by''’).
Some of the underlying mechanisms appear to involve recruitment of
G4-binding transcription factors or exclusion of duplex binding transcrip-
tion factors, regulation of histone PTMs, and nucleosome exclusion from
the transcription start site and from transcription factor binding to regulatory
sites, as discussed above. Furthermore, RNA polymerase progression may be
impeded by G4s formed in front of the polymerase on the template strand, or
by R-loops left behind by an advancing polymerase and stabilized by G4s on
the non-template strand, thus interfering with subsequently initiated RINA
polymerase. Conversely, G4s on the non-template strand might stimulate
elongation by preventing re-annealing of the non-template with the tem-
plate strand, as originally proposed for the ribosomal DNA which is gener-
ally highly transcribed and has numerous G4 motifs on the non-template
strand.”’

3.3 Messenger RNAs

The naturally single stranded nature of RNA, together with the fact that
RNA G4s tend to have higher stability than DNA G4s in vitro has provided
impetus to investigate the potential biological functions of RNA G4s.
Molecular, biochemical and in silico approaches have identified numerous
RNAs with G4 motifs that can form stable RNA Gds in vitro.' > 117
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However, the abundance in eukaryotic cells of single-stranded RINA bind-
ing proteins, e.g. the heterogeneous nuclear ribonucleoprotein proteins
(hnRNPs) and many RNA helicases with G4-unwinding properties
(reviewed in''®), might prevent the accumulation of RNA Gd4s in vivo.
Indeed, chemical probing of RNA within cultured human stem cells, mouse
fibroblasts and yeast indicated that RNAs are almost entirely not in G4 con-
formations.'” This held true even after ATP (required for helicase action
generally) or the DHX36 G4-unwinding helicase had been depleted from
cells. These findings are very important, although they still leave open the
possibility that G4 RNA could form transiently or under special circum-
stances and thus impact biology. Furthermore they are compatible with
the capacity of G4-stabilizing ligands to have significant impacts on biology.

Numerous studies have indicated potential roles for G4s in mRINA splic-
ing, transport, stability and translation. For example, G4 motifs are associated
with the use of alternative splice sites in the TP53 and BACET mRNAs,
which can be modulated with the G4 ligand 360A or the hnRINP
H protein, respectively.''”'* The PSD-95 and CaMKIla mRNAs have
G4 motifs in their 3° UTRs, which appears to mediate their intracellular
localization to the neurites of neurons via binding to the Fragile-X mental
retardation protein (FMRP).'*' Strongly supporting the functional impor-
tance of UTR G4 motifs is the recent demonstration that such motifs are
under strong selective pressure and are enriched for RNA-binding protein
interactions and for cis-eQTLs (expression quantitative trait loci), i.e.
sequence variants that explain expression level differences of the mRNAs
in which they reside.'”” With regard to translation, G4 motifs are often
found in 5 UTRs, and such motifs in the NRAS 5’ UTR are associated with
inhibition of translation, which can be enhanced with G4 small molecule
ligands.'>"** A different type of G4-associated translational inhibition
was revealed by transcriptome-wide ribosome profiling, which demon-
strated that G4 motifs within 5> UTRSs are associated with the translation
of so-called upstream open reading frames (uORFs).'”> uORFs are short
open reading frames upstream of the main ORFs within mRNAs, which
inhibit translation of the main ORFs, and such inhibition was enhanced
by deletion of the G4 unwinding helicases DHX9 and DHX36, supporting
roles for G4s. G4 motifs are relatively underrepresented inside of ORFs, and
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when present tend to stall advancing ribosomes.'** '** This connects with a

newly discovered and active mechanism of canonical mRNA cleavage called

ribothrypsis, which occurs in response to transient stalling of ribosome pro-
9

gression along the mRNA.'” Ribothrypsis involves endonucleolytic
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cleavage of the mRINA as it emerges from the ribosome channel, and is
strongly associated with G4 motifs immediately ahead of the advancing
ribosome.

3.4 Replication and genome stability

The unwinding of the DNA duplex and the generation of free DNA ends
that are essential to replication puts the genome at risk for mutagenic events,
and several lines of evidence implicate G4s in many aspects of these pro-
cesses. With regard to replication, G4s appear to be involved in both
initiation and the progression of replication forks. The replication of geno-
mic DNA initiates at origins, which in metazoans are preferentially associ-
ated with OGREs (origin G-rich repeated elements) that lie approximately
250-300 bp 5’ from the initiation site. OGREs form G4s in vitro, apparently
favoring parallel folds, and in murine cells were found to be required for full
origin activity and to be sufficient to induce origin activity when inserted in
an ectopic genomic location.”" In support of G4 participation in OGRE
function, treatment of cells with the PhenDC3 G4 ligand caused origins
to form at novel sites containing G4 motifs, whereas it suppressed origin
activity at sites lacking these motifs. How OGREs enhance origin firing
is unclear, but they appear to function during the conversion of the pre-
replication complex to the DNA synthesis elongation complex, which
may relate to the apparent capacity of OGRE/G4s to exclude nucleosomes,
facilitate the unwinding of duplex DNA, or to otherwise load replication
factors.

In contrast to facilitating initiation, G4s may interfere with the progres-
sion of DNA replication and thus lead to genome instability. Early evidence
came from C. elegans mutants lacking DOG-1, the homolog of the human
FANC]J G4 DNA helicase. dog-1 mutants accumulate 50-300 bp deletions
beginning at the 3’ edges of G4 motifs comprising primarily uniform runs of
Gs."”""?? Remarkably the underlying G4 can apparently be inherited
through cell division, together with un-replicated complementary strand
across from the G4 (i.e. as a chromatid with a single stranded gap), and when
the incompletely replicated strand is itself used as a replication template in
the next cell cycle, this leads to double strand DINA breaks that are repaired
by DNA polymerase theta-dependent end-joining to generate the dele-
tion."””"** Similarly, human cells lacking FANCJ, which is a cause of
Fanconi anemia, accumulate deletions associated with G4 motifs and are

hypersensitive to the G4 small molecule ligand telomestatin.'””>'*° Studies
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in yeast lacking the Pifl helicase also indicate that G4s can drive genome
instability during replication, particularly those with short loops and thus
high stability, and also indicated that the eftect of PIF1 deficiency can be
mimicked by PhenDC3, which inhibits G4 unwinding by Pifl
in vitro."”””""” Human cells lacking the BLM or WRN RecQ family G4
DNA helicases are characterized by genome instability, presumably
explaining elevated cancer risk in these diseases, but remarkably, the elevated
sister chromatid exchanges in BLM mutant cells is most pronounced at tran-
scribed genes with abundant G4 motifs.'*’ Therefore these RecQ family
helicases might be more important in processing G4s during transcription
than replication per se, which is consistent with G4-related transcriptional
but not replication-associated defects in yeast lacking the RecQ family

Sgs1 helicase.''™"!

It is conceivable that G4s formed on the non-template
strand in the absence of these helicases enhances transcription-associated
R-loop formation and persistence (or, alternatively, formation of hybrid
RNA/DNA Gd4s, in cases where partial G4 motifs exist on the transcribed
strand), which interferes with replication fork progression. This notion is
consistent with the hypersensitivity of cells lacking topoisomerase
I (TOP1) to G4 small molecule ligands (see Section 2.7, above), because
TOP1 helps rewind untwisted DNA and thus dislodge RNA from
R-loops.'™ It is also consistent with the recent demonstrations that
R-loops underlie genome instability in human cancer cells treated with
G+4 stabilizing small molecules, as well as with the replication defects in cells
lacking the FANCJ-related and G4 unwinding helicase RTEL1."""**
More broadly, these ideas also suggest that an underlying reason for organ-
isms to possess so many different types of G4-unwinding helicases is that
each may be tailored to processing distinct G4 folds or G4s in different
molecular contexts.

G4s may also play important roles in programmed recombination events.
For example, class switch recombination enables B cells to change the
isotype of the antibody they produce, e.g. from IgM to IgG or IgA, and
involves the generation of double strand breaks (DSBs) at G-rich switch
regions, which are subsequently ligated to new sequences. Several studies
together suggest that non-template strand G4s and R-loops which are
formed during transcription of the switch regions (which together have been
termed “G-loops”), and which are encouraged to form by the G4 helicase
DDX1, provide a substrate for recognition by activation-induced deaminase
(AID), an enzyme of the Apobec family. AID converts cytosines to uracils,
leading to strand nicking by the base excision repair machinery, and such
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nicks, when closely apposed and on opposite DNA strands, generate the
DSBs required for class switch recombination.®’'*>'*¢

Another form of genome instability is that induced by transposons,
which can move from one genomic site into another. G4s within the 3’
UTRs of the human LINE1 family of transposons, which compose approx-
imately 17% of the human genome, appear to enhance their transposition.'*’
Similarly, the so-called “internal eliminated sequences” which are inten-
tionally removed from the somatic genome of Tefrahymena thermophila,
may do so via cooperation between G4s, the G4 binding protein Lia3
and the transposase Tpb2.'"” Interestingly, transposon activation occurs in
response to various biological stresses, and there is recent evidence for
broader involvement of G4s in cellular stress responses, including oxidative
stress.'*” Furthermore, there is emerging evidence that G4s may be at ele-
vated susceptibility to oxidative damage, and that 8-oxoG lesions may sta-
bilize or destabilize G4s, depending on the particular type of G4, as recently

. 150,151
reviewed.

3.5 Telomeres

Telomeres are the chromatin structures at the termini of linear chromo-
somes, and are essential for normal chromosome stability (reviewed
in'>?). They are distinguished from generic DNA ends, which are recog-
nized by the DNA damage response (DDR) machinery. This distinction
is mediated primarily by the shelterin protein complex, and can also involve
the formation of “t-loops” wherein the single stranded 3’ overhang typically
present at the telomere end forms a D-loop by invading internal telomere
repeat duplex DNA. Telomeres are thus “capped” and do not activate
the DDR. Because of an inability of the standard replication machinery
to fully replicate DNA ends (the “end replication problem”) and moreover
the natural processing of telomeres to generate the 3’ overhangs that are
essential to their capping, telomeres shorten with cell division until they
reach the point where they activate the DDR unless maintained by length-
ening mechanisms, such as that provided by the enzyme telomerase. In
humans, telomerase is expressed at limiting levels in most normal cells,
and this limitation appears to inhibit uncontrolled cell division that can lead
to cancer; as such, telomerase is generally upregulated in the rare cells that
form cancers, enabling their growth (see Section 3.7 below). The telomeres
of most eukaryotes comprise DNA sequences with high G4 forming poten-
tial given that they contain repeated runs of Gs, and especially because these
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G runs are on strand composing the 3’ overhang. There has thus been inter-
est in exploring potential roles for G4s in telomere function (as noted above
tor Stylonychia), and indeed there is strong evidence that they impact telo-
mere replication, capping, and length maintenance. Vertebrate telomeres
comprise repeats of the sequence TTAGGG, which in vitro has the interest-
ing property being able to readily interconvert between parallel, antiparallel
or mixed hybrid G4 folds depending on experimental conditions, """
which in vivo may enable opportunities for regulation based on fold-specific
interactions, for example by interacting differentially with particular pro-
teins. There is also emerging evidence for interactions among individual
telomeric G4s in vitro that may reflect ways in which G4 impact the overall
architecture of telomere chromatin (reviewed in' ™).

Telomeres are considered “fragile sites,” in that they appear to be pref-
erentially susceptible to breakage under conditions of replication stress, e.g.
limiting dNTPs, inhibition of DNA polymerase, or oncogene-driven
perturbation of normal replication.””"”® Roles for the G4 unwinding heli-
cases BLM, WRN, DNA2, RTEL1 in suppressing telomere fragility indi-
cate that G4s may be contributory, which is also consistent with enhanced
BG4 staining of replicating telomeres in Wrn and Blm-deficient mouse
cells.”">* 1! Similarly, evidence for replication-associated telomere fragil-
ity in cells treated with G4 small molecule ligands, such as RHPS4 and 360A,
support this idea, as does the enhanced susceptibility of cells lacking the
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© 777 Interestingly, using

above helicases to small molecule G4 ligands.
the STELA technique which can sensitively detect ultrashort, but rare, telo-
meres, it was recently demonstrated that the 360A G4 ligand, and particu-
larly its dimeric form (360A),a,can induce the appearance of telomeres
much shorter than the overall mean telomere length in the cells, consistent
with telomere breakage during replication.'®® The CTC1-STN1-TEN1
(CST) complex, an RPA-like complex, can bind and melt G4s in vitro
and apparently in vivo, and genetic depletion of CST also causes telomere
fragility, which can be exacerbated by TmPyP4.'°”'°® The TERRA
RNA which is generated by transcription of the C-rich telomere strand,
forms G4s; and it may also participate in G4 formation in telomere DNA
by forming R-loops, thus also contributing to telomere replication
difficulties, although G4 involvement in such TERRA related processes
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is not yet certain. Furthermore, telomeric R-loops can contribute

to the repair of oxidative telomere damage, and may thus not always be

. 173
deleterious.
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Interference by G4s with telomere replication raises the question of why
telomeres have not generally evolved away from such problematic
sequences. This is an open and broad question, but G4s might provide clues.
For example, genetic and biochemical experiments in yeast support the pos-
sibility that G4s can help cap telomeres, at least under conditions where the
normal protein-based capping mechanisms have been perturbed.””'”*'”> In
particular, when the function of the Cdc13 protein, which normally protects
the telomere by binding the 3’ overhang, is diminished, G4 stabilization
with G4 binding proteins or small molecule ligands, or by removal of G4
unwinding helicases, provided weak capping activity, associated with inhi-
bition of both DDR responses and exonucleolytic degradation of the
telomere end. Thus perhaps G4s had an ancestral role in telomere capping,
which has been subsumed and improved upon by proteins that still recog-
nize the underlying G-rich substrate. Whether G4s can ever contribute to
natural telomere capping is unknown, but the capacity of G4 small molecule
ligands to uncap telomeres is clear. This does not necessarily indicate that all
G4s naturally uncap telomeres, as the ligands might favor particular G4 folds
that interfere with capping or they may displace by steric hindrance the
binding of natural capping factors that would not be displaced by the G4s
themselves. Although the underlying mechanisms are not fully understood,
there is indeed evidence that G4-binding ligands including BRACO-19,
tetrasubstituted naphthalene diimides, and RHPS4 can displace shelterin
proteins including TRF2 and POT1, which normally bind the duplex
and 3’ overhang, respectively, and can also displace telomerase itself, which
was recently found to have capping activity independent of its telomere
lengthening role.'’'*"

Telomeres can be lengthened by telomerase, a reverse transcriptase com-
prising at its core the TERT catalytic subunit and a dedicated RNA template
TERC, or can be lengthened by ALT (alternative lengthening of telomeres),

81
). In humans,

which depends on homologous recombination (reviewed in'
telomerase is active primarily in dividing stem cells and cancer cells, whereas
ALT is mainly restricted to cancer cells. Substantial evidence indicates that
both mechanisms are impacted by G4s. For example, early in vitro studies
indicated that telomeres in G4 conformations are poor substrates for telome-
rase, and in vitro and in vivo studies demonstrate that small molecule G4
ligands inhibit telomere lengthening by telomerase, whereas POT1 can

182,183

reverse such inhibition apparently by unfolding G4s. More recently,

evidence has emerged that oxidation of telomere DNA to form 8-0x0G can
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stimulate telomerase-mediated telomere lengthening by inhibiting G4
folds."®* However, it must be mentioned that not all G4s may inhibit
telomerase. Indeed, remarkable in vitro and in vivo studies have shown that
both ciliate and human telomerase can apparently extend telomeres folded
into bimolecular parallel G4s."®'®" Potential G4 roles are not yet well
understood in the case of ALT, but G4s may contribute to telomere recom-
bination by causing replication-associated telomere breaks, and yet may also
interfere with subsequent recombination events between telomere
sequences.5187:188

An additional type of connection between telomere biology and G4s
concerns the role of telomere binding proteins in the regulation of gene
expression at non-telomeric sites throughout the genome. For example,
the localization of the human TREF2 protein to genes such as CDKN1A
(which encodes the p21 CDK inhibitor) occurs in response to telomere
shortening, and in this case binds to a promoter G4 in a fashion dependent
on the G4-binding TRF2 basic domain, thus enabling the recruitment the
repressive REST-coREST-LSD1 complex.”""® Perhaps similarly, when
telomeres become critically shortened in yeast lacking telomerase, the
G4-binding Rap1 protein re-localizes from telomeres to hundreds of new
gene promoters in a DDR-dependent fashion, where it activates gene
expression, although specific G4 connections in this case have not yet been

190
reported.

3.6 Mitochondria

Evidence is emerging that G4s play important roles in mitochondrial
biology, including in replication, genome stability, and RINA transactions.

- . 191
This has been reviewed recently,

and only a few highlights will be
mentioned here. Human mitochondrial DNA (mtDNA) has substantial
asymmetry in base composition between its complementary strands, with
twofold enrichment for Gs on the so-called heavy strand, yielding approx-
imately threefold higher G4 motif density than the nuclear genome; simi-
larly, the mtDNA of S. cerevisiae is 10-fold higher than that of its nuclear
genome, despite its high AT content.”""'”” There are significant correlations
between the location of G4 motifs and naturally occurring mtDNA deletion
breakpoints, suggesting G4s may contribute to mtDNA instability.'”” "
Consistent with this, in vitro replication assays have demonstrated stalling
of DNA synthesis at mtDNA regions associated with genetic variation,

and that such pausing can be alleviated by the G4 helicase Pifl, which
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: : 96,19 : :
has mitochondrial as well as nuclear forms.'”*'”” With regard to mitochon-

drial G4 RNAs, the GRSF1 protein appears to bind and melt them, enabling
their degradation by the degradosome and thus preventing their over-
accumulation.'” The G4 ligand BMVC localizes to the mitochondria pref-
erentially in cancer cells, and its fluorescence properties when bound to G4s
provided evidence of mitochondrial G4s in live cells.'”” BMVC inhibits
transcription of mtDNA,'”” as does the G4 ligand RHPS4, which preferen-
tially localizes mitochondria at low doses and also causes mtDNA levels to
decline.' Finally, given the fact that disease variants of mtDNA are often
present in mixed populations within cells together with wild type
mtDNA (called heteroplasmy), a very clever approach was taken to use
the higher G4-forming capacity of a particular disease variant
(m.10191C), which is the cause of the neurological disorder Leigh syndrome
(LS), to demonstrate a potential approach to therapy. Treatment of LS cells
in culture with the G4 ligand berberine, which in vitro impedes mitochon-
drial DNA polymerase gamma progression, caused loss of the disease
mtDNA variant, allowing for wild type mtDNA to accumulate and for
mitochondrial respiration to return to healthy levels.”"”

3.7 Cancer

Cancer is fundamentally a disease driven by genome instability, and so it is
reasonable to hypothesize that the genome-destabilizing roles that can be
played by G4s, as described above, contributes to carcinogenesis. The asso-
ciation of DNA breakpoints in cancer cells with G4 motifs supports this
notion.””" Furthermore, studies with the BG4 antibody suggests that G4

10292 Although more evi-

levels may be higher in some types of cancer cells.
dence is needed, it would not be surprising if G4 levels were indeed higher in
cancer cells given their generally unstable genomes which would tend to
generate ssDNA regions that could form G4s, and because they tend to have
generally more nucleosome free chromatin, and higher levels of transcrip-

. 203,204
tion and R-loops.” ™

Regardless, there is already substantial evidence that
targeting G4s with small molecule ligands can selectively interfere with the
growth and survival of cancer cells in culture and in animal experiments, as
reviewed recently.”’”

Three main types of approaches are being taken to use G4 small molecule
ligands to attack cancer. The first is to design ligands that selectively down-
regulate the expression of oncogenes such as MYC and KRAS by binding to

G#4s in their promoter regions. A second approach is to use G4 ligands to
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interfere with telomere maintenance by telomerase or ALT, as discussed
above briefly. Both of these approaches are the focus of other chapters in
this volume. It is worth mentioning that telomerase inhibitors have so far
not proved to be of major benefit in treating most cancers, although the fact
that oncogenes tend to drive telomere fragility (see above) may make cancer
cells particularly susceptible to replication associated damage by G4 ligands,
in a fashion that is independent of telomerase inhibition.”” Finally, a third
approach, which appears promising in part because it is fundamentally easier
to accomplish than the first two, is to use the capacity of G4 ligands to induce
DNA damage to selectively inhibit cancer cell types that have deficiencies in
DNA repair mechanisms. For example, people who carry mutations in
BRCA1, and are thus at elevated risk for breast, ovarian and other cancers,
typically inherit only one mutant allele, and it is the loss of the normal allele
in a rare cell that puts that cell and its progeny at risk for becoming cancerous.
This is because the BRCAT1 protein is important for the repair of DNA, pri-
marily by homologous recombination, and so a cell that has no functional
copies of BRCAT is at increased risk for the accumulation of additional
mutations that can drive carcinogenesis. Fortunately, this also means such
cancer cells will be more susceptible to DNA damaging agents than are
the normal cells that an individual needs to survive. This is the logic behind
using inhibitors of polyADP ribose polymerase (PARP), e.g. olaparib, to
treat cancer patients with inherited BRCA1 mutations, because PARP or
BRCA1 provide alternative pathways for the repair of DNA damage in nor-
mal cells, but only the PARP-dependent pathway is available in the cancer
cells.”"® Because G4 ligands can induce DINA damage, as described above,
they can selectively inhibit the growth and survival of cancer cells lacking
pathways needed for repair of the damage. Indeed BRCA1, BRCA2, or
RADS51 mutant cells are hypersensitive to PDS, which correlates with ele-
vated levels of telomere fragility, and holds true even for those that are resis-
tant to olpaparib.”’” Similarly, cells deficient in BRCA1, BRCAZ2, or the
non-homologous end joining factors LIG4 and DNA-PK, are hypersensi-
tive to the G4 ligand CX-5461 (which is in clinical trials), and BR CA2 defi-
cient tumor cells are sensitive to a combined G4 ligand/PARP
inhibitor.””®?" ALT tumors often lack ATRX, and because ATRX-
deficient cells are hypersensitive to G4 ligands such tumors would be
expected to be thus targeted, and recent evidence with malignant glioma

cells supports this.””*'"*"" Finally, the genetic screen for gene knockdowns
rendering human tumor cells sensitive to PDS or PhenDC3 mentioned

above identified 50 genes known to be mutated in human cancers, including
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PALB2, BAP1, SMARCA4, and POLQ, which encodes DNA polymerase
theta mentioned above to be involved in the repair of G4 induced DSBs.””

Thus cancers with these mutations may be susceptible to preferential inhi-
bition by G4 ligands.

4. Closing remarks

The understanding of G4 biology is still at an early stage, but it is
already evident that the area has an exciting future. Important fields
impacted by G4s and not covered here, but which are the focus of other
chapters in this volume include neurodegeneration and viral biology (this
chapter was written during the SARS-CoV-2 pandemic, and it is thus note-
worthy that coronaviral RNA replication depends on the DDX1 helicase
mentioned above, suggesting potential inhibitory roles for G4s in the viral

lifecycle.”'?)

However, overall it remains challenging to know with cer-
tainty whether indications of G4 involvement in a biological process are
fully attributable to bona fide G4s, and so experimentalists must continue
to ask themselves “G-Quad erat demonstrandum?”. Regardless, the capacity
of G4 small molecule ligands to preferentially impact the functions of
sequences with G4 forming potential is clear, and as such ligands with
improved specificity and potency are developed they will provide additional
tools to investigate the basic biological mechanisms of G4s, as well as provide

important new therapeutic approaches to diseases.
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