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ABSTRACT

G-quadruplexes (G4s), higher-order DNA and RNA
secondary structures featuring guanine-rich nucleic
acid sequences with various conformations, are
widely distributed in the human genome. These
structural motifs are known to participate in ba-
sic cellular processes, including transcription, splic-
ing, and translation, and their functions related to
health and disease are becoming increasingly rec-
ognized. In this review, we summarize the landscape
of G4s involved in major neurodegenerative disor-
ders, describing the genes that contain G4-forming
sequences and proteins that have high affinity for
G4-containing elements. The functions of G4s are
diverse, with potentially protective or deleterious ef-
fects in the pathogenic cascades of various neuro-
logical diseases. While the studies of the functions
of G4s in vivo, including those involved in pathophys-
iology, are still in their early stages, we will neverthe-
less discuss the evidence pointing to their biologi-
cal relevance. A better understanding of this unique
structural element in the biological context is impor-
tant for unveiling its potential roles in the pathogen-
esis of diseases such as neurodegeneration and for
designing new diagnostic and therapeutic strategies.

INTRODUCTION

Nucleic acids, including DNA and RNA, represent the ba-
sic molecular code of life. The functions of nucleic acids
are determined not only by their primary sequences but
also their secondary or higher-order structures. The most
abundant and thus the most studied secondary nucleic acid

structures are formed by base-pairing through conventional
Watson—Crick hydrogen bonding. However, alternative sta-
ble structures can also arise, such as G-quadruplexes (G4s),
in which guanine bases are connected with Hoogsteen hy-
drogen bonds (1,2). Originally identified in in vitro experi-
mental settings, G4s are four-stranded secondary structures
formed in guanine-rich DNA or RNA sequences. The re-
sulting structures exhibit high thermodynamic stability un-
der near-physiological conditions as well as resistance to
nuclease activity (3,4). G4s are increasingly recognized for
playing many different roles in cellular environments asso-
ciated with both normal physiology and pathology. There
have been several reviews on the disease relevance of G4s
(5-7), with oncological studies in particular drawing atten-
tion to these structural elements as candidates for thera-
peutic intervention (8,9). Interestingly, G4s have increas-
ingly also been associated with a diverse set of genes and
pathways implicated in neurological disorders. While the in-
volvement of G4s in the regulation of selected neurological
diseases and non-coding RNAs has been described previ-
ously (10), what has been lacking is a comprehensive discus-
sion of the role of G4s within many neurological disorders,
with an emphasis on the predicted outcomes and estab-
lished mechanisms underlying the G4-induced pathological
cascade. Here, we summarize and discuss the roles of G4s
associated with various genetic players in neurodegenera-
tion, such as Alzheimer’s disease (AD), fragile X syndrome
(FXS), amyotrophic lateral sclerosis (ALS), frontotemporal
dementia (FTD), Parkinson’s disease (PD), and prion dis-
case (Table 1).

Formation of G-quadruplex structures

The unique structural formation of G4s governs their role
in the cell. Four guanine bases bonded together, often re-
ferred to as a G-quartet or G-tetrad, form a square planar
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Table 1. Summary of the roles and predicted effects of G-quadruplexes in neurodegenerative diseases

Disease Gene/protein Role of G4s
Alzheimer’s disease (AD) APP Overproduction is suppressed by a 3’ UTR G4 motif (101).
ADAMI0 Translation is inhibited by a parallel 5 UTR G4 (80).
BACEI Full-length (501) transcript production is activated by a G4 motif in 3rd exon
during alternative splicing (106).

Fragile X Syndrome (FXS) FMRI/FMRP Inhibits translational machinery of SMNDC1 (97), Shank1 (95), PSD-95(98)
via interactions with G4 motifs to prevent pathogenic upregulation. Alternative
splicing is negatively regulated by G4s found in the coding region of the FMR1
mRNA (105).

Amyotrophic Lateral C9orf72 Transcription is negatively regulated by DNA G4s formed at C9orf72 HRE

Sclerosis/Frontal-temporal (37). C9orf72 RNA G4s are implicated in regulation of many cellular processes.

Dementia (ALS/FTD)

TDP-43 Transport of mRNA to neurites for translation is dependent on the presence of
3’UTR G4s in mRNAs (124).
ANG Cleavage product-induced G4 formation is critical for stress granule formation
and translational inhibition (131).

Parkinson’s Disease (PD) SNCA 5" UTR G4 motifs suppress cap-dependent translation (79) and influence
cap-independent translation.

Prion Disease PrP Deleterious conversion to PrPS¢ is triggered by PrP binding to G4 motifs (136).

Progressive Myoclonus CSTB Dodecamer repeat forms parallel G4s at physiological pH (138).

Epilepsy Type I (PME1)

arrangement in which each of the four bases acts as a donor
and acceptor of two hydrogen bonds (Figure 1A) (11). G4s
are the result of two or more G-quartets stacked sequen-
tially. Depending on the topology and sources of the fold-
ing strands, G4s can adopt parallel, antiparallel, or hybrid
complexes intra- or inter-molecularly (Figure 1B). G4s can
be formed by DNA, RNA or a hybrid of both. Several dis-
tinctive features and structures contribute to the stability of
G4s. First, G4s are stabilized by Hoogsteen hydrogen bonds
between the G-rich strands of the nucleotides (2) and by -
orbital interactions among the stacked quartets (12). One
of the most important factors involved in stabilizing G4s
is the coordination of a monovalent metal ion, usually K*
(13). Metal ion coordination occurs when metal ions enter
an interior channel, formed by Hoogsteen binding patterns
and stacking interactions, and interact with the oxygen at
position 6 (06) of each guanine atom throughout the length
of the structure, counteracting the negative electrostatic ef-
fects of carbonyl groups (14). Several factors dictate which
physiologically relevant cation stabilizes the G4 structures,
including the ionic radius, hydration energy, and binding
strength toward O6. K* is typically the favored cation be-
cause of its smaller effective ionic radius and lesser dehydra-
tion free energy. Accordingly, physiologically relevant con-
centrations of K* have been shown to stabilize G4s in vitro

(15).

Multifaceted cellular functions of G-quadruplexes

There are hundreds of thousands of sites in the human
genome containing G-rich sequences that are predicted by
computational methods to form G4s (16,17). The chemi-
cal properties of G4s have been extensively characterized in
vitro, although the nature and prevalence of these structures
in vivo remain a subject of debate (18). However, with the re-
cent development of G4 structure-specific antibodies, small
molecule ligands, and chemical probing, DNA and RNA
G4s have been increasingly detected in cells under physi-
ological conditions (19-22). Studies of the biological im-

plications of G4s can be classified into three categories of
research that provide different levels of evidence: (i) bioin-
formatic and computational predictions of G4 motifs, (ii)
in vitro studies of G4s and (iii) in vivo studies of G4s. Al-
though the study of G4 function in a cellular context is ide-
ally elucidated through in vivo evidence, the purpose of our
review is to highlight and offer timely discussion concerning
the interesting roles and functions of G4s that are revealed
through all three types of research, in order to promote fur-
ther study of the implications of G4s in neurological disor-
ders. To provide context for our later discussion, we will first
present an overview of the impact of G4s on transcription,
translation, splicing and other cellular functions.

G4s are thought to play an important role in regulat-
ing transcription (Figure 2A). G4 motifs are enriched in
promoter regions of the human genome, with their reg-
ulation of oncogenic promoters especially well character-
ized (17,23). G4-specific antibodies have been utilized in
chromatin immunoprecipitation (ChIP) and immunohisto-
chemical analyses to detect the in vivo formation of G4s in
the cell. For example, a G4-specific antibody hf2 or BG4
has been used to demonstrate the influence of G4s on tran-
scription (24,25). By analyzing gene expression patterns as-
sociated with DNA G4s using ChIP analysis, G4s have been
shown to be capable of enhancing or inhibiting transcrip-
tion (25,26). The extent of studies elucidating mechanisms
by which G4s affect transcription is still limited, but we will
discuss the possible mechanistic scenarios in the following
sections on DNA G4s and transcription.

G4s can also influence translation (Figure 2B). G4s
that are enriched in the regulatory regions of mRNAs,
such as the 5 untranslated region (5-UTR) and the 3'-
UTR, can exert control over the translation process (27,28).
Studies focused on the most regulated stage of transla-
tion, translation initiation, have identified G4s as possi-
ble inhibitors of initiation that could act to prevent cap-
dependent translation from occurring. In various mRNAs,
G4s have also been identified in the internal ribosome en-
try site (IRES), an RNA element allowing for the initia-
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Figure 1. Experimentally observed G-quadruplex structures, orientations, and conformations. (A) G4s are nucleic acid secondary structures consisting
of four guanine bases organized in a square planar arrangement and connected through Hoogsteen hydrogen bonds. Within the central channel, dipole
interactions between guanine O6 and a cation, usually K*, lend additional stability to the G4 structure. (B) There is great structural heterogeneity in the
Gds, with these motifs capable of adopting parallel, antiparallel, or hybrid conformations in a unimolecular, bimolecular or tetramolecular manner.

tion of cap-independent translation. Regulation of IRES-
mediated, cap-independent translation by G4 motifs is well
documented although, as we discuss later, the exact effect of
the G4 motifs remains controversial. The well-established
binding between fragile X mental retardation 1 protein
(FMRP) and G4s has also hinted at a potential regula-
tory loop in which G4s found in FMRP-binding mRNAs
help suppress the translation of these mRNAs, which as dis-
cussed below has been linked to the pathogenesis of FXS or
other neurological diseases.

RNA G4s are also involved in the regulation of splic-
ing (Figure 2C). These secondary structures have been im-
plicated as regulators of pre-mRNA processing, including
adenylation and alternative splicing (29). Although stud-
ies elucidating the exact mechanisms through which G4-
involved splicing occur are limited, as we discuss in our later
section on G4’s regulation of splicing in both cis- and trans-
acting mechanisms, G4 binding to splicing factors is a com-
mon theme shared by the examples we provide.

G4s have also been identified as regulatory players in
other cellular processes. Given the multifaceted influences
of G4s and their high prevalence within the cell, they are
likely involved in a myriad of cellular functions. As selected
examples, we will discuss the influence of G4s in RNA-
protein interactions, including those involving membrane-
less RNP granules, nucleocytoplasmic transport, the tRNA
stress response, and more, when we take a deeper look at the
mechanisms of G4-dependent regulations relevant to sev-
eral neurological diseases in the sections below.

DNA G-QUADRUPLEXES AND TRANSCRIPTION

Several studies have pointed to a role for DNA G4s in the
regulation of transcription. For the transcription-linked dis-
ease genes that we discuss in this section, the most thor-
oughly studied role of G4s in transcription belongs to their
effect on C9orf72, which has been implicated in ALS and
FTD (Figure 3). ALS is a neurological disorder marked
by progressive degeneration of motor neurons within the
brain and spinal cord. Closely related to ALS is FTD, a

disease characterized by continuous neuronal loss in the
frontal and temporal cortices. Given their shared genetic
causes and other neuropathological similarities, ALS and
FTD are thought to exist within the same spectrum of
disease (30,31). The most common cause of ALS-FTD is
a hexanucleotide repeat expansion (HRE), (GGGGCC)n,
in a non-coding region of the chromosome 9 open read-
ing frame 72 (C90rf72) gene (32,33). ALS-FTD patients
typically harbor thousands of HRE repeats, in contrast to
healthy controls that normally possess fewer than 25 repeats
(32). The proposed mechanisms of pathogenesis in ALS-
FTD include loss of C90rf72 function, toxicity of the HRE
RNA, and generation of aberrant poly-dipeptides through
repeat-associated non-ATG-dependent translation (34). It
has been established that the C90rf72 HRE adopts stable
G4 structures, potentially implicating these motifs in the
pathology of ALS and FTD (35-37).

DNA G-quadruplex-mediated negative regulation of tran-
scription

It has been demonstrated through in vitro transcriptional
assays that DNA G4s formed at the C9orf72 HRE block
transcription by impairing RNA polymerase processivity,
leading to decreased expression of the C9orf72 gene (Figure
3) (37). In addition to C90rf72, DNA G4s have also been
shown to inhibit transcription in BRCAI, a gene encod-
ing a critical DNA repair factor that has also been linked
to AD because of its reduced levels in AD mouse models
and patient tissues (38,39), and in the prion protein gene
(PRNP). In the case of BRCAI, Pyridostatin, a G4-binding
small molecule, stabilizes G4s in the BRCAI promoter and
represses BRCAI transcription in rat cortical neurons, com-
promising double-stranded break repair activity and induc-
ing neurotoxicity resulting from cumulative insults to ge-
nomic integrity (40). A recent study investigating interac-
tions between G4s and the prion protein has reported the
presence of two G4 motifs in the promoter region of PRNP
that can form hybrid G4 structures (41). One of the G4 mo-
tifs has been shown to inhibit transcription, and prion pro-



A Non-Template Strand GQ

» &R =

1 a-Synuclein

C RNA Binding Proteins

]
1

V()

Intronic GQ

a-Synuclein

Splice Factors

@,

Exonic GQ

Nucleic Acids Research, 2021, Vol. 49, No. 9 4819

Template Strand GQ
Ve
21

PSD-95

Shank1

3'UTR

BACE1

MPD M FXS
M AD gAALs

"9 FMRP binding

0% IRES structure

’
/

s

o E2EE

Figure 2. Proposed G-quadruplex regulation of biological processes. G4s regulate transcription, translation, and splicing. (A) Non-template strand G4s
can regulate transcription by keeping the template strand single-stranded or by promoting formation of R-loops. Template strand G4s could regulate
transcription by blocking RNA polymerase progression. (B) G4s found in mRNAs, particularly in regulatory regions such as the 5-UTR, IRES and
3-UTR, can potentially regulate the translation of proteins associated with AD, FXS, ALS and PD. G4s may influence both cap-dependent and cap-
independent translation, and G4-interacting proteins such as FMRP are also involved. Arrows indicate inhibition of translation. (C) G4 motifs are found
upstream and downstream of splice junctions. G4 structures may prevent access to RNA protein binding sites, mediate the binding of regulatory proteins
such as FMRP, or recruit splice factors to influence alternative splicing, such as the selective generation of BACE]! isoforms.

tein (PrP) apparently has the capacity to interact with and
induce the unfolding of that same G4, suggesting that PrP
can bind to G4 motifs in its own promoter to auto-regulate
transcription (41). Given the enrichment of G4 motifs at
the promoters in the human genome (17,24), it is likely that
many genes whose transcription is regulated by these sec-
ondary structures are relevant to the neurological diseases
discussed here.

The functions of G4s as transcriptional switches likely de-
pend on their conformation and stability, which can be in-
fluenced by their repeat and flanking sequences, the lengths
of the repeats, and environmental factors. For example, the
repeat length of the C90rf72 HRE DNA, d(G4C2),, in-
fluences whether the C9orf72 HRE adopts a parallel or
antiparallel topology (37,42). In vitro, the dominant and
most stable conformation formed from the C9rf72 HRE
DNA, an antiparallel G4, arises from d(G4C2), and leads
to decreased transcription (37). The antiparallel G4 formed
from the d(G4C2),4 repeat has a monomeric chair-type con-
formation with a characteristic antiparallel G-tetra core
and three edgewise loops, but with distinct 4-layer stacking
(43). Other repeat lengths, such as d(G4C2),, d(G4C2); and
d(G4C2)s, have been shown to form heterogeneous G4 mix-
tures with parallel and antiparallel topologies (37,43,44). A

recent study using homogenous d(G4C2), samples isolated
through anion exchange chromatography has demonstrated
that the d(G4C2), repeat can form intermolecular G4s with
a parallel conformation that fold as symmetric tetramers or
with an antiparallel conformation that fold as asymmetric
dimers (44). While the topologies of G4 structures formed
in the PRNP gene have not been elucidated to the same ex-
tent as those in C90rf72, there is evidence to indicate that
the G4 motif found at the PRNP promoter region likely
adopts a hybrid (3+1) topology. Circular dichroism (CD)
spectroscopy has revealed a CD profile with positive peaks
around 260 and 290 nm and a negative peak around 240 nm
(41), indicating a hybrid structure with three parallel strands
and one antiparallel strand (45). To date, most studies on
G4 and related structures are limited to in vitro analyses;
probing these structures under native conditions in the cells
awaits new technologies and has yet to be achieved.

While the mechanisms explaining the regulation of tran-
scription by G4s have not been completely resolved yet,
there are several possible scenarios by which G4s may reg-
ulate transcription that are suggested by past studies. After
transcription is initiated, the transcription bubble generates
positive or negative supercoiling regions that can propagate
and induce stress, eventually forming single-stranded seg-
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Figure 3. The role of G-quadruplexes in pathogenic cascades associated with the hexanucleotide repeat expansion in C9orf72. The C9orf72 DNA and RNA
HRE are involved in a range of molecular cascades underlying ALS-FTD pathology. DNA G#4s stabilize R-loop formation, which together results in the
suppression of transcription. RNA G4s recruit several protein factors, including the splicing factors hnRNP H and ASF2, the paraspeckle protein NONO,
and the nucleolar component nucleolin. As a result, a variety of functional consequences arise, including splicing dysregulation, RNA foci formation,
paraspeckle dysregulation, and nucleolar stress. C9orf72 RNA G4s are also involved in nucleocytoplasmic trafficking, stress granule assembly, and possibly

non-canonical repeat-associated translation.

ments that can fold into G4s (46,47). It is possible that G4s
that form upstream of the transcription start site (TSS) can
impede transcription by acting as an obstacle to block RNA
polymerase in the transcribed region (48-51), by recruiting
G4-binding proteins that inhibit transcription (47,52), or by
failing to maintain the open DNA conformation that facil-
itates transcription re-initiation (46,52-54). G4s that form
downstream of the TSS can cause transcription reinitiation
if located on the coding or sense strand by keeping the tem-
plate strand single-stranded, or they can block RNA poly-
merase progression if located on the template or antisense
strand by serving as a physical obstacle (46,47).

The G-quadruplex and R-loop feedback loop

In the context of double-stranded DNAs, one of the con-
sequences of G4s formed on one DNA strand, such as
the non-template strand in the case of the C%rf72 HRE,

is the formation of an R-loop, a three-stranded structure
composed of the displaced single-stranded DNA together
with a DNA:RNA hybrid formed through Watson-Crick
base pairing that involves the other DNA strand (55). The
CYorf72 HRE has been shown to readily form R-loops in
vitro (Figure 3) (37,56). The G4C2 repeats can adopt sta-
ble secondary DNA structures, including G4s and hairpins,
which can stabilize the displaced strand and therefore the R-
loops. Recent studies of non-C90rf72 model G4 motifs have
pointed to the interplay between G4s and R-loop formation
as a potential positive feedback loop. For example, results
from single-molecule fluorescence assays that have modeled
the G4s and R-loops in vitro suggest that R-loop formation
can occur prior to G4 formation and subsequently stabilize
the R-loops, via positive feedback, during further rounds of
transcription (57,58).

R-loops have been extensively linked to the regulation
of transcription, with these secondary structures thought



to regulate transcription activation, elongation, and termi-
nation (59). Studies have shown that the formation of R-
loops leads to transcriptional stalling, and therefore de-
creased gene expression in vitro (60,61). R-loops formed
from the CY9orf72 HRE have also been shown to stall
RNA polymerase II and increase abortive transcription in
vitro (37). The influence of G4 and R-loop formation on
C90rf72 gene expression can presumably initiate a num-
ber of different pathological cascades, including those re-
lated to bidirectional transcription and epigenetic modifi-
cation, in which R-loops have been reported to participate
(61,62).

DNA methylation affects G-quadruplex stability

The stability of G4s can be affected by DNA methylation.
For example, in the case of the C9orf72 HRE, methyla-
tion of its DNA is present in most patients harboring more
than 90 repeats (63). Both 5-methylcytosine (SmC) and
its oxidized form, 5-hydroxymethylcytosine (ShmC), have
been suggested as the forms in which C9rf72 HRE DNA
methylation occurs. It has been reported that both the G-
rich strand and the C-rich antisense strand of the C9orf72
(G4C2),, DNA repeat can form four-stranded quadruplex
structures, and that the 5SmC and ShmC modifications have
differential effects on the stability and protein binding of
the DNA structures (64). In another case, the SmC modifi-
cation of a DNA G4 found in the promoter region of bcl-
2 has been shown to increase the stability of the G4 (65).
Furthermore, DNA methylation of G4 motifs in VEGF has
been reported to decrease the initial elongation efficiency of
PCR, which could indicate G4 stabilization (66). Another
study investigating the effect of CpG methylation on the
binding affinity of G4s to associated proteins has found that
the influence of CpG methylation on the binding affinity
also simultaneously affects G4 structure and topology (67).
In addition, R-loop structures, which have been found at
CpG islands, have been proposed to suppress DNA methy-
lation. R-loop formation has been suggested to maintain
the unmethylated state of CpG islands, and R-loop for-
mation also provides protection from DNMT3B1-mediated
DNA methylation (68).

DNA secondary structures, including G4s as well as their
companion R-loop structures, may have a profound effect
on transcription activity and epigenetic modifications at
the HRE or gene locus, consistent with multiple reports
showing that DNA methylation plays a role in reduced
C90rf72 gene expression (69-71). Consequently, the dys-
regulation of gene expression that occurs as a result of
modifications at the transcriptional level may contribute
to the development of neurodegenerative diseases that in-
volve the loss of C9orf72 expression and production of
aberrant repeat-containing RNAs and polypeptides. How-
ever, analyses of the correlation between CpG hyperme-
thylation of the C90rf72 promoter and disease progression
have not yielded consistent results (72,73). Given the com-
plicated roles that DNA methylation is likely to play in
disease development, further molecular studies and anal-
ysis of larger clinical datasets are clearly needed in the
future.
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Other functions of DNA G-quadruplexes

Gd4s are also linked to the disruption of DNA replication as
well as the induction of DNA damage and genome insta-
bility (74,75). These higher-order structures may contribute
to repeat instability, a common feature of most repeat ex-
pansion diseases, in which expansion or contraction of the
repeat can occur. The human C9orf72 allele contains 2-25
units of the G4C2 repeat, whereas ALS- and FTD-linked
alleles have been found to contain up to thousands of the
repeats. Varying lengths of the C90rf72 repeats have been
observed across generations or in cells from different tissues
of individual patients; thus, the repeat instability could arise
during meiosis, somatic cell division, or post-mitotic stages.
The G4C2 repeat has been shown to affect DNA replication
in a length- and orientation-dependent manner in human
cells (76). The formation of R-loops at the C9orf72 G4C2
repeat has also been linked to repeat instability. In addition,
the C90rf72 G4C2 repeat has been shown to be capable of
forming bidirectionally transcribed double R-loops in vitro,
with these double R-loops more prone to repeat instabil-
ity than are single R-loops (56). Understanding the roles of
G4s and R-loops may help elucidate the mechanisms of re-
peat instability in the neurodegenerative diseases.

RNA G-QUADRUPLEXES AND TRANSLATION

RNA structures play critical roles in biological processes
that include translation. The bioinformatic observation that
Gd4s are enriched in the non-coding regions but rarely found
in coding sequences suggests that exons may have evolved to
avoid the stable higher-order structures that likely impede
ribosome scanning (77). At the same time, RNA G4s lo-
cated in the 5-UTR and 3’-UTR regions have been shown
to play important regulatory roles in enhancing or inhibit-
ing translation of various proteins associated with a range
of neurological diseases, including AD, PD and FXS (Fig-
ure 2B).

RNA G-quadruplexes inhibit translation initiation

Within the 5-UTR of mRNAs, G4s have been identified
as structural elements responsible for regulating the initia-
tion stage of the translation process. The presence of Lewy
bodies, cytoplasmic inclusions consisting of the protein «-
synuclein (encoded by SNCA ), within dopaminergic neu-
rons is a hallmark of PD, the second most common neu-
rodegenerative disorder after AD. Because the overaccumu-
lation and aggregation of the protein a-synuclein is thought
to initiate a cascade that imparts neurotoxicity to neurons
and other cells, understanding the regulation of a-synuclein
translation could shed light on the pathogenic process in PD
(78).

Bioinformatic analysis has revealed the presence of three
non-overlapping G4 motifs at the proximal 5-UTR of
SNCA that operate together to repress SNCA translation
(79). These G4 motifs are only effective at suppressing
translation when the inhibitory effect is measured cumula-
tively. Analysis of the mutated G4 motifs found within the
5-UTR SNCA has revealed that two of the mutated G4 mo-
tifs exhibit enhanced translation, along with higher mRNA
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levels, when compared to the wild-type control (79). Hence,
mutating these two G4 motifs should promote SNCA trans-
lation at least in part by either enhancing transcription or
stabilizing the SNCA 5-UTR reporter mRNA. However,
because the third mutated G4 motif did not exhibit altered
mRNA levels when translation was enhanced, it is likely
that translation initiation is directly affected.

The involvement of G4s in the regulation of translation
initiation may not be limited to SNCA, since it has been
proposed that G4s found in the 5-UTR of the metallo-
protease ADAMI0 can potentially affect translation initi-
ation (Figure 4). Effective elimination of neurotoxic A
plaques, which are characteristic of AD, relies on amy-
loid precursor protein (APP) processing by ADAMI10, an
a-secretase that cleaves APP within its AR domain and
releases the neuroprotective N-terminal portion of APP,
sAPP-a (80,81). A unimolecular, parallel G4 formed in the
5-UTR of ADAMI10 mRNA has been shown to inhibit
ADAM]I0 translation in vitro, and mutations of the 5-UTR
G4 exhibited enhanced ADAMI0 translation, secretion of
sAPP-a, and anti-amyloidogenic processing of APP (80). A
subsequent study found that a methylquinolinium deriva-
tive known as compound 24 binds to the G4-forming se-
quence of ADAMI0 via a high-affinity interaction, with
compound 24 exposure promoting 4DAMI0 translation
and decreasing AR production in cells (81). These studies
demonstrate a role for the 5-UTR G4 in the translation of
disease-relevant enzymes such as A DA M 10 and suggest that
their RNA secondary structure could be a potential thera-
peutic target.

The roles that G4s play in the regulation of translation
initiation are particularly important to elucidate because it
is believed that most regulation of translation occurs at the
initiation stage in eukaryotes (82). Although the evidence
thus far points to an inhibitory role for G4s in translation,
the relevant mechanisms are not limited to the impediment
of ribosome scanning at 5-UTRs of mRNAs, as exempli-
fied by the G4-containing tRNA fragments discussed in the
section below regarding stress granules. Future studies that
further elucidate the mechanisms by which G4s affect trans-
lation initiation may clarify the role of G4s in neurodegen-
erative diseases with pathological features associated with
altered cap-dependent translation.

G-quadruplexes in non-canonical translation

Unlike most eukaryotic translation initiation, which re-
quires an m7G cap at the 5’ end of the mRNA to initi-
ate ribosome scanning in order to locate the start codon,
there are alternative non-canonical mechanisms that initi-
ate translation without these standard features. IRES is an
RNA element that allows for internal ribosome entry to ini-
tiate translation in a non-cap-dependent manner. G4 mo-
tifs have been identified within IRES sequences and have
been clearly shown to exert an influence, albeit with var-
ied effects, on IRES activity. Several studies have shown
that intramolecular G4 motifs found within the IRES pro-
mote IRES-mediated translation (83,84) and that removal
of the G4 motif prevents IRES initiation (85), whereas an-
other study has shown that G4 motif stabilization inhibits
IRES-mediated translation (86). Of relevance to neurode-

generation is the fact that an IRES element located in the
5’-UTR of SNCA has been shown to enhance SNCA trans-
lation and synthesis in response to cellular stress (79). How-
ever, mutations in the three G4 motifs that we mentioned
in our discussion of G4s and translation initiation did not
affect the IRES activity and thus their role in the transla-
tion remain unclear (79). Thus, although the role of G4 ele-
ments in negatively regulating cap-dependent translation is
established (87,88), the precise interplay of these elements in
stress-induced cap-independent translation remains in need
of future elucidation.

C9orf72 repeat-associated non-ATG (RAN) translation
refers to the observation that the C90rf72 HRE repeats in a
non-coding region can still enable translation in the absence
of an ATG start codon when the repeat length exceeds cer-
tain limits (89,90). C9orf72 HRE-containing sense and an-
tisense transcripts undergo RAN translation and produce
aggregation-prone dipeptide repeat proteins. The dipeptide
repeat proteins are toxic and induce neurodegeneration in
experimental models. G4s are formed on the C90rf72 HRE
RNAs, but a direct role for the quadruplex structures in
the regulation of the RAN translation remains to be es-
tablished. Nonetheless, the potential involvement of G4s in
pathologically relevant RAN translation may provide a tar-
get for therapeutic intervention.

G-quadruplex-dependent translational regulation in FXS

Fragile X syndrome (FXS) is the most common inherited
intellectual disability and is induced by the silencing of
the RNA binding protein known as fragile X mental re-
tardation 1 protein (FMRP) (91). The expansion and hy-
permethylation of trinucleotide (CGG)n repeats within the
5-UTR of FMRI mRNA, along with aberrant CpG is-
land hypermethylation preceding the open reading frame
of FMRI, underlie FMRP repression in FXS. FMRP is an
mRNA-binding protein that is deemed essential for nor-
mal neurological function because of its suggested role in
dendritic mRNA transport and postsynaptic translation
(92). Phosphorylated FMRP generally operates as a cis-
acting translational repressor of a subset of dendritically lo-
calized RNAs, inhibiting their premature translation during
neuronal trafficking (93). In FXS pathology, the absence of
FMRP-mediated translational blockade can result in trans-
lational overactivation, leading to aberrant and constitutive
production of synaptic proteins, internalization of recep-
tors, and impaired synaptic plasticity (94).

The binding affinity of FMRP for its mRNA targets de-
pends on the presence of specific secondary structures, in-
cluding G4s. It has been shown that the RGG box domain
of FMRP binds with high affinity to G4s of its target mR-
NAs and regulates their expression (95,96). FMRP binds to
a subset of its mRNA targets through G4 motifs located in
the various regions of the transcripts.

FMRP has also been shown to bind to G4s located in
the 5-UTR and 3’-UTR of its other target mRNAs. For
example, the FMRP RGG box has been observed to bind
to an intramolecular, parallel G4 formed in the 5-UTR of
survival motor neuron domain containing 1 (SMNDCI)
in vitro (97). G4 motifs formed in the 5-UTR of mRNAs
typically operate as inhibitory translational elements, and
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Figure 4. Proposed involvement of G-quadruplexes in Alzheimer’s disease. Through the differential cleavage of APP, G4s participate in the regulation of
AR biogenesis, either by affecting either the expression of APP itself or that of APP-processing enzymes. A G4 motif in the 3’-UTR of APP mRNA has
been found to negatively regulate APP translation. A G4 motif within the coding region of BACEI mRNA may act as a recruitment site for splice regulator
hnRNP H, resulting in favored production of the full-length BACE! 501 transcript isoform and leading to enhanced APP proteolysis and AR production.
Also, a G4 motif within the 5-UTR of 4 DA M10 mRNA negatively regulates the production of ADAM 10 a-secretase activity, thereby suppressing cleavage

of APP and contributing to A production.

FMRP binding may repress translation by impeding the
accessibility of the translation initiation sites. At 3’-UTRs,
FMRP binding to G4s can also promote translational re-
pression through less clear mechanisms that may be medi-
ated by microRNAs in some cases. It has been shown that
FMRP binds to two sequential parallel 3’-UTR G4 struc-
tures in Shankl mRNA and presumably contributes to its
translational repression (95). FMRP has been implicated
in G4-microRNA interplay through an observation that
FMRP can negatively regulate the translation of postsynap-
tic density protein 95 (PSD-95) via a microRNA-dependent
mechanism involving the 3’ UTR G4 motifs found in PSD-
95. The guanine-rich region of the 3 UTR PSD-95 mRNA
is capable of folding into two alternate parallel G4 con-
formations that exist in equilibrium with each other, with
the dominant G4 conformation exposing the complemen-
tary nucleotide seed sequence of miR-125a. The two G4
structures, connected by a linker region, bind to miR-
125a and form a stable complex within the 3UTR PSD-
95 mRNA (98). Subsequently, phosphorylated FMRP
and miR-125a operate in conjunction to repress PSD-95
translation (99).

Interestingly, fused in sarcoma (FUS), a protein linked
to ALS/FTD that plays a role in synaptic function regula-
tion and local translation, has been shown to bind with high
specificity to parallel G4s formed in the mRNA of PSD-
95 or Shankl (100). The nanomolar dissociation constants
for complexes containing FUS and PSD-95 or Shanki G4s
are comparable to those of complexes containing FMRP,
suggesting that FUS can potentially compete with FMRP
binding to the G4s in these mRNAs and thereby influence
their translation.

G4s have been shown to regulate the translation of APP,
the key protein in AD; a G4 motif in the 3’-UTR of APP
mRNA has been found to negatively regulate APP transla-
tion (Figure 4) (101). FMRP has also been linked to the
regulation of APP translation, with FMRP shown to re-
press APP translation by recruiting 4 PP mRNA to pro-
cessing bodies, where non-translating mRNAs are stored or
degraded (102). FMRP was also observed to bind to the
coding region of APP mRNA at a guanine, G-quartet-like
sequence and regulate the translation of APP in a manner
dependent on the activation of a subtype of glutamate re-
ceptor (103). Heterogeneous nuclear ribonucleoprotein C
(hnRNP C) has been found to compete with FMRP for
binding at the coding region, with hnRNP C binding pro-
moting A PP translation by displacing FMRP and alleviat-
ing its translational blockade (102). Therefore, FMRP and
hnRNP C appear to work in concert to regulate A PP trans-
lation through a mechanism that may suggest a role for G4s
in the process.

RNA G-QUADRUPLEXES AND SPLICING

RNA G-quadruplexes regulates alternative splicing as cis el-
ements

G4s found in the exonic regions of FMRI and BACEI mR-
NAs (which are implicated in FXS and AD, respectively)
have been shown to regulate alternative splicing by acting as
a molecular switch, controlling the distribution of the vari-
ous isoforms produced.

Interestingly, it has been demonstrated that a selective
mRNA target of FMRP is FMRI itself. FMRP has been
shown to bind to a specific and high-affinity site located in
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the nucleotide sequence of the 3’ terminal coding region of
FMRI mRNA that is responsible for encoding the RGG do-
main of FMRP. It was initially thought that through bind-
ing to the coding region site, FMRP could repress its own
translation through a negative-feedback loop (104). How-
ever, a follow-up study has shown that the coding region
site within FMRI mRNA, which contains two alternative
G4 structures, is a potent exonic splicing enhancer (105).
The exonic splicing enhancer activity of the coding region
site was nullified when G4 formation was inhibited, indi-
cating that the splicing activity of the coding region site is
dependent on G4 formation. FMRP binding to the coding
region site has been shown to control the relative amounts
of short and long FMRP isoforms produced by alternative
splicing of exon 15. Importantly, G4 structures are thought
to mediate the binding between FMRP and the coding re-
gion site, since removal of both G4s reduces the FMRP
binding to nonspecific levels (105). It has been suggested
that increased expression of the full-length FMRP isoform
alters FMRI splicing events around the coding region site
to favor short-isoform production. Hence, the presence of
Gd4s at the coding region site can potentially allow for an
additional layer of FMRP self-regulation through splicing,
mediating its expression through a negative autoregulatory
loop.

BACE]I encodes a transmembrane protease that is re-
sponsible for the production of the first cleavage product
in the conversion of APP to AB. Alternative splicing of
BACE]I yields six shorter isoforms, but only the full-length
transcript, known as isoform 501, is involved in APP prote-
olysis. It has been shown that BACEI mRNA harbors a G-
rich sequence on its third exon that has G4-forming poten-
tial (106). This G-rich sequence has been reported to recruit
splicing regulator heterogeneous nuclear ribonucleoprotein
H (hnRNP H) to BACEI mRNA, thereby facilitating the
alternative splicing of BACEI mRNA isoforms. The G-rich
sequence-dependent hnRNP H recruitment selectively acti-
vates the production of isoform 501, while simultaneously
inhibiting generation of the shorter isoforms (Figure 4). Ac-
cordingly, deletion of the G-rich sequence has been found to
silence the production of isoform 501, whereas knockdown
of hnRNP H results in reduced isoform 501 translation, re-
pressed APP proteolysis, and a consequent decrease in A3
(106).

RNA G-quadruplexes sequester splicing factors

C90rf72 HRE G4s have been shown to sequester pro-
teins involved in splicing regulation, leading to dysregu-
lated splicing and RNA toxicity via a trans-acting mech-
anism (Figure 3). In vitro cellular studies have revealed that
C90rf72 RNA G4s bind to the splicing regulator ASF/SF2,
inducing RNA toxicity through protein-binding interac-
tions (36). Similarly, G4 formation is responsible for high-
affinity associations between C9rf72 HRE RNA and the
essential splicing factor hnRNP H in vitro (107). Dysregu-
lated splicing of several hnRNP H target transcripts, as a re-
sult of the sequestration of the protein by G4s formed from
the C9rf72 HRE, contributes to neurodegeneration in
C9orf72 HRE-carrying patients’ brains (107). Other splic-
ing factors, such as hnRNP A3, have been found to asso-

ciate with RNAs containing hexanucleotide G4C2 repeats
(108), potentially contributing to the splicing dysregula-
tions in the patients.

G-QUADRUPLEX-DEPENDENT RNA-PROTEIN IN-
TERACTIONS

As mentioned in the discussion of splicing dysregulation
above, RNA G4s have been shown to recruit and sequester
cellular proteins from their normal functions, leading to
pathological consequences that can include neurodegener-
ation. In fact, RNA G4s formed from the C9rf72 HRE
repeat have been shown to interact with a wide range of dif-
ferent types of proteins and influence multiple cellular pro-
cesses, including nucleolar stress, paraspeckle formation,
phase separation, and stress granule formation. Here we
highlight several cellular events that are pathologically rel-
evant, with the understanding that the pathways mediated
by G4 RNA-protein interactions in neurological disease are
likely much more diverse than what we discuss here.

RNA G-quadruplexes mediate the formation of membrane-
less RNP structures

The RNA- and protein-containing membraneless or-
ganelles referred to as RNP granules are maintained
through protein-protein, protein-RNA, and RNA-RNA in-
teractions (109). These membraneless organelles, which in-
clude both nuclear and cytoplasmic bodies such as stress
granules, nucleoli, Cajal bodies, P-bodies, and paraspeck-
les (110), are formed by phase separation of components,
allowing for the condensation of proteins into subcellu-
lar membraneless compartments (111). Phase separation,
which has been reviewed extensively (112,113), has been
used to conceptualize the formation of membraneless or-
ganelles that behave as liquid droplets (111).

The C9orf72 HRE RNA forms foci in patients’ brains
that are potentially pathogenic (32). The neurotoxic conse-
quences of the sequestration of proteins in HRE RNA foci
are seen in the mislocalization of nucleolin, an essential nu-
clear protein that is critical for the function of the nucleolus.
Nucleolin is known to preferentially bind to C90rf72 HRE
RNA in a G4-dependent manner (37). The C9orf72 HRE
RNA colocalizes with nucleolin in the nucleoli of patients’
brains to impair nucleolar function and induce nucleolar
stress, linking abnormal C9orf72 HRE nucleic acid struc-
tures to ALS pathology induced by nucleolar stress (Figure
3) (37). C9orf72 RNA G4s may have promise as a thera-
peutic target given that small molecules stabilizing C9orf72
RNA Gd4s have been shown to reduce levels of RNA foci
and dipeptide repeat proteins in Drosophila and neuronal
models (114).

Paraspeckles, which are nuclear ribonuclear bodies as-
sembled on the long non-coding RNA (IncRNA) NEAT]I,
have been linked to ALS when paraspeckle formation is ob-
served in the early stages of ALS pathology, and the ALS-
linked proteins TDP-43 and FUS, among others, are found
to be enriched in paraspeckles (115,116). A potential role
for paraspeckles in C9orf72 pathology was recognized when
RNA foci from the C9rf72 HRE were shown to possess
paraspeckle-like characteristics. Like paraspeckles, C9orf72



RNA foci co-localize with the paraspeckle proteins SFPQ,
NONO, RBM14, hnRNP H and FUS (117). Interestingly,
it has been observed that C90rf72 RNA foci can also form
paraspeckle-like bodies in a NEAT1-independent manner,
suggesting that the C9orf72 RNA HRE can act as a scaf-
fold for paraspeckle-like structures (117). Notably, the as-
sembly of endogenous paraspeckles may be driven by the
G4 structures on its scaffold, IncRNA NEATI1. An abun-
dance of G4 motifs has been observed on NEATI, and
paraspeckle proteins such as NONO have been found to
bind to NEAT1 in vitro and in vivo through these G4 mo-
tifs (118). Furthermore, the enrichment of G4 motifs is con-
served among NEAT 1 homologs despite their low sequence
homology, highlighting the potential role for G4s as a struc-
tural element that recruits NONO and contributes to the
seeding of paraspeckle assembly. C90rf72 HRE RNAs com-
pete with NEATT1 for the binding of paraspeckle proteins
such as NONO in a G4-dependent manner (118), suggest-
ing that the HRE RNAs can potentially cause disruption of
paraspeckle function as part of the pathogenic cascades in
the disease (Figure 3).

Stress granules are cytoplasmic foci composed of pro-
teins and RNA, including translationally stalled mRNAs,
that are formed under stressful conditions and have been
proposed to lead to pathological protein aggregates in neu-
rodegenerative diseases that include AD, ALS, and FTD
(119). The CY9orf72 HRE RNA has been shown to af-
fect stress granule dynamics. A study determining the ef-
fect of the HRE RNA on phase separation, a process con-
sidered important for RNA granule formation because it
enables the compartmentalization of proteins, has found
that the C9orf72 HRE RNA can enhance the forma-
tion of both stress granules and nuclear foci, as well as
promote the condensation of RNA granule proteins and
phase separations in vitro (120). C9orf72 RNA HRE-
mediated condensation is reported to respond to ionic con-
ditions, which can directly contribute to G4 stabilization.
Indeed, G4s formed from the C9orf72 HRE RNA have
been shown to promote phase transitions in vitro and in
cells. It has therefore been proposed that C9orf72 G4s can
phase-separate in vitro through the condensation of RNA
granule components, leading to stress granule formation
(Figure 3) (120).

RNA G-quadruplexes and nucleocytoplasmic transport

The trafficking of proteins and RNAs across the nuclear
envelope through the nuclear pores is a major transport
system in the cell, and pathologies of nucleocytoplasmic
transport have been increasingly observed in neurodegen-
erative diseases. C90rf72 HRE RNA G4s have been linked
to disrupted nucleocytoplasmic transport through the ob-
servation that RanGAP, a regulator of nucleocytoplasmic
transport, influences HRE-mediated neurodegeneration in
experimental models (Figure 3) (121). RanGAP exhibits a
higher binding affinity for HRE sense-strand G4s than for
hairpin structures in vitro, suggesting that RanGAP may
operate by preferentially binding the sense RNA G4 formed
from the C90rf72 HRE. It has been reported that RanGAP
function is impaired in C90rf72 ALS iPS neurons and, cor-
respondingly, that C90rf72 HREs decrease nuclear import
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(121). Treatment of TMPyP4, a compound that destabi-
lizes RNA Gd4s, decreases the affinity of RanGAP for the
G4s and rescues the nuclear import defects, suggesting that
unfolding the G4s can suppress nuclear transport deficits
caused by the C90rf72 HRE.

Recognition of G-quadruplexes by TDP-43

TAR DNA-binding protein 43 (TDP-43) is a DNA/RNA-
binding protein that is responsible for long-distance mRNA
transport and the regulation of local protein synthesis re-
lated to conserving neural cell polarity and synaptic plas-
ticity (122). The TDP-43 proteinopathy, the deposition of
TDP-43 protein in ubiquitinated and hyperphosphorylated
aggregates, is present in the majority of ALS cases and
nearly 50% of all FTD cases (123). Both the loss of TDP-
43’s RNA processing functions and the gain-of-toxicity
from the TDP-43 proteinopathy have been proposed to un-
derlie the pathogenesis of the relevant diseases.

When RNA motifs for TDP-43 binding have been ex-
plored through in vitro systematic evolution of ligands by
exponential enrichment (SELEX) screening, all the top
RNA targets of TDP-43 have been found to harbor G4 mo-
tifs (124). TDP-43 has been confirmed to bind to natural
DNAs and RNAs in a parallel G4-specific manner, and its
targets include PSD-95 and CaMKIIla mRNAs, which are
transported on the basis of the recognition of their 3 UTR
G4 motifs (96,124), suggesting that TDP-43 binds to and
transports these G4-containing mRNAs into neurites for
local translation. TDP-43 has also been found to bind to the
C90rf72 HRE RNA in vitro, and pre-incubation of TDP-
43 with G4C2 repeat RNAs decreases TDP-43’s binding
affinity for G4-containing PSD-95 and CamKIla mRNAs,
suggesting that sequestration of TDP-43 by the C9orf72
HRE RNAs may impair TDP-43’s RNA transport function
(124).

Interestingly, mutant ALS-associated TDP-43M337V ex-
hibits a lower binding affinity for G4-containing mRNAs,
indicating that Met337 within the C-terminal Gly-rich do-
main of TDP-43 is critical for G4 binding (124). A follow-
up study from the same group has expanded upon these
findings by showing that the Gly-rich region of TDP-43 is
the region that is responsible for recognition and binding of
specific G4-containing mRNAs (125). The implications of
these observations for ALS-FTD pathology are potentially
significant, given that as much as 30% of neuronal mRNAs
harbor 3’-UTR G4 motifs (126).

G-quadruplexes are integral to the tRNA-mediated stress re-
sponse

G4 structures on tRNAs may also play a regulatory role in
stress granule formation and translation. A subset of ALS
in patients is linked to missense mutations in angiogenin,
a ribonuclease with the ability to cleave both rRNAs and
tRNAs. In response to stress stimuli, angiogenin cleaves
mature tRNAs into 5" and 3’ tRNA-derived stress-induced
RNAs (tiRNAs) in order to suppress unwanted transla-
tion (127,128). ALS-linked mutant angiogenin has been
found to exhibit limited catalytic activity and to fail to in-
duce tRNA cleavage (129). Under conditions of stress, cer-
tain tiRNA fragments, i.e. 5-tiRNAA®2 and 5'-tiRNA®Y,
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inhibit protein synthesis by displacing cap-binding eIF4F
complexes from capped mRNA, leading to the formation
of stress granules and inhibition of translation (127). The
ability of these tiRNA fragments to perform these func-
tions depends on a 5 terminal oligoguanine (5 TOG) mo-
tif, a stretch of guanine residues located at the 5" end,
and a secondary structure characterized by the presence
of a stem—loop sandwiched between the 5" and 3’ regions
(127,130). The 5TOG motif found in 5'-tiRNAA2 has been
shown to be capable of forming a highly symmetric, par-
allel tetramolecular RNA G4 with five tetrad layers (131).
The formation of G4s within the 5TOG motif is correlated
with the association of 5-tiRNAA® and 5'-tiRNA®Y with
the translational repressor Y-box binding protein 1 (128);
furthermore, the removal of G4 from the 5TOG motif pre-
vents stress granule formation (131), with both findings
indicating a requisite role for G4s in the tRNA-mediated
stress response that results in stress granule formation and
translational inhibition.

Concerning the mechanism governing the tiRNA G4-
triggered stress granule formation, it has been shown that
elF2a phosphorylation, the canonical trigger of stress gran-
ule formation, is not involved in the tiRNA-induced stress
response. Rather, G4s formed from the 5TOG motif of 5'-
tiRNAAR directly interact with elF4G, inhibiting the as-
sembly of the eIF4F translation initiation complex and in
turn stimulating stress granule formation (132). A larger
pool of tiRNAs of varying fragment sizes with the propen-
sity to form G4s has been shown to contain the 5 TOG mo-
tif, indicating that the number of potential tiRNAs capa-
ble of inhibiting translation is larger than initially suspected
(133).

A potential role for G-quadruplexes in oxidative stress

G4s formed by G4C2 DNAs and RNAs from the C90rf72
repeat region have been reported to bind to heme, an iron-
containing compound of the porphyrin class, and form
tight complexes under physiologically relevant conditions
(134). This heme-quadruplex complex containing G4C2 re-
peat nucleotides exhibits both peroxidase and oxidase ac-
tivity in a quadruplex-dependent manner (37,134). These
in vitro observations have raised the possibility that the
C90rf72 HRE-induced heme-quadruplex complexes may
catalyze aberrant oxidative reactions or interfere with iron
homeostasis or mitochondrial function, in which heme
plays an important role, leading to cell damages responsi-
ble for neurodegeneration. Recently, physiological evidence
for the binding of G4 and heme has been gleaned out-
side of a CYorf72-specific context, in experiments that in-
directly detected the release of heme from G4s by analyzing
how treatment with a G4 ligand (predicted to displace se-
questered heme) affected the expression of genes involved in
heme catabolism and iron homeostasis. These experiments
showed that PhenDC3, a G4 ligand, displaces G4-bound
heme in vitro and causes heme oxidase 1 induction in human
cells, supporting the concept that G4s sequester heme in
the cell (135). Such heme-quadruplex complexes may have
physiological functions in living cells that need to be further
explored.

G-QUADRUPLEXES IN OTHER NEUROLOGICAL DIS-
EASES

Prion diseases

Prion proteins are thought to be responsible for transmissi-
ble spongiform encephalopathies (TSEs), or prion diseases,
which are characterized by the deleterious transition from
the normal, soluble, alpha-helix-rich cellular form of prion
protein (PrP€) to the insoluble, beta-sheet-rich prion pro-
teins susceptible to aggregation (PrP5¢). In addition to the
abovementioned G4 motifs at the promoter of the PrP gene,
which may mediate autoregulation at the transcriptional
level (41), there are putative G4 motifs in the PrP mRNA
as well. In the human PrP protein, the octa-repeat domain,
which is found in the N-terminal domain of PrP and is
crucial for aggregation, consists of five repeats of an oc-
tapeptide sequence. The underlying mRNA sequence har-
bors five putative G4 motifs. The secondary structure of
this RNA segment is dynamic and assumes various confor-
mations, including hairpins and G4s. It was initially deter-
mined, when short sequences (24 nt) of the PrP mRNA seg-
ment were tested, that G4s could be formed, and that these
structures may interfere with translation (136). PrP¢ binding
to the G4s in PrP mRNA has been suggested to regulate the
co-translational folding of the PrP protein and thus poten-
tially lead to spontaneous conversion of PrP5¢ (136). How-
ever, a later study has demonstrated that the full sequence
containing the five G4 motifs in the PrP RNA segment ex-
hibits preferential double-stranded A-helical hairpin struc-
tures instead of G4s, suggesting that the sequence context
may influence the confirmation or stability of the secondary
structures (137). Therefore, future studies are needed to as-
certain the pathological consequences of the structures and
functions of PrP mRNA in vivo.

Progressive myoclonus epilepsy

The most common cause of progressive myoclonus epilepsy
type I, also known as Unverricht-Lundborg disease, is a
d(C4GC4GCQG)-d(CGCG4CG4) dodecamer repeat expan-
sion at the cystatin B (CSTB) promoter on chromosome
21q22.3 (138). The dodecamer repeat mutation leads to
significantly lower CSTB mRNA levels in patients, which
in turn leads to a loss-of-function of CSTB as a cysteine
protease inhibitor. Emerging evidence points to a possible
role for G4 secondary structures in relation to the func-
tions of the dodecamer repeat. The G-rich bottom strand
of the promoter region has been shown to form stable sec-
ondary structures featuring parallel G4s under physiologi-
cally relevant conditions in vitro (138). Although a clear link
has been established between secondary structures and the
CSTB promoter, further study is needed to elucidate the di-
rect effects and regulatory mechanism of G4s on the func-
tions of the dodecamer repeat in the disease.

CONCLUSION

Research on G4s as they relate to biology and neurodegen-
eration remains one of the most fascinating fields as well
as one of the most complex, given the concurrent preva-
lence of G4 involvement in neurological diseases and the



existing uncertainties regarding in vivo functions and bio-
logical mechanisms. G4s can act as a regulatory structural
element in neurological diseases, initiating neuroprotective
and neurotoxic cascades by influencing a plethora of cellu-
lar processes. Given their unique structural properties, G4s
can serve as effective targets for therapeutic interventions
employing aptamers, antisense oligonucleotides, or small
molecules. For these approaches to be therapeutically vi-
able, however, they must achieve a great degree of specificity
in recognizing unique genomic G4s that possess high vari-
ability in their sequence, orientation, and stability. Future
studies are needed to uncover the dynamics of G4s and the
genetic players involved in neurodegeneration. These ap-
proaches may reveal previously unknown culprits in the in-
tricate etiology of neurodegenerative disorders, while sup-
porting the development of novel therapeutic strategies.
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