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Being the predominant cause of disability, neurological diseases have received much attention from the global
health community. Over a billion people suffer from one of the following neurological disorders: dementia, epilepsy,
stroke, migraine, meningitis, Alzheimer’s disease, Parkinson’s disease, multiple sclerosis, amyotrophic lateral
sclerosis, Huntington’s disease, prion disease, or brain tumors. The diagnosis and treatment options are limited for
many of these diseases. Aptamers, being small and non-immunogenic nucleic acid molecules that are easy to

chemically modify, offer potential diagnostic and theragnostic applications to meet these needs.

aptamer neuroscience neurological diseases neurological disorders neurotoxins

| 1. Introduction

Aptamers are single-stranded DNA, RNA, or synthetic XNA molecules that can fold into unique three-dimensional
(3D) structures by which they bind their target molecules with high specificity and affinity 22, An approach to
selecting aptamers was achieved in 1990 by three separate groups BB The method is now known as the
Systematic Evolution of Ligands by Exponential Enrichment (SELEX). Since then, many aptamers have been
selected for use in areas of basic science and an increasing number of aptamers are under development for
applications in therapeutics, diagnostics, and imaging [EZI8I9][101,

The SELEX method simulates Darwinian evolution in vitro. It includes a number of selection rounds, and, after
each round, exponential amplification of the “fittest” oligonucleotides (oligos) is carried out. One round of traditional
SELEX includes three steps in the order (1) incubate the desired target molecule with a pool of oligos with a central
20-60 nucleotide region of randomized sequence surrounded by terminal regions of constant sequence that will be
templates for later polymerase chain reactions (PCRs), (2) capture the oligos in the pool that successfully bind the
target, and (3) amplify the captured oligos by either PCR or reverse transcription-PCR (rt-PCR), depending on the
type of oligo, DNA or RNA respectively. Rounds of counter-selection are also included, in which the nucleic acid
pool is passed over an empty supporting matrix, without the desired target or over the supporting matrix with one or
more other molecules that might be structurally related to the target molecule. In counter selection, the oligos that
do not bind the supporting matrix, or the structurally related molecules are captured and continued through more
rounds of SELEX. Counter selection is performed for many purposes, such as to eliminate oligos that interact with
(1) the supporting matrix, (2) analogs or molecules that are structurally related to the target, or (3) molecules
present at high concentrations in the biological matrix (such as serum or tissue extract) in which the selected
aptamer will function. The main goal of counter selection is to increase aptamer specificity for the desired target

over other potential molecular competitors. Besides conventional SELEX, recently developed structure-switching
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SELEX is becoming popular 112131 |n this approach, oligos are required to change their structures when they
interact with the target, in order to dissociate from a complementary capture sequence. This ensures that the
selected aptamers change in structure upon ligand binding. Other alternative SELEX methods have been
developed including CE-SELEX, Cell-SELEX, and in-vivo SELEX, as summarized in Table 1. It is quite possible to
combine different SELEX procedures to develop even more complex techniques. After aptamers are selected by
SELEX, they are further modified to improve their specificities and affinities by a number of approaches that, in

toto, can be referred to as maturation.

Table 1. Summary of Alternative SELEX methods.

SELEX Type Features Reference
PhotoSELEX Light sensitive ollgonucleothles are excited by UV and covalently link to [14]
their target molecules
Cell-SELEX Whole cells are used for the selection of aptamers that bind cell surface [15]
targets
In vivo SELEX Aptamers are selected from an oligonucleotide pool in living animals [16]
In silico SELEX Computer programs gre useq to predict tertiary s.tructure, affinity, and [17]
target interaction of aptamer candidates
CE-SELEX Capillary electrophoresis |§ used to selgct high-affinity aptamers, which [18]
reduces the selection process time from weeks to days
Spiegelmer After selection, aptamers are synthesized as unnatural L-oligonucleotides, [19]
Technology which are more stable than D-oligonucleotides
The nucleic acid pool has a short, unvaried sequence by which all
Structure Switching oligonucleotides can be captured on a complementary sequence. The [13]
SELEX oligonucleotides are released when they switch structures to bind their
target molecule.
Magnetic-assisted Magnetic nanoparticle-attached targets are used to capture aptamers in
Rapid Aptamer the presence of an externally applied rotating magnetic field with varying [20]
Selection (MARAS) frequencies that influence the selected aptamer affinities.

Artificially Expanded The AEGIS-SELEX library is composed of oligonucleotides containing

) . natural and non-natural nucleosides. These libraries have higher sequence [21]
Sl diversities than libraries of oligonucleotides containing only natural
(AEGIS)-SELEX gonuc gonly
nucleosides.
Robotic Assisted- Robotic platforms perform the selection without any manual intervention. It [22]
SELEX reduces the selection process to less than 2 days

A conventional SELEX protocol, but without amplification. After each
RAPID-SELEX round, Kd values are measured, and the enriched aptamers are sent to [23]
HTS.
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SELEX Type Features Reference
GO-SELEX A conventional SELEX protocol with unbound oligos adsorbed by [24]

graphene oxide (GO)
Sol-gel SELEX The desired aptamer target is immobilized on a microfluidic device [23]

This method enables the selection of aptamers that only function under the
Conditional SELEX chosen condition such as when they are in the presence of a regulatory [26]
molecule

The library sequences do not have primer complements and SELEX is
performed in the absence of primer complements. To amplify the selected
Tailored SELEX oligonucleotides, the primer complements are ligated with primers. This 19l
method prevents the primer complements on the oligonucleotides from
being part of the selected aptamer structure that binds to target

The desired target is immobilized on an SPR chip and the oligo pool 27]

SIPREEEEEX injected on the biosensor chip for aptamer selection.

Two or more libraries are used to isolate functionally different aptamers, 28]

CHLCHTBEISESA which are then fused to create a dual function aptamer.

Random 8mers are used to capture the aptamers in Phase | and the target mers and
FRELEX molecule is free in solution during Phase Il of selection. This method [29]

allows for a true free aptamer selection strategy. ons, lonic

ST T e T T T T TS TS U e MO ST M PO e PO M ST S e oTg T ot rmrmowre-srrvrormrrerre Diological
matrix or salt/ buffer composition) during selection in which the aptamer molecular target is found and the
interaction between aptamer and target will occur. Choosing appropriate buffer compositions and incubation
temperatures will ensure the optimal performance of the selected aptamers under the conditions in which they will
be applied BIBABLE2 Second, aptamer stability may need to be improved, as DNA and RNA aptamers are
potential targets for nuclease attack. This is especially the case for RNA, because of the 2’0OH group, which is used
by ribonucleases in an electrophilic attack of the phosphate of the nucleic acid backbone for hydrolysis. Thus, RNA
is more labile to high temperatures and pH than DNA. Aptamers can be matured by post-selection chemical
modifications to overcome this susceptibility. However, such modifications can result in the aptamer losing
specificity and/or affinity. Therefore, it is usually better to include modified nucleotides during SELEX. Many

possible aptamer modifications are listed in Table 2.

Table 2. Possible Aptamer Modifications with their Characteristics.

Feature Modification Reference
increases stability and resistance to 3' exonuclease el 5’|—ii'ki2;eernucleotide [33]
resistance to 3' exonuclease 3' Biotin Conjugates [34]
increases nuclease resistance 2'-fluoro (2'-F) Substitution [35]
2'-amino (2'NH2) Substitution (28]
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Feature Modification Reference
2'-O-methly (2'-OMe) [36]
Substitution
Triazole replacement 7]
L-DNA 28]
increases DNA nucle:?lse resistance, destabilizes quadruplexes thiophosphoryl modifications [39]
in aptamer structure
5'-End with Cholesterol 1401
resistance to renal clearance 5'-End with Dialkyl Lipids [41]
5'-End with PEGylation 42]
base modifications [43]
improving binding affinity and target selectivity (Sl
structure-based modifications [44]

Aptamers can be selected that selectively bind most viruses, cells, bacteria, proteins, toxins, and peptides with high
affinities 42481471481 They can be used several times without noticeable disruption of activity. In other words, they
can be separated from their targets for further use. By contrast, antibodies can only be utilized only a few times
before they lose functionality. Nucleic acid aptamers can also be matured to be more stable than antibodies and
enzymes, particularly at higher temperatures 2 Moreover, once the sequence of an aptamer is known, its
chemical synthesis and purification to homogeneity are highly reproducible and inexpensive. These properties give
aptamers the potential to substitute for antibodies as components of sensing units 42, The flexibility of aptamers’
structures and their ability to “mask” regions of an aptamer sequence with complementary oligos provides options
for signaling that allow the incorporation of aptamers into many sensor platforms, which are not readily adaptable

to antibodies. These properties motivate aptamer-based biosensor development 2YE1I52],

Developing new tools for diagnosis is one of the most salient areas in the biosensor field, with many investigators
seeking to create easy, efficient, and cheaper methods to achieve early diagnosis and precision medicine. The
inclusion of aptamers in biosensors (named “aptasensors”) took root in the 1990s. An early example of aptamers
as bio-recognition elements is an optical biosensor that used fluorescently labeled aptamers against human
neutrophil elastase in a homogenous assay 53] Since then, many types of aptasensor designs have been
reported, most with aptamers on solid supports, and with electrochemical, optical, mechanical, and acoustic signals
[45][54][55][56] ' 5ome examples are discussed later in this article.

Aptamers have also been applied in therapeutics. Modifications that result in increased half-lives and improved
pharmacokinetics make some aptamers good options for clinical application. Compared with antibodies, aptamers
are much less immunogenic, and their actions can be inhibited by reverse complementary oligonucleotides
(Munzar et al.,, 2019). These important characteristics recommend aptamers for development as therapeutics.
Macugen (pegaptanib sodium), which selectively recognizes vascular endothelial growth factor (VEGF), was the

first aptamer to be approved as a therapeutic agent (Tobin, 2006). Since then, several aptamers have reached
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different stages of clinical trials in which they are being tested for treating medical conditions like small cell lung

cancer, von Willebrand factor-related disorder, angiomas, and renal cell carcinomas BUEZIB8]59][60],

Another potential therapeutic application of aptamers involves delivery systems 61621 To achieve efficient results
in these systems, aptamers should recognize cell surface proteins in their native forms. Cell-SELEX was
developed to select against cell-surface proteins that are frequently difficult to purify in their native forms 3l An
aptamer that recognizes a cell surface protein can coopt the receptor to internalize a cargo attached to the
aptamer. With this method, one can select aptamers to receptors primarily expressed on a single cell type that can
be targeted in vivo BZ. For instance, anti-PSMA (prostate-specific membrane antigen) aptamers were developed

for the delivery of siRNAs to tumors in mice or cultured cells [62](64(65](66]

In neuroscience, the use of aptamers has, so far, been limited, albeit while having a very wide range of potential
applications. Aptamers have been reported as possible treatment options for neurodegenerative diseases that
result in the loss of central nervous system (CNS) structure and function, including Alzheimer’s disease (AD),
Parkinson’s disease (PD), Creutzfeldt-Jakob disease, motor neuron diseases, and Huntington’'s disease (HD)
(Figure 1). Currently, around 50 million people in the world face dementia, for which the global healthcare cost is
close to a trillion US dollars per year. This makes dementias one of the biggest medical and economic problems for
our society 87, As well, according to the United Nations and the World Health Organization, the world population
over 65 years old is estimated to double by 2050. Therefore, age-dependent neurodegenerative diseases will
require increasing expenditures for diagnosis and treatment (€21, These critical demands for methods to facilitate
early diagnosis and new therapeutic applications could be met by aptamers, which could also be solutions for

some of the underlying complications 681691,

Parkinson’s Disease Multiple Sclerosis
* Alpha-synuclein *IL-7

* LRRK2 *IL-12RB2

* Parkin *IL-1R1

* PINK1 * MBP

*DJ-1 *FAS

* Drp-1

Amyloid Plaques

Protein Aggregates

Figure 1. Possible aptamer targets in neuroscience.
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Aptamers are being developed for applications in brain imaging technologies (MRI, PET, etc.), neurotransmitter
visualization, diagnosis, and therapeutics for brain tumors and other brain-related diseases. In many of these

approaches, aptamers are labeled with radiotracers, such as fluorine-18 for PET imaging 2.

| 2. Diagnostic and Therapeutic Applications

Neurodegenerative diseases (NDs) involve the degeneration of neurons in the brain that results in the loss of
structures and functions of the central nervous system. ND can be caused by aging, genetic and environmental
factors. Dementia is one of the most common age-related NDs as is Alzheimer’s disease (AD). Parkinson’s disease
(PD) can be due to genetic mutations and/or environmental toxins. Amyotrophic lateral sclerosis (ALS), Multiple
Sclerosis (MS), Huntington’s disease (HD), and prion diseases are other common NDs with genetic links.
Unfortunately, neither effective cures nor early detection strategies are available for these diseases. Like the widely
used antibodies, aptamers have become attractive agents to apply to developing novel biosensors for early

diagnosis of NDs and cure of these diseases [1],

2.1. Alzheimer’s Disease

As an age-related progressive brain disorder resulting in mental deficiencies, AD is the most common form of
dementia. Its pathology is characterized by the aggregation of amyloid-B (AB) derived from the amyloid precursor
protein (APP) and initiated in the brain region of the hippocampus. Although scientists hypothesized that Ap-
induced neurotoxicity was correlated with insoluble Ap plaques (ABP) and fibrils (ABF), recent evidence indicates
that soluble AR oligomers (ABO) are also associated with AD onset. Therefore, ABO has been identified as an
attractive biomarker for early diagnosis of AD, and AP and tau are considered as significant therapeutic targets for
treating AD 72,

2.2. Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting about seven million
people globally. While being a progressive disease characterized by motor and nonmotor features, it has significant
clinical impacts on patients due to their loss of mobility and muscle control. Loss of striatal dopaminergic neurons
and neuronal loss in nondopaminergic areas characterize PD. Loss of neurons is generally associated with
characteristic Lewy body formation. Thus, the presence of Lewy bodies containing a-syn oligomers in the brain is

considered a possible therapeutic and diagnostic target for PD.

2.3. Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disease in which the myelin sheaths surrounding the neuronal axons in
the brain and spinal cord are destroyed. Disease progression is highly unpredictable and refractive to treatment at
later stages. Characteristic pathologies of the disease are abnormal activation of microglia and astrocytes, which

results in oligodendrocytes and neuronal cell degeneration. While there is no effective cure or diagnosis of the
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disease, the number of MS patients in the world is greater than 2.5 million 3. Specific biomarkers that could
identify MS early in its progression are not available, anti-inflammatory therapies have faced failures and they only

prevent relapses.

2.4. Amyotrophic Lateral Sclerosis

Dysregulation or alteration of receptor expression levels have been demonstrated in various diseases. Abnormally
activated AMPA receptors, which are associated with amyotrophic lateral sclerosis (ALS), are potential drug
candidates for ALS treatment. RNA aptamer AN58, raised against the GIuR2Q flip AMPA receptor, competitively
inhibited the receptor. Its nanomolar affinity is better than NBQX, one of the current best competitive inhibitors.
AN58 demonstrated the highest affinity towards GluR2 and higher selectivity for the GIluR4 among all AMPA
receptor subunits. In short, AN58 is a potential inhibitor with nM affinity of the GluR2 AMPA receptors [Z4],

Another characteristic of ALS pathology is the toxic accumulation of the TAR DNA-binding protein 43 (TDP-43).
Interaction of TDP-43 with RNA results in the regulation of RNA transcription, splicing, transport, and translation.
Zacco et al. demonstrated that native partners of TDP-43 can be used to inhibit its aggregation. This inhibition
occurs in a length-dependent manner, such that shorter oligos interfere with the aggregation better than long ones.
Their study indicates the possibility of increasing protein solubility using a natural interaction that can be adapted

as a new therapeutic approach 23,

2.5. Huntington Disease

Huntington’s disease (HD) is an incurable hereditary ND, impairing motor and cognitive functions. Huntingtin (HTT)
protein is essential for neuronal development; however, some mutations lead to the development of HD pathology.
Increases in the number of CAG repeats result in elongation of a polyglutamine stretch of HTT and convert it to a
toxic protein, which causes HD. Similar to AD and PD, inhibition of protein aggregation is a promising strategy to
slow or stop HD progression 8. As mentioned before, aptamers, being low- to nonimmunogenic and nontoxic,
emerge as robust candidates to interfere with protein—protein interaction and inhibit toxic protein aggregation in

such diseases.

High-affinity RNA aptamers were selected against monomeric mHTT (51Q-HTT) and shown to effectively inhibit its
aggregation in vitro. Such inhibition diminished oxidative stress in red blood cells (RBCs) and is associated with
reduced leakage of a thioflavin-induced fluorescence from liposomes. The presence of aptamers rescued an
endocytotic defect and blocked sequestration of glyceraldehyde-3-phosphate dehydrogenase by aggregated mHTT
in a yeast model of Huntington’s. Some of these aptamers did not recognize the nonpathogenic, 20Q-HTT, and
some increased the number of mMHTT in the soluble fraction of yeast. When coexpressed, two successful aptamers
increased the efficiency of inhibiting aggregation and improved cell survival. This study implies that using aptamers

might be a viable strategy to slow the course of HD 7,

The long polygutamyl stretches cause slight changes in the HTT 3D structure and changes its activity. Indirect

modulation of the affected structure using this elongated region on the protein might provide an alternative
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approach to treatment. G-quadruplex forming DNA aptamers (MS1 to MS4) that bind mHTT significantly decreased
the activation by mHTT of the basal histone H3 lysine 27 trimethylation (H3K27me3) activity of the polycomb
repressive complex 2 (PRC2) in neuronal progenitor cells (NPCs) from an individual with HD, but not in NPCs from
a healthy individual (8. With this study, DNA aptamers were successfully applied to preferentially target mHTT and
to modulate its activity. These two examples provide novel structure-based approaches to effective treatments of
mMHTT toxicity.

2.6. Prion Disease

Transmissible spongiform encephalopathies (TSES) are a type of neurodegenerative disorder that affect mammals.
The pathologic agent associated with these diseases is a misfolded prion protein (PrP). The molecular mechanism
(s) resulting in the structural changes that covert the cellular PrP (PrPC) to a pathogenic conformer (PrPSc) are
only partially understood, with the most common hypothesis being that a molecular cofactor, acting as a catalyst,
favors the transition from PrPC to PrPSc [,

Three G-quadruplex-forming aptamer sequences were identified for different forms of PrP B, These quadruplexes
were reported to have high affinity and specificity toward PrP (Kd: 62 nM—630 nM) and a weak affinity for the PrP-[3
oligomer that mimics the early stage of PrPSc formation. By various analyses, including ITC, SPR, and CD
spectroscopy, a high-affinity binding for PrP was associated with a quadruplex structure and PrP terminal domains
were required for aptamer binding. This study also provided evidence for a mutual unwinding of nucleic acid and
protein upon their interaction. The quadruplex unwinding-activity of PrP was carried out by the intrinsically

unstructured N-terminal domain and the DNAs promoted the unfolding of the PrP structured C-terminal domain.

2.7. Brain Tumors

Brain tumors are among the most fatal forms of cancer. For example, about two-thirds of adults diagnosed with
glioblastoma (a type of brain cancer) lose their life within two years. Brain tumors are also the most common and
lethal of all pediatric solid tumors. Children who survive with these tumors also often suffer from the long-term

consequences of the necessary medical interventions, such as surgeries and chemotherapies.

Gliomas (glioblastoma, ependymomas, astrocytomas, and oligodendrogliomas) make up almost 80% of all
malignant primary tumors of the brain. Glioblastoma multiforme (GBM) is the most frequently observed type of
primary astrocytoma constituting almost 60% of all brain tumors in adults 1. Gliosarcoma, a variant of GBM, is a
highly aggressive malignant form of metastatic brain tumor. Although techniques based on tumor morphology (e.g.,
MRI, histopathology biopsy) to distinguish gliosarcoma from other GBMs, the early diagnosis of this aggressive
disease is still poor, and the survival of patients after diagnosis is generally less than one year. Additionally,
conventional treatment methods for GBM, such as radiotherapy, chemotherapy, and their combinations, are not
effective. The abnormal activity of tumor cells and their resistance to chemotherapy and radiotherapy are major
reasons for the higher fatality rate of GBM 82, Thus, it would be a significant advance to discover specific
molecules targeting gliosarcoma for early diagnosis and for treatments such the inhibition of GBM cell activity and
increased radiosensitivity 83,
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| 3. Conclusions and Future Perspective

Countries with rapidly aging populations will be challenged in the future by an increasing number of people affected
by several neurodegenerative diseases. By 2050, over two billion people will be over 60 years old and the number
of people over 80 will have tripled, from 137 million today to 425 million. This increase in the number of elderly
individuals is expected to be accompanied by a proportional rise in the number of patients affected by neurological
diseases. An increased incidence of brain tumors is also expected, both because cancer incidence increases with
age and is possibly exacerbated by the diminished efficiency of repair mechanisms in the elderly brain. This rise in
patients with neurological diseases and brain tumors could be diminished if factors that make the elderly
susceptible to neurological disorders and the mechanisms of protein accumulation, impairment in degradation of
aggregates, and neuronal cell death were understood, and appropriate diagnostics and treatments were
developed. Therefore, understanding the fundamental bases of neurological diseases and brain tumors and the
impact on these with aging will identify means of their prevention or cure and improve the quality of life for many

people in old age.

Antibodies are currently a primary means of diagnosis of molecular biomarkers of neurological disease, particularly
for protein biomarkers. However, antibodies are expensive to produce, have batch-to-batch variation that requires
extensive quality control, and they require refrigerated storage. When used therapeutically, antibodies also must
first be “humanized” to avoid immune rejection. Opportunities for diagnosis and therapies can be expanded with
the inclusion of aptamers that are specific for disease biomarkers and aptamer constructs that can be used to

address therapeutic challenges.

Although aptamers provide advantages and many new opportunities for diagnostic and therapeutic applications,
their representation in modern diagnostics and therapeutics is low. Compared with antibodies, aptamers are
relatively recently discovered molecules and their development into approved diagnostic and therapeutic agents
will take time. In this review, we have summarized the available aptamers used for diagnosis and therapy and listed
them with sequences and properties in Table 3. However, there are many more potential aptamer targets with links
to neurological diseases that include LRRK2, Parkin, PINK1, DRP-1, DJ-1, UBQLN2, C9orf72, NEK-1, and FAS.
With further optimization of their function and standardization of their characterization, the application of aptamers
is expected to gain momentum and provide for many new opportunities in diagnostics and therapeutics in the field

of neuroscience.

Table 3. Aptamers used in neuroscience applications.

Aptamer Sequence (5'-3') Target Kd Ref.
BT5.6 GGGGACGTAAATTGGATGTGGCTGCTTATGCTCTACTTG BONT-E r‘:’; 41
M-30 GGTATTGAGGGTCGCATCCCGTGGAAACAGGTTCATTGGGCGCAC TCCGCTTTCTGTAGATGGCTCTAACTCTCCTCT saxitoxin 128 184

nM
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Aptamer Sequence (5'-3') Target Kd Ref.
“';;X' AGTTAGGGGCGACATGACCAAACGTT o-toxin 2{;;5 185]
Dopa2  GCCGCGGAAGACGUUGGAAGGAUAGAUACCUACAACGGGGAAUAUAGAGGCCACCACAUAGUGAGGCCCUCCUCCCAAG — dopamine ﬁ,\j (86]

T amyloid 68 87]
<0508 GCCTGTGGTGTTGGGGCGGGTGCG bota ey
T. amyloid 63 87]
<0530 GGTGCGGCGGGACTAGTGGGTGTG bota ey
190  (sg
ssDNA1L GCGGAGCGTGGCAGG Taudsl
DI Tausar 28 B
aptamer nM
E2 amyloid 10.9 [9q
beta1-40 uM
N2 amyloid  21.6 (9o
beta1-40 uM
TH14 CGCAACGCCGGGCCACTACGCGAATGGCAAGCCCGTCGAC BACE1 fﬁ\;’ s
360 (o1
S10 GTACACGTCGGCCACCTACGCGAAGTGGAAGCCTCATTTG BACEL 0
M5-15 a-syn 122
ANS58 GluR2 =
MS1 AGGGGTGGGGAGGGGTGGGGA huntingtin 8l
MS2 AGGGGTGGGGAGGGGAGGGGA huntingtin gl
U2 EGrRvIl 027 &3
nM
sLycs CACTACAGAGGTTGCGTCTGTCCCACGTTGTCATGGGGGGTTGGCCTG EpCAM 23]
TEPN GCGCGGTACCGCGCTAACGGATTCCTTTTCCGT transferrin - 65 og
receptor nM
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