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Patients diagnosed with rare diseases and their and families search desperately to organize drug
discovery campaigns. Alternative models that differ from default paradigms offer real opportunities.
There are, however, no clear guidelines for the development of such models, which reduces success
rates and raises costs. We address the main challenges in making the discovery of new preclinical
treatments more accessible, using rare hereditary paraplegia as a paradigmatic case. First, we discuss the
necessary expertise, and the patients’ clinical and genetic data. Then, we revisit gene therapy, de novo
drug development, and drug repurposing, discussing their applicability. Moreover, we explore a pool of
recommended in silico tools for pathogenic variant and protein structure prediction, virtual screening,
and experimental validation methods, discussing their strengths and weaknesses. Finally, we focus on
successful case applications.

Keywords: Rare diseases; Hereditary spastic paraplegia; Drug repurposing; Gene therapy; Virtual screening; In silico drug
discovery
Introduction: the changing landscape of drug
discovery for rare diseases
Rare diseases impact at least 300–400 million individuals glob-
ally, often leading to chronic illness, disability, and premature
mortality.(p1) Correct diagnoses are not always known(p2),(p3)

and can be insufficient, as currently there are no treatments for
95% of the 7,000 identified rare diseases. Therefore, urgent solu-
tions are necessary to enhance the possibility of discovering ther-
apies for rare conditions.

It is widely recognized that conventional drug discovery
pipelines face significant limitations, particularly in terms of
timeliness and costs,(p4) that greatly hinder the development of
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treatments for rare diseases. The high costs associated with
research and development for rare diseases are seldom supported
by the pharmaceutical sector due to the limited potential for rev-
enue generation.(p5) As a result, big pharma companies have
shown little interest in rare diseases, necessitating specific and
often unique pipelines for these diseases. Relatives, patient asso-
ciations, and other collaborative networks who support research
using alternative R&D models have found options to address
these challenges.(p6) These alternative models have been develop-
ing organically for decades, although clear paradigms have not
yet been established. It is worth noting that discussions with
key stakeholders have revealed a lack of awareness regarding
Y license (http://creativecommons.org/licenses/by/4.0/).
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the various drug discovery strategies available to identify new
pharmacological treatments. In addition, although there are
shared steps among these approaches, there are also distinct
steps that have not yet been formally documented.

We use Hereditary spastic paraplegia (HSP, ORPHAnet code
685) as an example of a rare monogenic disorder. HSPs are asso-
ciated with mutations in multiple genetic loci, resulting in a wide
range of clinical manifestations.(p7) As for most genetic disorders,
new mutations that cause HSPs are continuously being discov-
ered.(p8) Despite this complexity, most of the genes that are
involved in these conditions encode proteins that converge into
a relatively small group of pathways, presenting opportunities to
understand common mechanisms and to develop treatments.(p9)

We aim to offer guidelines for establishing a preclinical drug
discovery program for monogenic rare genetic HSPs, utilizing
an alternative approach to that used by the pharmaceutical
industry. We start by introducing the essential components of
the program, namely, the actors with the required expertise
and the patients’ clinical and genetic data. We then outline var-
ious strategies for discovering new treatments and offer insights
into the challenges that must be overcome in the process. Like
previous reports,(p10) our paper places a particular emphasis and
provides an update on the in-silico tools currently used in repur-
posing strategies, which are used in combination with traditional
docking methods (all related links are reported in the ‘Supporting
information’). Next, we delve into the essential experimental
requirements for validating computational hypotheses and high-
light the most common issues associated with any drug candi-
date. Towards the conclusion, we provide two case studies to
exemplify the application of these emerging paradigms. The first
case study involves Infantile ascending hereditary spastic paraly-
sis (IAHSP) and the recent discovery of a small molecule, menate-
trenone, that has been approved for compassionate use in one
patient with a specific missense mutation in the ALS2 gene.(p11)

The second case study revolves around a gene therapy treatment
called MELPIDA, which is currently undergoing Phase 2 clinical
trials for Hereditary spastic paraplegia 50 (SPG50).
The required team
A team dedicated to finding treatments for rare diseases should
be multi- and interdisciplinary (Table 1). Patients’ families and
clinicians play a crucial role as they are often the first to record
the symptoms exhibited by a patient. A diagnosis is typically for-
mulated on the basis of these clinical observations and genetic
TABLE 1

Team members, required expertise, and roles in rare disease drug d

Professional figure Expertise Rol

Team leader Scientific background Coo
Family and associations Communication Coo
Clinician Medicine Dia
Geneticist Medical genetics Gen
Data scientist IT/data sciences Har
Biologist Cell Biology, drug testing Elu
Chemical biologist Biophysics Inv
Structural biologist Structural biology Pre
Medicinal chemist Drug design, drug testing The
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screening. In many cases, however, the gene–disease association
is still unknown and the role of a medical geneticist becomes
vital in formulating a diagnosis. Experts in biology identify
underlying pathogenic cellular mechanisms, whereas chemical
and structural biologists are able to rationalize the associated
molecular mechanisms. Their contributions provide insights
into potential targets for therapeutic intervention. Having
obtained vital molecular information, teammembers with exper-
tise in medicinal chemistry are essential to design therapeutic
strategies. Drug candidates are then tested in cell systems to
assess their potential as the subjects of clinical testing. Finally,
the large amount of data, deriving from online databases, com-
putational predictions, clinical information, and experiments,
often requires that the team includes a data scientist who ensures
that all of the information is handled in a suitable way. Notably,
experts from various fields contribute across different stages of
the drug discovery process and individuals may performmultiple
professional roles with, for example, the team leader being one of
the experts.

This alternative drug discovery model faces several challenges,
including the extensive specialization that often hampers effec-
tive communication within the team, mainly resulting from a
limited understanding of each other’s challenges and often exac-
erbated by geographical, language, and cultural barriers. To over-
come these challenges, the team leader should maintain close
contact with the patients’ families and associations, who in turn
support the research through communication and fundraising.
Another challenge arises from the potentially conflicting priori-
ties of academics and industry professionals. The formers typi-
cally focus on publishing their work, while the latter prioritize
practical success. In our opinion, the publication of key findings
should be treated as validation of the work necessary to achieve a
therapy, rather than the ultimate goal of the program.
Gathering the necessary data
The process of therapy development typically begins with clini-
cal data collection. Genetic analyses are conducted to identify
gene variants, followed by assessments of pathogenicity. New-
born whole exome screening (WES) represents the most powerful
tool to identify novel variants, but not all hospitals are equipped
for it. Alternatively, screening tests for specific mutations repre-
sent the most widely available resource, although variants of rare
genes that are not included in the standard panels are likely to
escape detection. Much information to place a patient within
iscovery.

e

rdination
rdination and fundraising
gnosis, compassionate use proposal, administration, follow-up
etic investigation and interpretation
monization of datasets, pathogenicity prediction, and experimental data
cidation cellular mechanisms; drug testing in cell systems
estigation of pathogenic mechanisms at the molecular level
diction of protein variant structures and experimental resolution
rapeutic strategy design and testing
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the landscape of a specific rare disease can be retrieved from pub-
lic sources.

Clinical data sources
The lack of epidemiological and clinical data on rare diseases
poses challenges for health service planning and clinical
research. Patient registries offer a potential solution(p12) by using
observational studies and by collecting mostly longitudinal real-
world data about a population with a specific disease in a specific
geographic area (regional, national, and international).(p13) The
final goal is to enhance the quality of patient care by improving
health policies and conducting targeted clinical trials.(p14) Patient
registries are also valuable tools for clinical research,(p15) as they
provide an understanding of the natural history of diseases,
enable the planning of clinical trials, and facilitate patient enrol-
ment and the attainment of a sample that is large enough to
allow further research.

There are currently several registries related to HSPs. The
Treat-HSP registry (Table S1) collects clinical and biological data
on HSPs. Its aims are to develop and validate outcome metrics
for clinical trials and to identify shared pathways and novel ther-
apeutic targets. Access to the registry’s web platform requires per-
sonal credentials. The Registry and Natural History Study for
Early Onset HSP focuses on gathering longitudinal clinical data
and biological samples from patients who exhibited the onset
of HSP symptoms at 18 years old or younger. Its goal is to
advance understanding of the causes, clinical progression, diag-
nosis, and treatment of these conditions. Access to the data will
be limited to the staff responsible for the recruitment and main-
tenance of the registry. In addition, the soon to be launched Ital-
ian national registry for HSPs, known as STOP-HSP.net, is
inspired by the same principles (Table S1).

Gene variants that are associated with specific diseases
A necessary step in a drug discovery program is the gathering of
information about known pathogenic variants. Several freely
accessible online databases are available to researchers, and these
typically include information such as type of variants, position
on the reference genome, and classification according to the
American College of Medical Genetics (ACMG) guidelines.(p16)

In some cases, the database also includes a description of the
patient’s phenotype. Examples include ClinVar,(p17) which
archives and consolidates information about the relationship
between genetic variation and human health; the Leiden Open
Variation Database (LOVD),(p18) a flexible tool for collecting
genomic variants and phenotypes from both patient- and gene-
centric perspectives; and the Human Gene Mutation Database
(HGMD), which compiles all known published pathogenic gene
variants that are responsible for inherited human diseases.(p19)

These databases serve as initial resources for understanding the
impact of a variant (Table S1).

Predicting variant pathogenicity
When a new gene variant is identified, it is crucial to determine
whether it is disease causative. The first interpretation step is
assessing the variant frequency. If commonly found in unaf-
fected individuals, it is less likely to be disease-causing. One of
the most used databases is the Genome Aggregation Database
(gnomAD),(p20) which has been designed as comprehensive
resource. The latest version, gnomAD 4.0,(p20) is one of the largest
and most ethnically diverse population databases and includes
data from over 800,000 individuals and millions of genetic
variants.

The second step is to evaluate the variant and gene in the con-
text of the patient’s family history and clinical manifestations.
Accurate and comprehensive clinical information is essential
for interpreting novel gene variants. By testing other family
members, particularly parents and siblings, it is possible to deter-
mine whether the variant co-segregates with the disease within
the family. If the variant, or combination of variants depending
on the Mendelian inheritance pattern, is found in affected family
members but not in unaffected individuals, there is strong evi-
dence of disease causality. In autosomal dominant diseases, de
novo variants are more likely to be disease-causing. Therefore, it
is recommended that ‘trio testing’, in which the parents are ana-
lyzed alongside the proband (i.e. the first individual in a family
to be identified as possibly having a genetic condition), is carried
out as part of gene-panel, exome, or genome sequencing.

The ACMG has developed comprehensive guidelines for the
classification of sequence variants based on a combination of
expert opinions and empirical data. They provide a systematic
approach to interpreting genetic variants and assigning them
to specific categories based on their potential impact on dis-
eases.(p16),(p21) The classification system in the ACGM guidelines
places variants within one of five tiers:(p16) pathogenic, likely
pathogenic, uncertain significance, likely benign, and
benign.(p16) The factors considered are the type of variant (e.g.,
missense, nonsense, splice site), functional studies, segregation
within families, prevalence in affected individuals and the gen-
eral population, and information from disease and population
databases such as ClinVar, OMIM, DECIPHER, dbSNP, dbVar,
and gnomAD (Table S1).

Furthermore, there are computational predictive tools, both
publicly available and commercial, to interpret sequence vari-
ants. Such programs can predict the impact of sequence changes
on nucleotides and amino acids, as well as on primary and alter-
native gene transcripts, on other genomic elements, and on the
encoded protein itself. These tools can be divided into two main
categories: those that determine whether a missense change is
damaging or not (e.g., PolyPhen-2,(p22) SIFT,(p23) REVEL, and
CADD(p24)) and those that predict whether there is an effect on
splicing (e.g., GeneSplicer, NNSplice, SpliceAI, and CADD splic-
ing).(p25),(p26) Last, internet-based tools, such as VarSome and
Franklin by Genoox, allow more rapid calculation of pathogenic-
ity scores on the basis of ACGM criteria.(p27),(p28) In general, it is
recommended that multiple in silico prediction software tools are
used together for variant interpretation, as the different tools
have different strengths and weaknesses depending on the algo-
rithms employed.

Three-dimensional structure of the protein
Missense changes in a protein encoded by a disease-associated
gene can also be analyzed by studying the three-dimensional
(3D) structure of the protein, which may reveal whether the
mutation disrupts or modifies the protein’s function. The avail-
ability of the 3D structure of the protein is crucial in this process.
www.drugdiscoverytoday.com 3
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The current version of UniProt(p29) includes a “Structure” menu
that provides direct links to both experimental (from the Protein
Data Bank) and computed (from the AlphaFold(p30) database) 3D
protein structures. The significance of structural data and how
these data can enhance the prediction of mutation effects will
be discussed in detail in later sections.
Manual curation of patient datasets
All the above data, combined with information from the litera-
ture and other patients’ descriptions, generate complexity. The
resulting collection of data is often overwhelming, incomplete,
and confusing. To better organize and standardize the data, it
is beneficial to arrange the data in a structured framework, such
as a dataset, that offers improved navigation of large data vol-
umes. Some clinical studies have made efforts in this direction,
but there are currently no unified organization criteria that
encompass genetic, structural, and clinical features.(p31),(p32)

An ideal structure for mutation datasets (Figure 1) should con-
tain: (a) an internal anonymized patient ID with relevant infor-
mation such as country of origin and reference information
(publication or clinical reference details); (b) detailed clinical
information, containing a patient’s clinical presentation, symp-
toms, medical history, and prediction from knowledge-based
pathogenicity scores (e.g., CADD); (c) harmonized genetic infor-
mation, including the specific gene(s) associated with the disease
and the identified mutations with coherent reference genome
and transcript references (retrieved from ClinVar, or Mutation
Taster(p33)) (d) chemical and functional information such pre-
dicted Nonsense Mediated Decay and predictions of the effect
of each variant on the 3D protein structure.
Strategies to identify a targeted pharmacological
treatment
After collecting clinical, genetic and protein structural data, it is
necessary to determine the most suitable drug discovery strategy
for the studied disease. Some authors have proposed approaches
FIGURE 1
Four main categories of information that should be included in a patient
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based on Clinical Outcome Pathways, in which drugs are identi-
fied on the basis of their known effects on cellular pathways. As
this approach has been described elsewhere,(p34) we focus here on
targeted approaches. There are three main targeted approaches to
address rare diseases: gene therapy is based on large molecules,
whereas de novo drug development and drug repurposing are
both based on small molecules (Figure 2).(p4)

Gene therapy, or gene replacement therapy, involves the
delivery of normal copies of the disease-causing gene to the
patient to restore the altered phenotype. This strategy is primar-
ily used in the treatment of monogenic disorders.(p35) Adeno-
associated viral vectors (AAVs) are commonly used as delivery
vectors because of their favorable characteristics; they are rela-
tively non-pathogenic and non-replicating, they are able to
transduce both dividing and non-dividing cells, and they do
not integrate into the host genome.(p35) Nevertheless, the limited
availability of long-term evidence regarding the safety and effi-
cacy of gene therapy is a concern. Moreover, there are ongoing
debates about the ethical implications of such treatments. Gene
therapy is expensive and often inaccessible to many patients
who require it. Last, the size of the gene can affect the feasibility
and affordability of this approach, with smaller genes being more
suitable.(p36)

The development of new drugs for rare diseases, known as
orphan drugs, involves the design of new small molecules (Fig-
ure 2). Despite the Orphan Drug Act of 1983, which has encour-
aged efforts in this direction, significant financial and time
investments are still missing, mainly due to limited profitability.
Drug repurposing, as well as drug repositioning or reprofiling,
offers a more cost-effective and quicker alternative (Figure 2).
The rationale behind this approach is that a single drug can have
multiple targets and can exert multiple effects. Therefore, a drug
that was initially approved to treat one condition may have ben-
eficial effects in treating different disorders,(p37) and having
already undergone safety testing in Phase I clinical trials, the risk
of failure is relatively small when compared to that of a newly
developed compound.(p38) Another opportunity involves repro-
Drug Discovery Today
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FIGURE 2
The three main development pipelines for pharmacological treatments of rare diseases: gene therapy, de novo development of a small molecule,
and repurposing of a small molecule. Each approach has its own advantages and disadvantages. CureSPG50 and HelpOlly are two non-profit associations
that have supported the development of gene therapy and repurposing approaches in the field of hereditary spastic paralysis (HSP).
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filing drug candidates in clinical trials that have already passed
safety testing. In this scenario, however, the higher risk of failure
and the costs for Phase II, Phase III, or N-of-one clinical trials
remains.(p39),(p40) Thus, the risk–benefit balance is an important
aspect when considering a drug-repositioning strategy. Some
molecules, including some classical chemotherapeutics, may
pose a significant risk to the well-being of patients due to their
side effects without providing commensurate benefits for rare
disease patients. Repurposed drugs are often specific for individ-
ual patients as they are expected to treat a specific mutation, so
each must be evaluated on a case-by-case basis.
Focus on repurposing: defining a strategy
Many authors have suggested that drug repurposing is a viable
strategy in the field of rare diseases.(p4) Efforts have been made
to list, collect, and organize resources that are useful when adopt-
ing this approach.(p41) Nevertheless, there is still a lack of a con-
cise and definitive strategy for drug repurposing. The potential of
computational approaches is often underestimated and limited
to virtual screening, and protocols to assess the druggability of
mutation sites are not commonly employed. Figure 3 schema-
tizes the main steps of the computational pipeline, which we
believe should precede experimental efforts in drug repurposing.
The steps are: (a) look for altered protein products; (b) look at the
evolutionary conservation of the changed amino acid; (c) deter-
mine the structural features of the mutation site; (d) assess the
impact of the mutation on protein–protein interaction networks;
(e) look for the presence of a potential binding pocket at the
mutation site. Methods for performing these steps are found in
Table 2 and discussed below, and a comprehensive list of tools
is provided in Table S1.
The computational pipeline for drug repurposing starts with
determining the stability of the aberrant mRNA, that is, by deter-
mining whether protein translation occurs. To assess this, predic-
tors of Nonsense-mediated decay (NMD), a cellular quality-
control mechanism that prevents the synthesis of harmful pro-
teins, are used.(p42) Examples of such predictors include
NMDesc(p43) and Mutation Taster,(p44) which accept a transcript
reference, the affected coding position, or the type of mutation
as input. Truncating variants in the first exons are typically
prone to NMD, and an NMD cutoff in the coding sequence can
be defined to select stable variants for further progression along
the pipeline. Most of these variants are missense changes involv-
ing single amino acid substitutions. In such cases, conservation
tools (e.g. ConSurf(p45)) are used to predict the significance of
each residue in the protein structure, and thus to infer the likeli-
hood that the change will affect protein function. Notably, from
this point on, there is a need to consider the 3D structure of the
protein responsible for the disease and of the related mutant pro-
teins. When experimental protein structures are not available,
AlphaFold models(p30),(p46),(p47) can be used as acceptable
input.(p48) The 3D mutant proteins are modelled using the Chi-
mera ‘Rotamer’ tool,(p49) which involves substituting the mutant
amino acid within the 3D structure and optimizing the sidechain
orientations.(p50) Optionally, more advanced tools may be used
to refine the backbone structure.

The 3D structures of the protein variants are then compared
with the physiological (wild type) counterpart to predict the
effect of the mutation on molecular stability. To this end,
dynamic profiles that include assessments of stability, flexibility,
and interatomic interactions are compared. This is achieved
using two techniques: normal vibrational mode analysis and
molecular dynamics (with DynaMut2(p51) and CABSFlex,(p52)
www.drugdiscoverytoday.com 5
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FIGURE 3
In silico steps required prior to drug repurposing. PPI, Protein–protein interaction.
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respectively). DynaMut provides both numerical and graphical
outputs, enabling a quick evaluation of the mutation’s effect,
whereas CABSFlex 2.0 focuses on analyzing protein flexibility.
Alternatively, machine learning models have acceptable perfor-
mances as non-first-principles methods to achieve similar
results.(p53)

Further insights are gained by comparing the molecular and
solvent-accessible polar surface areas, which give an indication
of the different interaction potentials of mutant proteins. Tools
such as VEGAZZ(p54) and the Creighton method(p55) are used
for this purpose. VEGAZZ allows for visual depiction of the vari-
ation, whereas the Creighton method estimates the relative sol-
vent accessibility (RSA), which can be calculated using tools
such as the free SASA package.(p56)

Another common pathogenic mechanism in human beings
involves the disruption of protein–protein interactions (PPIs).
This is particularly important for many proteins associated with
HSP, which frequently perform their physiological functions
within large protein complexes and which form oligomers.
Intrinsically disordered regions (IDRs) often contain short recog-
nition motifs for other proteins.(p57) Thus, pathogenic mutations
that span IDRs are likely to disrupt such protein recognition
motifs. To formulate hypotheses in this sense, a prediction of
IDRs is obtained using IUPRED.(p58) However, PPIs also occur
through structured regions of the involved proteins. To infer
whether such interactions are affected, the known interactome
is searched: databases (such as STRING(p59)) and pathway maps
6 www.drugdiscoverytoday.com
(e.g., from KEGG(p60) and Reactome(p61)) are queried before the
PPIs are modelled by homology (using SwissModel and Alpha-
Fold, for example). Mutant residues that are located at the inter-
action surfaces are identified as having the potential to affect the
stability of PPIs. Overall, 3D structures enable the detailed char-
acterization of the molecular features responsible for structural
destabilization and/or alterations in PPIs.

The next step is to predict the druggability of the protein with
small molecules. To this end, it is crucial to identify a binding
pocket near the mutation site. Visual inspection of surface maps
can be complemented by the use of both commercial and free
software tools: (i) Site Finder,(p62) which is available in the com-
mercial MOE modelling suite (https://www.chemcomp.com);
(ii) fpocket,(p63) an open-source alternative for identifying bind-
ing pockets; and (iii) DoGSiteScorer,(p64) a free, server-based tool.
The predictions made thus far provide semi-quantitative infor-
mation about the feasibility of a drug-repurposing strategy. Their
integration within a rational decision-making framework is illus-
trated in Figure 4. Next, docking is leveraged for structure-based
virtual screenings (VS) to suggest ligands. The workflow involves
curating a dataset of therapy-approved compounds (such as
DrugBank(p65)) and organizing them in the appropriate input for-
mat. Docking is then performed using both commercial and free
tools (such as Gold(p66) and Autodock Vina(p67)) through a con-
sensus approach. Scoring the compounds and visualizing them
within protein complexes allows for the identification of poten-
tial mutation-specific drug-repurposing strategies. Molecules

https://www.chemcomp.com


TABLE 2

Steps in a computational pipeline for drug repurposing and the relevant tools.

Step Question Criterion Exemplar tools

1 Is there a protein to target? Presence of a protein product
downstream to the mutation

NMDesc, MutationTaster2021

2 What is context of the mutant
residue?

Evolutionary conservation of the
residue undergoing mutation

ConSurf

3 How does the mutation impact the
3D structure of the target?

a. Order/disorder prediction IUPred2A
b. Generation of mutant forms of the
target

AlphaFold2/3, ESMFold, OmegaFold,
OpenFOld, UCSF Chimera Rotamer tool

c. Dynamic profile DynaMut2, CABS-flex2
d. Surface property variation VegaZZ, freeSASA

4 What is the effect of the mutation on
protein–protein interactions?

a. Evaluation of the interactome and
pathway maps

STRING-DB, Reactome, KEGG

b. Multimer modelling SWISS-MODEL
5 Can a drug bind to the mutation site? Presence of binding pockets MOE-SiteFinder, fpocket, DoGSiteScorer
6 Is there any drug that can be

repurposed?
Virtual screening AutoDock Vina, GOLD R
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retrieved from the VS study are further manually screened to
select those with the best therapeutic index and ADME profile,
including blood–brain barrier (BBB) passage.
Experimental requirements for the validation of
computational results in drug repurposing
Experiments are then required to validate virtual results and to
complete the preclinical investigation. Various materials and
instruments can be employed, allowing for different depths of
experimental characterization. Not all of these processes are
strictly required: the level of experimental characterization can
be tuned depending on how much information is available in
the scientific literature and how solid the computational results
are. As a general rule, we suggest privileging proof-of-concept
experiments first.
Protein characterization and the related biological toolkits
Characterizing the wild type protein is highly informative (Fig-
ure 5). This process includes assessing the intracellular localiza-
tion of the protein and its organization as a monomer or in a
homo- or heteromer. To achieve this, proteins are typically
expressed as fusion constructs, often tagged or mutated. The
availability of suitable plasmids for the transformation of these
fusions is pivotal. A useful resource is the repository Addgene
(www.addgene.org), which provides a wide range of commercial
and proprietary plasmids. When investigating novel genes/muta-
tions, however, it is likely that a custom-made plasmid must be
cloned in-house or through contract research organizations.
The next step involves transformation and protein expression.
The selection of the optimal expression organism is crucial at this
stage. Bacterial systems are generally faster and more cost-
effective, but they have limitations such as their inability to pre-
serve relevant-to-human post-translational modifications. On
the other hand, eukaryotic cell lines typically result in lower pro-
tein yields. The decision about the expression system should be
made by an expert within the team, typically a biotechnologist.
Protein purification and biochemical analysis follow this step.
Various isolation and purification procedures are employed,
including chromatography (gel filtration, ion exchange, affinity,
or hydrophobic interaction chromatography) and immunopre-
cipitation procedures.

Once pure or enriched protein fractions have been obtained,
the size of the protein complex can be analyzed using gel filtra-
tion chromatography or density-gradient centrifugation. In addi-
tion, if the protein complex includes other proteins besides the
target protein (i.e., is a heteromeric complex), it is necessary to
identify the interacting and/or associated proteins. To achieve
this, hypotheses can be formulated on the basis of information
from interactome databases, and validated by co-
immunoprecipitation in conjunction with analytical techniques
(such as mass spectrometry). Depending on the subsequent
experiments, a selective antibody might be necessary, and this
can be chosen on the basis of information in the literature, in
databanks such as antibodypedia(p68) and in catalogs from speci-
fic vendors. Technique-specific validation of the antibody (by
immunostaining or western blotting) is necessary. Moreover, it
is important to determine whether the epitope (i.e., the part of
the protein that is recognized by the antibody) is known. This
becomes particularly relevant when dealing with missense vari-
ants that may affect the ability of the antibody to recognize
the protein.

Cell models
The availability of suitable cell models to monitor the disease is
crucial for evaluating the effect of a drug. These models can be
established from patient-derived tissues, obtained from col-
leagues, or acquired from repositories (such as the American Type
Culture Collection [ATCC; https://www.atcc.org]). It is generally
recommended that the simplest and most easily cultivable cell
model is chosen, unless specific cell-type characteristics (such
as neuronal morphology or electrophysiology) are to be
investigated.

One effective in vitro strategy for studying a rare disease is the
use of patient-derived skin fibroblast lines.(p69),(p70) Fibroblasts
can be obtained from a skin punch biopsy, a minimally invasive
www.drugdiscoverytoday.com 7
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FIGURE 4
Selection criteria and workflow for assessing the druggability of a specific variant and determining the feasibility of virtual screening. NMD,
Nonsense-mediated decay.
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procedure, even from pediatric patients. This approach yields a
robust and easily cultivable cell line, which is syngenetic to the
patient and does not require genetic manipulation. Nevertheless,
it is first important to determine whether the protein of interest
is expressed in these cells. This can be addressed by consulting
public repositories such as The Human Protein Atlas and GTEx,
to compare expression levels in various tissues and cell lines. Fur-
thermore, information on the intracellular localization can be
obtained from public repositories (such as UniProt). Fibroblasts
are a good model for studying proteins that are involved in com-
mon cellular mechanisms, such as mitochondrial dynamics and
morphology. They can also be considered a viable model for
investigating neurodegenerative changes because of their meta-
bolic and biochemical relationships with neurons. Studies have
shown that impairment of mitochondrial bioenergetics is found
in fibroblasts from patients diagnosed with neurodegenerative
pathologies such as Alzheimer’s, Parkinson’s and Huntington’s
diseases, as well as amyotrophic lateral sclerosis.(p70),(p71) Experi-
ments can unveil differences in protein expression and localiza-
tion by comparing fibroblasts from patients with healthy
8 www.drugdiscoverytoday.com
fibroblast lines, providing biochemical evidence of the impact
of a specific variant. Nevertheless, it is important to consider that
the genetic background of the healthy individuals from whom
control fibroblasts are derived may mask underlying effects. To
address this, it is advisable to use multiple control lines, possibly
with age and sex matching.

Despite the advantages offered by fibroblasts, these tissues
cannot be regarded as a comprehensive cell model for all situa-
tions. For instance, studying HSPs requires monitoring of
neuron-specific features such as connectivity, morphology, and
electrophysiology. In this case, fibroblasts can be reprogrammed
to form induced pluripotent stem cells (iPSC). These iPSCs are
subsequently differentiated into neurons,(p72) which allow accu-
rate representation of specific mechanisms. Patient-derived neu-
rons offer several advantages, including the ability to recapitulate
complete phenotypes by maintaining the patient’s genetic back-
ground. This provides a better understanding of disease mecha-
nisms and a relevant model for studying neurodegenerative
diseases. Nevertheless, the reprogramming and differentiation
processes are time-consuming, require specialized expertise,
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FIGURE 5
Flowchart outlining strategies for protein expression, protein purifica-
tion, and the study of protein complexes.
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and can be costly. As a result, this approach is well-suited for
studying disease mechanisms and for the final testing of a drug
candidate, but is likely to be too expensive to be used in a screen-
ing phase.

It is important to consider that the more representative a cell
model is, the closer the study will align with the patient’s reality.
Thus, it is advisable to choose different systems carefully in light
of the specific study goals balanced with the available time and
resources. In practical terms, when implementing a drug-
repurposing strategy for rare diseases, we advise that candidate
drugs are initially prioritized using simple cell models, before
more sophisticated systems are employed to validate final
hypotheses and to further investigate the efficacy of potential
treatments. With this approach, researchers can maximize the
utility of their resources and make informed decisions.

Animal models
This manuscript aims to outline preclinical strategies for obtain-
ing a drug candidate, and we primarily focus on experimental
verification in cell-based systems. A comprehensive description
of in vivo strategies is beyond the scope of this study, but we pro-
vide a brief commentary on what occurs beyond the in vitro
phase to emphasize the need to consider the entire preclinical
part of a drug discovery process. A thorough description of strate-
gies employing animal models has been provided by some of the
authors for the paradigmatic case of Rett syndrome.(p73) The
availability of disease-specific mouse models is crucial, particu-
larly in the context of gene therapy solutions. For many rare dis-
eases, however, models are limited and often restricted to gene
knockouts. Although valuable for studying gene functions, such
models may not accurately represent the diversity of missense
mutations. Furthermore, in conditions such as HSPs and other
motor neuron diseases, mouse models exhibit milder or even
absent phenotypes. This aspect should be carefully considered
when planning a study, especially considering the FDA Modern-
ization Act 2.0 (2022) which relaxes the requirement for animal
model proof-of-concept in the approval of treatments (https://
www.fda.gov). Along this line, future strategies include organ-
on-chip approaches, which are intended as an adequate interme-
diate step. Furthermore, it has been proposed that holistic
human-on-chip approaches have potential in the discovery of
therapeutics for rare diseases.(p74)

Selected frontier tools: cryoEM, advanced microscopy
techniques and electrophysiological characterization
Protein production, purification, and adequate cell models are
requirements for validating virtual results. In many cases, these
steps are sufficient to obtain compassionate use approval.(p11),(p75)

However, further investigationmight be required to gain a deeper
understanding of the underlying biological mechanisms.
Advanced tools and techniques, such as cryo-electronmicroscopy
(cryo-EM), can confirm structural predictions, as can
advanced microscopy techniques and electrophysiological
characterization, which can also help in the identification of cell
markers (Figure 6). By utilizing these frontier tools, researchers
can also potentially identify novel targets for drug repurposing.

Knowledge of the 3D protein structure is crucial for a thor-
ough understanding of protein function and the effects of muta-
tions on protein stability and overall assembly. There have been
recent advances in de novo protein structure prediction with the
introduction of tools such as AlphaFold 2/3 and ESM-Fold com-
bined with molecular dynamics. Nevertheless, experimental val-
idation through experimental methods such as X-ray
crystallography, NMR, and cryo-electron microscopy (cryoEM)
remains essential in some cases.(p76) CryoEM is a particularly
valuable technique due to its ability to offer high-resolution pro-
tein information and distinct advantages such as the ability to
study proteins without the need for protein crystallization. These
advantages significantly enhance the capability to analyze both
membrane proteins and delicate, large protein complexes. By
combining advanced sample preparation techniques with
cutting-edge grid technologies (such as graphene and affinity
grids), researchers can work with low volumes and protein con-
centrations approaching just 1 mg/ml. This makes it possible to
access proteins that are difficult to overexpress or isolate from
near-native conditions.(p77),(p78) Finally, cryoEM can capture
snapshots of a protein in various conformational states (Fig-
ure 6A), enabling detailed exploration of the dynamics underly-
ing a protein’s molecular function. For multimeric proteins, for
example, the structures of both the complex and the individual
monomer are often unknown. By visualizing the protein’s struc-
ture using cryoEM and subsequently studying mutant disease
states, researchers can greatly enhance their understanding of
the protein at the molecular level.

Cutting-edge microscopy encompasses a valuable set of tech-
niques that can be employed to monitor pathologic phenotypes
and to test drug candidates in vitro (Figure 6B). Confocal micro-
www.drugdiscoverytoday.com 9
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FIGURE 6
Selected frontier tools. A.Workflow for the determination of protein structure using cryoEM.(p78) The process involves the collection of CryoEM micrographs,
particle picking, 2D classification and particle image averaging, 3D classification, and 3D map construction or refinement. The resulting map is used to fit a
model of the full protein sequence. B. Advanced microscopy techniques: advantages and suggested application domain. C. Electrophysiological
characterization.
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scopy (CM) is the primary tool enabling the acquisition of high-
resolution, 3D images of cellular structures. It is particularly valu-
able in studying neuronal elements such as axons and dendrites,
and provides detailed insights into the impact of genetic muta-
tions on cellular connectivity and function.(p79) Super-
resolution microscopy (SRM), including structured illumination
microscopy and stochastic optical reconstruction microscopy,
goes beyond the diffraction limits of conventional light
microscopy,(p80) allowing the visualization of subcellular struc-
tures at an unprecedented level of detail and significantly con-
tributing to unraveling the structural alterations and molecular
interactions associated with genetic mutations.(p81) Live-cell
imaging (LI), notably time-lapse microscopy, offers dynamic
insights into cellular processes and can be implemented in asso-
ciation with the primary techniques cited above. For HSP, LI has
proven instrumental in tracking the real-time movement and
behavior of cells and subcellular organelles, unraveling the
dynamic impact of genetic mutations on cellular physiology.
This information is paramount for assessing the efficacy of small
molecules and gene therapies in reinstating normal cellular func-
tion. Finally, high-content screening microscopy currently inte-
grates CM, SRM and LI, enhancing the role of microscopy in
validating drug discovery through the concurrent assessment of
multiple cellular parameters.(p82) Transmission electron micro-
scopy, although not conventionally considered a high-
throughput technique, has emerged as a valuable addition to
the microscopy arsenal, unveiling ultrastructural details at the
nanoscale.(p83)

When looking for cellular markers, electrophysiological assays
can provide information on both physiological and pathological
properties (such as spontaneous and evoked activity, synaptic
transmission and plasticity), as well as on the efficacy of treat-
ments (Figure 6C). Both intracellular (i.e., patch clamp) and
extracellular (i.e., multielectrode array [MEA] and field potential)
recordings are robust investigational strategies to assess how
altered neuronal responses underlie specific behaviors or clinical
manifestations.(p84) Intracellular recordings performed with
patch clamp, in particular on isolated cells in culture, can pre-
cisely define the complex biophysical characteristics of ion chan-
nels and neuronal excitability, fundamentally contributing to
the comprehension of the neurophysiological bases of rare dis-
eases.(p85) The patch clamp technique allows characterization of
the impact of drugs on single ion channel function, whereas
the multicomponent properties of either intact or reconstructed
neuronal networks can be evaluated by MEA analyses. The MEA
approach has advantages over single-cell recordings for high-
throughput drug screenings,(p84) allowing the generation of
multi-parametric, high-resolution data to profile the drug impact
in longitudinal settings on electrically active cells (such as muscle
and neural cells). Patients who are affected by HSP have been
tested with non-invasive procedures such as electromyography
and measurements of motor evoked potentials, maximal nerve
conduction velocity, and compound muscle action potentials.
This work revealed severe dysfunction of the corticospinal tracts
caused by the degeneration of upper motor neurons.(p86) These
in vivo analyses point out the importance of understanding the
electrophysiological bases of upper motor neuron dysfunction
in HSP cellular models by applying either single-cell or network
electrophysiology assays. This aim can be achieved by studying
the motor cortex of the available HSP murine mouse models or
cortical motor neurons derived from patient iPSCs.

Overall, Cryo-EM, cutting-edge microscopy, and electrophys-
iological analyses are expected to provide a detailed understand-
ing of the structural, morphological, and physiological aspects of
rare diseases. As an example, current investigations on the ultra-
rare infantile ascending hereditary spastic paralysis, which is
caused by defects in the Alsin protein,(p87) are ongoing in our lab-
oratories. Carrying out such experiments is not a trivial task,
however, with target-specific issues requiring expert trou-
bleshooting. For instance, buffer compatibility and protein sta-
bility affect the resolution of cryoEM, and variability in cell
cultivation protocols can impact microscopy and electrophysiol-
ogy experiments.
Common issues that rare disease drug candidates
must overcome
In the development of drug candidates for rare diseases, particu-
lar focus should be put on answering fundamental questions
relating to common issues in drug discovery. We briefly discuss
them below.
Administration route and the blood–brain barrier permeability
The administration route is the first crucial factor that determi-
nes the ability of a drug to reach its active site effectively.(p88)

This work does not delve into the specifics of all possible admin-
istration routes, but it is important to note that the administra-
tion route is especially relevant for medications targeting the
central nervous system (CNS) because of the presence of the
blood–brain barrier (BBB). In general, direct administration into
the brain parenchyma, using invasive techniques such as
intrathecal administration, is the preferred route for large,
single-dose drugs.(p35) For small molecules, the oral or parenteral
route is typically chosen, and it is essential to ensure that the
drug candidate can cross the BBB.

The range of computational methods available for predicting
and determining the passage of drugs into the CNS (expressed as
log BB, a logarithmic ratio of the concentrations of drug in the
brain and the blood) has significantly expanded.(p89),(p90) Never-
theless, these models often show limited predictive power for
molecules outside the class on which the model was originally
trained. Moreover, efflux transporters, such as P-glycoprotein
(P-gp) and many others, actively remove xenobiotics from the
CNS. This complexity is often not considered by the most com-
mon predictors.

Cell-based models using brain endothelium have also been
developed and validated to access BBB permeability experimen-
tally.(p91) Some of these are suitable for medium to high through-
put screening, but several limitations are present. The source
material (primarily frommouse or rat or from differentiated from
pluripotent cells) comes with high maintenance costs. Con-
versely, cheaper models based on immortalized cell lines are less
representative and less reproducible.(p92) Overall, methods for
evaluating the BBB passage of new drug candidates are available,
particularly for small molecules, but their reliability is not
optimal.
www.drugdiscoverytoday.com 11
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Biomarkers to monitor the efficacy of the treatment
Testing new experimental therapies and building more robust
and better stratified clinical trials requires biomarkers that corre-
late with relevant clinical endpoints and are easily measurable
over time. Descriptions of the outcome measures and of useful
biomarkers in the clinical HSP context are beyond the scope of
this paper and can be found elsewhere.(p93) However, we recall
that the term 'biomarker' or 'biological marker' refers to a broad
subcategory of medical signs that can be measured accurately
and reproducibly. As defined by the US Food and Drug Adminis-
tration, a biomarker is “a characteristic that is measured as an
indicator of normal biological processes, pathogenic processes,
or responses to an exposure or intervention”. Biomarkers might
include clinical scales, neuroimaging features, and changes in
body fluids, and can be further classified according to their use.
Examples include biomarkers that can be used for diagnostics,
monitoring, response prediction, prognosis, and risk susceptibil-
ity.(p94) Among these, fluid biomarkers are the least invasive, least
expensive, and easiest to obtain. These biomarkers could be
derived from any bodily fluid, including blood, cerebrospinal
fluid, urine, and saliva.

At the preclinical stage and when a biological marker has not
yet been established, researchers look for cell markers: proteins,
metabolites, or specific phenotypes that are characteristic of
the disease model under study. Some features of neurodegenera-
tive diseases can be used for this purpose;(p95) for instance, mito-
chondrial impairment,(p96) decreased ATP production, excessive
generation of reactive oxygen species, and dysregulation of cal-
cium levels are cell markers for some HSPs. In practice, monitor-
ing variation in cell markers may help both in identifying the
modifications induced by the variants and in determining the
effect of a drug candidate that has been identified by virtual
screening.

Techniques such as omics approaches (such as transcrip-
tomics, proteomics and metabolomics) hold potential to study
differential gene expression and the impact of specific mutations
in disease- or patient-representative cell lines. In addition, more
advanced methods (such as pathway mapping) will help to
reveal which signaling networks are affected. Nevertheless, it is
important to note that such approaches are limited to assessing
just transcriptional regulation.(p97) Further information comes
from proteomic studies, a group of techniques characterizing
the translated proteome in both qualitative and quantitative
terms. Protein-level approaches yield more mechanistic insights,
but in contrast to transcriptomic approaches, they do not yet al-
low investigation of the whole proteome with a single untar-
geted assay.(p98) Finally, the study of metabolites holds promise
to study the effect of a gene mutation by analyzing changes in
metabolite profiles, identifying cell markers and providing the
basics to identify biomarkers.(p99) However, the dynamic nature
of metabolites represents a limitation, often resulting in extreme
variability.(p99)

Underestimation of risk is a key project weakness
Alternative approaches for drug discovery are necessary for rare
diseases. This requires a rational prioritization of the efforts and
careful planning. It is not uncommon for specialists within the
team to underestimate the time and resources required to com-
12 www.drugdiscoverytoday.com
plete key experiments. To address this challenge, the team leader
must identify and consider the hurdles associated with each crit-
ical step of the project. Examples might include computational
artifacts, issues with protein purification or stability, lack of pro-
tein expression in cell models, the size of the genes for gene ther-
apy, and the toxic gain of function by aberrant protein products.

Case studies
Below, we discuss two recent successful drug discovery efforts for
two monogenic rare HSP diseases, each based on a different
approach.

Infantile-onset ascending hereditary spastic paralysis (IAHSP): a
small molecule success
Infantile onset hereditary spastic paralysis (IAHSP) is an ultra-rare
neurological disorder that affects fewer than 100 children world-
wide.(p100) This condition is caused by biallelic pathogenic auto-
somic variants in the ALS2 gene. This gene encodes for Alsin,
which plays a critical role in the differentiation and maintenance
of upper motor neurons.(p101) The gene is approximately 95.5 kb
in size, with a cDNA sequence of 6,675 bp that encodes the 1,657
amino acid protein. ALS2 is larger than the upper limit for
translocation in adeno-associated viruses (AAVs), which are com-
monly used as gene therapy vectors.(p102) Therefore, gene ther-
apy strategies for IAHSP are premature, with actual
technologies and small molecules preferable. Treatment with
mutation-specific small molecules is only possible for missense,
non-destabilizing variants. Analysis of IAHSP patient databases
revealed that some individuals have missense changes that desta-
bilize the overall protein structure to a minor extent.(p48) This
finding confirms that targeting these specific mutations with
small molecules may be a viable therapeutic strategy for these
patients.

A recent drug repurposing effort identified a potential drug
candidate, menatetrenone (also called MK4, CAS number 863-
61-6), for the treatment of a specific ALS2 variant leading to
IAHSP(p11) (Figure S1A). MK4 was found to bind and restore the
function of Alsin with the missense variant R1611W, which
was originally discovered in an Italian patient.(p11) This patient
displays a compound heterozygous genotype, with the other
mutation being a frameshift change that is associated with loss-
of function. Thus, menatetrenone can only act on the protein
with the R1611W change. Nevertheless, the fact that the
heterozygous parents are clinically indistinguishable from
healthy individuals provides evidence that just one functional
copy of the gene is enough to prevent any symptoms. The iden-
tification of MK4 as a potential treatment for IAHSP is a signifi-
cant milestone in our research as this discovery was made
using in silico techniques, later validated with selected in vitro
experiments.(p11) Our results led to the approval for compassion-
ate use of a patient-specific therapeutic regimen. Such approvals
are granted by medical committees for already-approved mole-
cules when no alternative cure is available. Currently, the patient
is taking MK4 orally on a thrice-daily basis with promising
results. This case serves as a paradigm for a drug-repurposing
strategy achieved through an alternative drug discovery
model.(p11) The research and development efforts were supported
by a patient’s association, HelpOlly (www.helpolly.it, Figure 2),

http://www.helpolly.it
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highlighting the collaborative nature of this work and the impor-
tance of patient advocacy.

In hindsight, we identified the key pieces of knowledge that
were crucial for the successful repurposing of MK4. First, prior
biochemical research conducted by some of us showed that Alsin
exists as an active tetramer in the cytosolic compartment.(p103)

This information was instrumental in rationalizing the patho-
genesis of the R1611W variant: 3D protein modeling predicts
that the mutant version of Alsin prevents the formation of tetra-
mers by inducing abnormal dimers (Figure S1B).(p11) Through vir-
tual screening, we identified MK4 as a small molecule that masks
the mutant residue and restores proper tetramerization. Second,
prior knowledge about the involvement of Alsin with mitochon-
dria(p104) suggested that we should monitor mitochondrial mor-
phology using advanced microscopy techniques in patient-
derived fibroblasts, which allowed the identification of a cell
marker and validated the use of MK4 (data to be published).

This result satisfies two important criteria for treating rare dis-
eases: it is highly personalized and it requires minimal resources.
However, MK4 is only effective for the R1611W mutation and
multiple other missense mutations are known. This means that
similar studies must be conducted for each mutation, with no
guarantee that suitable therapeutic molecules will be found for
each case. On the positive side, having a successful pilot study
provides the necessary biological tools and allows for efficient
testing of other molecules.

SPG50: a gene therapy success
Spastic paraplegia type 50 (SPG50) is an extremely rare neurode-
generative disease with an autosomal recessive inheritance pat-
tern (OMIM #612936). At present, there are only about 80
reported cases of SPG50 worldwide, originating from loss-of-
function mutations in the AP4M1 gene.(p32) The gene encodes
the medium subunit of the adaptor protein complex 4 (AP-4),
which is involved in the intracellular vesicular trafficking of
transmembrane proteins.(p105) Despite much knowledge of the
cell biology of the disease, no specific treatment is currently
available for SPG50, and the pursuit of a drug repurposing strat-
egy is complicated by the lack of a 3D experimental structure.
Some attempts have been made to model key interactions and
to provide preliminary structures of the AP4 complex.(p106) Start-
ing from these, we are currently investigating specific missense
mutations that are associated with SPG50, with the two-fold
aim of rationalizing their pathogenesis and investigating
patient-specific drug repurposing opportunities.

The relatively small size of AP4M1 supports gene therapy as a
feasible strategy to treat SPG50, and other groups are investigat-
ing avenues that do not involve small molecules. In collabora-
tion with the nonprofit association CureSPG50 (www.
curespg50.org; Figure 2), Steven Gray’s lab has contributed to
the development of MELPIDA, an AAV9-mediated gene therapy
for SPG50(p35) that is currently in Phase II clinical trials. The ther-
apy involves delivering a functional copy of the human AP4M1
cDNA via an AAV9 vector, using intrathecal injection to bypass
the BBB passage. Promising results have been observed in pre-
clinical in vitro and in vivo studies, with minimal adverse effects
in AP4M1-deficient models.(p35) The first patients have already
been treated with encouraging outcomes, and the clinical trials
will provide a definitive answer regarding its efficacy. The esti-
mated primary completion date for the trials is October 1,
2028, with the study completion set for October 1, 2030. The
approach used for MELPIDA has the potential to be applied to
all AP4M1 mutants, but obtaining approval for a new treatment,
especially one that utilizes cutting-edge technologies such as
AAV-associated gene delivery, requires considerable financial
resources. For this reason, MELPIDA showcases the importance
of patients’ associations in driving the development of treat-
ments. As for the case of IAHSP, the central role of associations
such as CureSPG50 in securing adequate funding, and the
involvement of the patients’ families in coordinating efforts,
highlights the value of alternative drug discovery models for
addressing rare diseases.
Summary and conclusions
The pharmaceutical industry tends to prioritize common condi-
tions, leaving the needs of patients with rare diseases largely
unmet. As a result, smaller and more focused entities such as
patients’ associations, nonprofit foundations, and families often
take the initiative. They play a crucial role in securing financial
support for research projects through activities like knowledge
dissemination and fundraising. However, such resources are typ-
ically small when compared to the budgets allocated for tradi-
tional drug discovery paths. Therefore, finding new treatment
options for rare diseases requires alternative models.

In this review, we used a group of rare monogenic diseases,
including HSPs, as examples to provide guidelines for the design
and preclinical efforts necessary to discover drugs. After dis-
cussing and analyzing the composition of the ideal research team
for a specific project, our attention shifted towards the necessary
data collection. This involves creating a comprehensive dataset
that is specifically designed to collect patient clinical and genetic
data, as well as protein-related information from various sources.

Subsequently, we explored the potential paths for developing
treatments for rare monogenic diseases such as HSPs, focusing on
two main approaches: gene therapy and small molecules. These
strategies have different areas of application and varying costs
of development, but they are not always mutually exclusive.
When choosing small molecules as a strategy, we, along with
other colleagues, propose that drug repurposing brings signifi-
cant benefits. We carefully assessed the role and impact of com-
putational strategies in identifying cases where drug repurposing
is feasible, beyond the exclusive use of docking procedures. We
emphasize that modern predictors of 3D protein structures pro-
vide valuable information for this purpose. Although there is
an abundance of computational tools, most of which are freely
available, they are not always validated and lack rational organi-
zation, making their routine application challenging. Therefore,
we propose an analysis flow for each step of the process.

To validate the computational predictions at the preclinical
level, essential experimental tools are required for efficient test-
ing with the aim of providing readouts in the most efficient man-
ner. Specifically, we focused on protein expression and cell
models, which are crucial for proof-of-concept experiments to
validate computationally identified drug-repurposing candidates.
Furthermore, we discussed advanced tools that, although not
www.drugdiscoverytoday.com 13
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strictly essential, can greatly enhance our understanding of the
molecular and cellular mechanisms underlying the disease.
Examples are cryo-electron microscopy, advanced microscopy
techniques, and electrophysiological functional assays.

Finally, we presented two case studies that required different
approaches. First, a IAHSP patient with a missense variant in
the ALS2 gene, leading to a stable protein that can be targeted
with repurposed small molecules. Second, a case of SPG50 in
which the delivery of the entire AP4M1 cDNA via an AAV9 vector
is necessary. As general concept, gene therapy can be seen as a
curative approach, but it requires novel approvals and entails sig-
nificant expenses. On the other hand, drug repurposing targets
specific mutations, making it applicable only to specific patients.

In summary, we suggest that, given the often low budgets for
rare diseases, a drug repurposing strategy based on the pipeline
presented in this review holds significant potential and should
be pursued whenever possible.
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