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Abstract

Spinal muscular atrophy (SMA) with respiratory distress type 1 (SMARDI1) is an autosomal recessive motor neuron disease
that is characterized by distal and proximal muscle weakness and diaphragmatic palsy that leads to respiratory distress. With-
out intervention, infants with the severe form of the disease die before 2 years of age. SMARD1 is caused by mutations in the
IGHMBP? gene that determine a deficiency in the encoded IGHMBP?2 protein, which plays a critical role in motor neuron
survival because of its functions in mRNA processing and maturation. Although it is rare, SMARD]1 is the second most
common motor neuron disease of infancy, and currently, treatment is primarily supportive. No effective therapy is available
for this devastating disease, although multidisciplinary care has been an essential element of the improved quality of life and
life span extension in these patients in recent years. The objectives of this review are to discuss the current understanding of
SMARDI through a summary of the presently known information regarding its clinical presentation and pathogenesis and
to discuss emerging therapeutic approaches. Advances in clinical care management have significantly extended the lives of
individuals affected by SMARDI and research into the molecular mechanisms that lead to the disease has identified potential
strategies for intervention that target the underlying causes of SMARD1. Gene therapy via gene replacement or gene correc-
tion provides the potential for transformative therapies to halt or possibly prevent neurodegenerative disease in SMARD1
patients. The recent approval of the first gene therapy approach for SMA associated with mutations in the SMNI gene may
be a turning point for the application of this strategy for SMARDI1 and other genetic neurological diseases.
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Introduction

Spinal muscular atrophy with respiratory distress type
1 (SMARD1, OMIM # 604320) is an early onset genetic
degenerative motor neuron disease caused by autosomal

< Stefania Corti
stefania.corti @unimi.it; stefania.corti @policlinico.mi.it

Neuroscience Section, Department of Pathophysiology
and Transplantation (DEPT), Dino Ferrari Centre, University
of Milan, Via Francesco Sforza 35, 20122 Milan, Italy

2 Neurology Unit, Foundation IRCCS Ca’ Granda Ospedale
Maggiore Policlinico, Via Francesco Sforza 35, 20122 Milan,
Italy

Neuromuscular and Rare Diseases Unit, Foundation IRCCS
Ca’ Granda Ospedale Maggiore Policlinico, Via Francesco
Sforza 35, 20122 Milan, Italy

recessive mutation in the [IGHMBP?2 gene, mainly character-
ized by progressive distal muscular atrophy and respiratory
failure due to diaphragmatic palsy [35, 37]. It is also known
as distal spinal muscular atrophy 1 (DMSATI) and distal
hereditary motor neuropathy type 6 (d{HMNG6) [55]. Reces-
sive mutations in IGHMBP?2 cause a disease continuum with
a neonatal onset and severe distal motor neuropathy with
diaphragmatic weakness at one end (SMARDI1) and a later
onset of milder CMT?2 at the other end (CMT2S). Both are
thought to be due to a loss of IGHMBP?2 function.

The first description of SMARD1 dates back to 1974,
when Mellins et al. described two infants with a disease that
resembled an atypical form of Werdnig—Hoffmann disease
(SMA1) [69]. In 1989, Bertini et al. defined this disorder as a
spinal muscular atrophy (SMA) variant mainly characterized
by diaphragm involvement [7]. In 1996, Rudnik-Schoneborn
et al. recognized SMARDI as a separate disease from SMA
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[88]. More than 100 cases have been reported in the lit-
erature [101]. The actual prevalence of this disorder may
be significantly higher since many studies have described
diaphragmatic palsy in~ 1% of patients with a diagnosis of
early onset SMA [34].

Pitt and his group proposed diagnostic criteria for
SMARDI based on its clinical, histopathological and elec-
tromyographic features (Table 1) [81]. However, currently,
a diagnosis of SMARD1 (due to IGHMBP2 mutations) can
be made only with genetic testing, which is now relatively
straightforward. In addition, NGS allows comprehensive
genetic screening, especially for atypical cases in which
IGHMBP? is not the immediate candidate gene. Whole-
genome sequencing can also identify variants in noncoding
regions, allowing correct diagnosis in patients in which tra-
ditional analysis can identify only one variant [13].

SMARDI is clinically characterized by early onset res-
piratory involvement due to diaphragmatic palsy that is so
severe that permanent ventilator support is required. This is
the most common and pathognomonic sign that discrimi-
nates SMARD1 from other neuromuscular diseases, in par-
ticular from SMAT1 5q, the most severe and common form
of SMA [25, 29, 37] (Fig. 1). The first clinical manifesta-
tions of respiratory involvement in SMARDI patients are
inspiratory stridor, weak cry, recurrent bronchopneumonia
and failure to swallow [34-37, 53, 88].

The second most typical clinical manifestation of
SMARDI is distal and progressive muscle paralysis caused
by motor neuron death and neuropathic atrophy (Fig. 1). In
contrast to the muscle involvement in SMA 5q patients, that
in SMARDI1 patients starts from the distal regions of the
inferior limbs. Afterwards, the disease usually spreads to the
distal superior limbs and eventually to the proximal regions
of the four limbs and to the trunk muscles, and the progres-
sive development of kyphoscoliosis occurs [37, 89].

Respiratory
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dysfunction
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tendon reflexes \
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deformities —_ 6

Fig.1 Clinical hallmarks of SMARD1

\ Muscular
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Another frequent sign in these patients is muscular degen-
eration in the feet and hands that leads to adipose tissue
accumulations in the phalanges, called fatty pads, and to foot
deformities; these symptoms usually develop during intrau-
terine life and are present at birth, with finger contractures
developing secondary to muscle atrophy [37, 89].

Consistent with these clinical manifestations, laboratory
findings, such as neurogenic modifications by electromyo-
graphy, decreased velocity of motor nerve conduction and
absent motor response after maximal stimulation, are found
in SMARDI patients. Furthermore, muscle biopsies show
neurogenic modifications, such as atrophy and hypertro-
phy of fibers [37]. The autonomic nervous system is often
affected in SMARDI patients, and in some rare cases, its
involvement is prominent [76]. Sensory nerves are also
affected and usually show axonal degeneration similar to
that present in the biopsy specimens of SMA patients [37].

Table 1 Diagnostic criteria proposed by Pitt et al. to distinguish SMARDI1 from other similar conditions and to facilitate the classification of the

disease [81]

Clinical criteria

Histopathological criteria

EMG criteria

Low birth weight (< 3rd percentile)
nerve biopsies®

Onset of symptoms within the first 3 months
of life
3—4 months of age

Unilateral or bilateral diaphragmatic weakness

Reduced myelinated fiber diameter in sural

Slight evidence of progressive myelinated
fiber degeneration in biopsies taken up to

Evidence of acute or chronic distal denervation

Evidence of significant slowing (<70% of
LLN) in one or more motor a/o sensory
nerves

No evidence of regeneration or demyelination

that can justify the reduction in fiber size

Ventilator dependence within < 1 month of
onset associated with an inability to wean
No evidence of other dysmorphology or other

conditions

LLN lower limit of normal range

#Since the thickness of the myelin sheath is appropriate for the axon size, its reduction in diameter originates from the axon, the size of which is

similarly reduced
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The natural history and long-term clinical outcomes of these
patients are still not completely defined.

In 2012, Eckart and his group conducted a prospective
and partially retrospective study that followed 11 genetically
diagnosed SMARDI patients aged 3 months—14 years for
a mean observation period of 7.8 years. In general, disease
progression showed a worsening trend in the first 2 years
of life and then reached a plateau. Interestingly, biochemi-
cal analysis showed that a better prognosis was associated
with residual IGHMBP?2 enzymatic activity in vitro and with
IGHMBP?2 mutations that allow a certain degree of protein
production [25]. Finally, hepatic and cardiac involvement
have been reported in the literature in only a few SMARD1
patients [27]. Nevertheless, myocardial dysfunction is pre-
sent in a mouse model of SMARDI1 [64], and we cannot
exclude late-onset cardiac involvement in these patients.

As previously mentioned, SMARDI is an early onset dis-
ease that usually manifests during the first few years of life
[25, 37]. Unfortunately, the rarity of the disease makes it
difficult to conduct prenatal screening and almost all infor-
mation about its prenatal features in the present literature
is derived from retrospective studies. Indeed, sudden infant
death syndrome is possible, and it is caused by multifac-
torial risks, including neuromuscular diseases similar to
SMARDI.

In cases of unclear death in consanguineous families, it
is important to investigate mutations causing lethal autoso-
mal recessive disorders. In fact, another sign of suspicion
for SMARDL is a family history of recurrent infant deaths
[58]. Next-generation sequencing approaches are useful for
the identification of the genetic cause of recurrent deaths in
consanguineous families.

Atypical presentations and juvenile cases complicate
the diagnosis of SMARDI and a high index of suspicion
is needed to guide management and genetic counseling.
Patients diagnosed with SMARDI1 later in life have been
described and these cases are designated juvenile SMARDI
[8, 25, 39, 40, 41, 54, 89]. Atypical forms have been reported
[15, 45, 71, 76]. The patients were considered atypical
because they did not exhibit prominent respiratory involve-
ment but rather exhibited autonomic, neuropathic, bone, and
multisystem involvement.

In 2014, Cottenie et al. identified compound heterozy-
gous mutations (truncating and missense) in IGHMBP?2 in
a subgroup of CMT2 patients, which thus represents another
genetic cause of CMT?2 designated CMT2S. The mutations
in IGHMBP? identified to be involved in CMT2S were
mainly loss-of-function nonsense mutations in the 5’ region
of the gene that are associated with a truncating frameshift,
missense, or homozygous frameshift mutation in the last
exon and were predicted to be less aggressive than those
involved in SMARDI1 [19]. Overall, this finding suggests
that SMARDI1 and CMT?2 are part of a clinical continuum

that manifests differently according to the extent of protein
reduction caused by different mutations.

Pathogenesis

The causes of SMARDI, as mentioned before, are homozy-
gous or compound heterozygous mutations in the /lGHMBP2
gene (IGHMBP2 [MIM 600502]; RefSeq: NM_002180.2)
that cause a reduction in the level of the IGHMBP?2 protein.
The first evidence that SMA1 and SMARDI are different
diseases was reported by Rudnik-Schnoeborn et al. [88];
more than 200 SMAT1 patients were analyzed and it was
found that~ 1% had diaphragmatic involvement and were
negative for SMNI gene mutations [88]. It was not until
1999 that Grohmann and her group identified the genetic
cause of the disease. They studied a total of nine patients
with a classic SMARD1 phenotype from three families from
three different countries (Italy, Germany and Lebanon). The
authors carried out linkage analysis in these patients and
revealed associated markers on chromosome 11q13, which
led to the identification of SMARDI1 as a nosological entity
separate from SMAT1 [35]. Finally, in 2001, Grohmann et al.
analyzed six more families to narrow the large cosegregating
region on chromosome 11q that they had isolated in 1999,
which led to the identification of the genetic mutations in the
IGHMBP?2 gene that cause SMARDI [36].

IGHMBP2 protein

The IGHMBP2 gene is located on chromosome 11q13.2-
q13.4. It is composed of 15 exons that encode a 993-amino-
acid protein (the molecular mass of the protein is
109,149 Da) called immunoglobulin p-binding protein
2 (Ighmbp2) or immunoglobulin S-p-binding protein 2
(Subp-2).

The IGHMBP2 protein (OMIM*600502) consists of four
domains, namely, an ATPase domain, an R3H domain that
binds single-stranded nucleic acids, a DEXDc domain and
an AN1-type zinc finger motif [38, 40, 41, 52]. Classifica-
tion based on sequence homology places IGHMBP2 in the
superfamily 1 (SF1) of helicases. In particular, IGHMBP2
shares high homology with UPf1, a protein that is involved
in nonsense-mediated mRNA decay, and other similar mem-
bers of the UPf1-like subfamily of SF1 (Fig. 2). The UPf1-
like subfamily is characterized by the ability to unwind both
DNA and RNA duplexes in the 3'-5' direction [40, 41, 98].
In addition to UPf1, senataxin, a protein that has an impor-
tant role in transcriptional regulation, is part of the UPf1-like
subfamily [5, 14, 103].

Heterozygous mutations in SETX cause a motor neu-
ronopathy identified as ALS4, while several other reces-
sive mutations are causative for ataxia with neuropathy

@ Springer



3354

M. G. L. Perego et al.

RecA1 RecA2

SETX 1 —(UENID o

RecA1

UPF1

IGHMBP2

RecA2

1 - — 971

RecA1 RecA2

[
1 (NN D& o

Fig.2 Helicase domains of SETX, Upfl and IGHMBP2 proteins. Upfl-like family of helicases contain two RecA domains (RecAl and RecA2)
with helicase motifs that bind nucleic acids and ATP, and two specific subdomains (1B and 1C) that modulate RNA binding

called ataxia-oculomotor apraxia type 2 (AOA2 [MIM
606002]). The overlap in homology between IGHMBP2
and senataxin indicates that DNA/RNA helicase alteration
may play a key role in the evolution of different types of
neuropathy. The helicase domain of SETX also has homol-
ogy with UPF1, which, similar to IGHMBP2, plays an
important role in the production of mature mRNA [19].
Thus, a possible hypothesis is that mutations in [GHMBP?2
might cause a dysfunction of protein helicase activity,
which might determine the inability of neurons to gen-
erate error-free mature mRNA, thus inducing neuronal
degeneration.

Despite these examples of homology that suggest the pos-
sible functions of IGHMBP2, the roles of this protein are
still unclear. IGHMBP?2 is highly expressed in the central
and peripheral nervous systems during development [19].
After birth, IGHMBP?2 expression levels increase in the cer-
ebellar cortex but decrease slightly in other brain regions.
IGHMBP?2 seems to be expressed stably throughout adult
life [19]. In adults, the highest IGHMBP2 expression levels
are also in the cerebellum. IGHMBP?2 is expressed ubiq-
uitously in other body tissues and is expressed moderately
in fibroblasts and lymphoblastoid cell lines. These findings
highlight the relevance of the IGHMBP?2 protein in periph-
eral nerves but suggest that, in other tissues such as the cer-
ebellum, in which the protein is highly expressed, the pro-
tein has a less relevant function, as patients with IGHMBP2
mutations do not show signs of cerebellar dysfunction. In
fact, while IGHMBP2 is ubiquitously expressed, when it is
absent due to mutation, the predominant cells that degen-
erate are the a-motor neurons of the anterior horns of the
spinal cord [40, 41]. In particular, it is not clear whether
this cell-specific susceptibility to IGHMBP2 loss is due
to a particular function of IGHMBP2 in motor neurons or
whether the normal functions of IGHMBP2 are more funda-
mental to motor neurons than to other cell types. Neverthe-
less, IGHMBP?2 is thought to be involved in many cellular
processes, such as pre-mRNA processing, immunoglobulin
class switching, the regulation of DNA replication and inter-
actions with TATA binding protein [36, 62].
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The structural analysis of IGHMBP2 shows that this pro-
tein is able to hydrolyze ATP to produce the energy nec-
essary to accomplish its functions [40, 41]. In particular,
IGHMBP2 acts as an ATP-dependent helicase for both DNA
and RNA, which are bound by its R3H domain [52]. R3H is a
polynucleotide-binding domain that can bind, due to specific
sequence identification, both single-stranded DNA (ssDNA)
and single-stranded RNA (ssRNA). R3H domains are found
in more than 700 other proteins that present the same Arg-X-
X-X-His sequence and are possibly associated with different
domains, such as ring-type zinc finger nuclease domains,
ATPase domains and DEAH helicase domains [52]. The ter-
minal segment of the IGHMBP2 protein (from amino acids
638 to 786), in which the R3H domain is located, binds
ssDNA sequences rich in 5’-phosphorylated guanines and
acts as an anchor for the attachment of the entire protein and
the execution of ATP-dependent helicase activity by the heli-
case domain [32, 52, 72]. The helicase domain is, in theory,
able to bind RNA itself and exerts ATPase activity, while the
R3H domain enhances these functions. Similarly, the R3H
domain alone does not have sufficient affinity for RNA. The
R3H domain and helicase domain strengthen each other in
a cooperative manner, guaranteeing high-affinity binding to
RNA. This is confirmed by evidence that a truncation in the
N-terminal part of the R3H domain reduces the affinity for
RNA and DNA [32, 52].

Genetics of SMARD1

Different mutations are causative of SMARDI. In particular,
splice donor mutations, in-frame deletions, missense muta-
tions, nonsense mutations and frameshift mutations have
been reported [37].

In their first paper in 2001, Grohmann and her group stud-
ied IGHMBP?2 and its connection with SMARDI1 by ana-
lyzing six families and reported three recessive missense
mutations, two nonsense mutations, one splice donor muta-
tion and one frameshift deletion [36]. Later, nine other muta-
tions, specifically seven missense mutations and two non-
sense mutations, were identified in five SMARDI1 patients
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by [67]. Interestingly, seven out of nine mutations were in
highly conserved regions of IGHMBP2, which are most
likely responsible for the enzymatic activity of the protein
[67]. By 2010, 26 other mutations in IGHMBP?2, specifically
14 missense mutations, 6 nonsense mutations, 4 frameshift
mutations, 1 frameshift insertion and 1 in-frame deletion,
had been reported in children with clinical phenotypes of
SMARDI [3, 37, 39, 114].

The majority of pathogenic mutations in IGHMBP2 that
lead to SMARDI clinical phenotypes are in its helicase
domain, highlighting the importance of this domain for the
function of the IGHMBP2 protein and suggesting that the
disease is mainly caused by a biochemical loss of IGHMBP2
function, in particular its helicase or ATPase activity [19, 40,
41]. Indeed, seven out of nine typical missense mutations
cause an alteration in ATPase binding/hydrolysis activity or
a reduction in helicase motor stability [40, 41].

However, it is possible that other mechanisms besides
biochemical functional alterations in IGHMBP2 contribute
to the disease. In fact, Guenther and his group also reported
mutations outside the helicase domain, such as the p.T4911
mutation, which probably causes the disease by lowering
the steady-state amount of the protein; the p.N583I and
p-R603H mutations, which alter the nucleic acid binding
ability of IGHMBP2; and the p.D565N mutation, which
uncouples ATPase activity from RNA unwinding. Thus,
different mechanisms, including altered ATPase activity,
altered helicase activity and reduced steady-state levels of
the protein, may be responsible for SMARDI [40, 41].

As mentioned before, there is significant variability in the
clinical presentation of SMARDI; at the same time, there
are several reported /GHMBP2 mutations that may have dif-
ferent impacts on IGHMBP2 function. In the literature, it
is difficult to find a clear genotype—phenotype correlation,
although different authors have attempted to find a correla-
tion between the phenotype and the protein level.

In 2009, Guenther et al. reported a case of two siblings
with two compound heterozygous mutations in IGHMBP2
and a SMARDI clinical phenotype. Interestingly, the two
patients shared one mutation, while the other mutation was
different. One of the two dissimilar mutations corresponded
with a lower protein level and this was correlated with the
more severe clinical phenotype [40, 41]. The hypothesis
that a greater reduction in IGHMBP2 corresponds to a more
severe SMARDI clinical phenotype has been addressed in
the literature. For instance, Litvinenko et al. reported in
2013 that a total absence of IGHMBP?2 protein is correlated
with more severe SMARD1 [63]. The same was suggested
in 2014 by Cottenie and her group, who demonstrated that
IGHMBP?2 mutations are responsible for some cases of
CMT?2 and suggested that /[GHMBP2 mutations that have
a greater impact on IGHMBP?2 protein levels are responsi-
ble for SMARD1, while milder mutations are responsible

for CMT2, which is characterized by lower clinical severity
[19]. However, few reports asserting the opposite are present
in the literature; a case of two siblings with SMARDI that
carried the same mutation but exhibited a significantly dif-
ferent phenotype, which suggests the possible existence of
disease modifiers in individuals, was reported [54]. In 2013,
Stalpers and her group studied ten SMARDI patients and
showed that patients with homozygous mutations present
with a more severe phenotype than that of patients with het-
erozygous compound mutations [101], suggesting that there
is no precise genotype—phenotype correlation. Overall, while
the type of mutation present is not completely predictive,
a general correlation between a lower protein level and a
more severe phenotype can be observed in the literature and
this supports the hypothesis that a restoration of functional
protein expression can be therapeutic.

Molecular pathogenesis

Although many hypotheses on the function of IGHMBP2 are
driven by its structural analysis, the real role of IGHMBP2
in human cells and, in particular, the reason that it is so
important in motor neurons and causes their death when its
levels are reduced need to be further analyzed.

Subcellular localization and ribosome interaction:
IGHMBP2 is a multifunctional protein

The first step to better understand the cellular roles of
IGHMBP?2 is to clarify its subcellular localization, espe-
cially in motor neurons. This was carried out by Guenther
and his group in 2009. The authors reported that IGHMBP2
is predominantly localized to the cytoplasm, particularly
the perinuclear cytoplasm, in motor neurons and spreads to
growth cones and axons. This was demonstrated in mouse
embryo-derived motor neurons, which are the first cells
to degenerate in neuromuscular degeneration (nmd) mice,
a mouse model of SMARDI1 that harbors a spontaneous
splice-site mutation in murine /ghmbp2 and presents as a
neuromuscular disorder analogous to human SMARDI. The
authors confirmed this localization, demonstrating a reduc-
tion in Ighmbp?2 in nmd mice at these sites [40, 41].

Other research groups focused on IGHMBP2 function
and found that IGHMBP?2 physically interacts with ribo-
somes in the cytoplasm, suggesting a role for this protein
in ribosomal biogenesis and translation [42]. This was also
confirmed by Guenther’s group, who claimed IGHMBP2
to be a ribosomal-associated RNA ATP-dependent helicase
that relies on the cytoplasmic localization of IGHMBP2
in association with ribosomes. Thus, IGHMBP2 may be
responsible for mRNA translation. Specifically, IGHMBP2
is associated with the ribosomal 80S subunit but not with
polysomes and it is probably involved in the first steps of
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translation, perhaps during its initiation [40, 41]. Regard-
ing its role in ribosomal biogenesis, IGHMBP2 has been
shown to have a close physical interaction with ABT1 and
U3snoRNP, which are involved in the processing of the 5’
external transcribed sequence of 45S pre-rRNA [22]. How-
ever, Guenther previously reported that IGHMBP2 was
shown to be involved in replication and pre-mRNA splicing
and to be localized mainly to the nucleus, concluding that
IGHMBP2 could be a multifunctional protein that plays a
key role in motor neurons in different pathways [40, 41].

Genetic disease modifiers

Some hints on possible IGHMBP2 functions also come
from the clinical aspects of SMARDI. Indeed, an increasing
number of atypical presentations and slowly progressing and
milder forms have been described in the literature, as previ-
ously mentioned. Since no definitive genotype—phenotype
correlation has been described so far, a possible explanation
of these clinical differences is the presence of genetic disease
modifiers that are different for each patient and can affect
disease onset and severity by influencing different biologi-
cal pathways. Interestingly, a modifier locus that influences
the clinical severity of the disease independent of Ighmbp2
protein levels was found on chromosome 13 in nmd mice
[20]. The nmd mouse model presents with motor neuron
degeneration, axonal loss and neurogenic muscular atrophy,
all of which lead to death between 8 and 12 weeks [16]. The
neuropathological phenotypes observed in nmd mice can
be completely rescued by the expression of transgenic wild-
type IGHMBP?2 driven by a neuron-specific promoter [64],
confirming that they are definitely caused by a reduction
in Ighmbp?2 levels in MNs. The expression of the genetic
modifier on chromosome 13 mitigates both the neuropatho-
logical features and the clinical outcomes of the nmd mouse
model [77].

Dysregulation of RNA metabolic pathways leads
to the accumulation of toxic tRNA fragments

In 2000, Oda et al. demonstrated that this murine modifier
locus contains five genes encoding 5 tRNATyrs and a gene
encoding the activator of basal transcription 1 (ABT1), a
protein that is fundamental for ribosome biogenesis and
function [77]. The syntenic genomic area in humans also
contains four tRNATyr genes and the activator of basal tran-
scription 1 (ABT1) gene [19]. De Planell-Saguer et al. con-
firmed the relevance of these genetic elements, demonstrat-
ing a physical interaction between IGHMBP2 and tRNAs,
particularly tRNATyr and ABT1 [22].

Moreover, IGHMBP2 has also been found to associ-
ate with other components of the translational machinery,
such as the transcription factor IIIC-220 kDa (TFIIIC220),
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which is responsible for tRNA transcription, and with heli-
cases Pontin and Reptin, which are involved in transcrip-
tion and ribosome biogenesis [22, 33, 56, 94]. These find-
ings strengthen the concept that the IGHMBP2 protein is
involved in translational machinery and RNA metabolic
pathways [22], which, together with findings reported by
[40, 41] about the interactions of IGHMBP2 and 80S ribo-
somal subunits, add SMARDI to the list of neurodegenera-
tive diseases caused by the dysregulation of RNA metabolic
pathways.

Indeed, RNA metabolism alterations are a common theme
in neurological disorders. In particular, the observation that
the inactivation of the RNA kinase CLP1, a component of
the tRNA splicing endonuclease complex, results in the
accumulation of toxic tRNA fragments and consequently
the progressive loss of spinal MNs, muscle denervation
and paralysis in a transgenic mouse model [46, 113] further
highlights the possible involvement of tRNA dysregulation
in MN diseases. Hanada and his group demonstrated that
tRNA fragments derived from the aberrant processing of
tyrosine pre-tRNA lead to an increase in oxidative stress that
results in p53 activation and p53-mediated cell death. The
relevance of tRNA metabolism impairment in neurodegen-
erative disorders has also been shown in humans, as patients
with homozygous missense mutations in CLP1 show altered
tRNA splicing and suffer from severe motor sensory neu-
ropathy and cortical dysgenesis that leads to microcephaly
[57,93].

Several lines of evidence suggest a role for tRNA metabo-
lism dysregulation in SMARD1 pathogenesis. IGHMBP2
has been found to be able to interact with tRNAs, such as
tRNATYyr, and with other molecules that are important for
tRNA metabolism, such as TFIIIC220, Pontin and Reptin.
Moreover, the modifier locus found in the nmd mouse model
contains genes encoding the same tRNAs that interact with
IGHMBP2. Thus, the absence of IGHMBP2 activity may
determine the deficiency in tRNA-IGHMBP2 binding in
SMARDI1 patients, which leads to altered tRNA splicing,
toxic fragment accumulation, and p53-mediated death.
Conversely, the presence of the murine modifier locus in
this model may correct the missing molecular pathways
that encode important tRNAs. Many studies are needed to
confirm these theories and fully elucidate the pathogenic
mechanism of SMARDI to determine an effective thera-
peutic approach.

A possible role in mRNA translation

The other main issue that may help us to fully understand
the pathogenic mechanisms of SMARDI1 concerns the selec-
tive vulnerability of MNs, as all of the previously discussed
mechanisms should occur in all cells since IGHMBP?2 is a
ubiquitously expressed protein. Guenther et al. suggested
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that this might be attributed to the importance of IGHMBP2
to specific MNs for the initiation of translation of some
mRNAs, such as those presenting an excessive number of
secondary or tertiary structures. This hypothesis could also
explain the involvement of cardiomyocytes and diaphrag-
matic cells in the murine nmd model [40, 41]. Inefficient
DNA repair machinery or more fragile translational machin-
ery, possibly due to the extension of the axons and dendrites
of MNss, are other intriguing explanations, but these explana-
tions may be incorrect or describe just a part of other mecha-
nisms. Consistent with this notion, Ighmbp2 deficiency in
nmd motor neurons was recently correlated with alterations
in protein biosynthesis, especially that of the p-actin pro-
tein [104]. B-actin is an abundant cytoskeletal protein, and
aberrations in its regulation have been previously observed
in Smn (survival motor neuron)-deficient motor neurons,
suggesting that it plays a crucial role in cell development
and differentiation [50, 87]. Although Ighmbp2-deficient
primary cultured motor neurons display a significant and
selective reduction in f-actin protein levels in axonal growth
cones, no abnormalities are detected in the amount of cor-
responding mRNA or total protein, indicating a translational
delay [104]. These results may further indicate the involve-
ment of IGHMBP?2 in translation, although deeper studies
are necessary to draw conclusions on its direct and indirect
impacts.

IGHMBP2 deficiency may lead to R-loop accumulation

In addition to the processes reported, another molecular
mechanism that may be involved in SMARD1 pathogen-
esis is R-loop dysregulation. R-loops are temporary three-
stranded nucleic acid structures that form physiologically
during transcription when a nascent RNA transcript hybrid-
izes with the DNA template strand, leaving a single strand of
displaced nontemplate DNA [26, 80, 92]. They are involved
in different physiological processes, but their abnormal
persistence, determined both by a deficiency in molecules
responsible for their resolution and by the presence of stabi-
lizing sequences in the nontemplate DNA strand, may cause
DNA double-strand breaks (DSBs), genomic instability and
eventually cell death [61, 79, 116].

Not by chance, they have recently been found to be
increased or to abnormally persist in different human dis-
orders, such as cancers and neurodegenerative diseases [80,
84]. In particular, different motor neuron disorders are linked
to genetic mutations that induce R-loop formation and con-
sequent motor neuron death. Among these disorders, ALS4,
a juvenile form of amyotrophic lateral sclerosis (ALS), and
ataxia with oculomotor apraxia type 2 (AOA2) are caused by
mutations in senataxin (SETX), an RNA/DNA helicase that
has been confirmed to be involved in R-loop resolution in
different human genes [47, 80, 99]. Similarly, ALS seems to

be closely connected to R-loops since C9ORF72 hexanucle-
otide repeat expansions (C9 HREs) have been demonstrated
to stabilize R-loop formation [43]. Additionally, TDP43 and
FUS are RNA binding proteins that may contribute to the
regulation of the level of R-loops [91], as C9 HREs and
TDP-43 and FUS mutations are some of the most frequent
genetic alterations found in hereditary and sporadic forms
of ALS. SMA may also be caused by R-loop dysregulation
since the absence of SMN (which is encoded by the gene
responsible for the disease) causes diffuse splicing altera-
tions and abnormal R-loop accumulation, which induce p53
pathway activation and the expression of other markers of
the DNA damage response [51].

Pathogenic R-loop pathways may also be present in
SMARDI and may represent a very important pathogenic
mechanism and therapeutic target for the disease. Indeed,
IGHMBP?2 was initially described as belonging to R-loop-
dependent class-switch recombination proteins and it has
been described as having ATP-dependent 5’ to 3’ DNA/RNA
helicase activity [32]. As previously mentioned, the majority
of IGHMBP2 mutations observed in SMARDI1 patients are
located in the helicase domain, and importantly, IGHMBP2
has homology with SETX [40, 41, 62], which plays a key
role in R-loop resolution pathways; this suggests a probable
link between IGHMBP2 deficiency and R-loop accumula-
tion, which eventually leads to MN death.

Other studies are needed to fully elucidate these pathways
and understand their therapeutic potential.

SMARD1 preclinical disease models

SMARDI is a disease that mainly affects the a-motor neu-
rons of the spinal cord, which are not accessible for direct
study. Thus, modeling this disease for pathogenetic and
therapeutic preclinical studies is critical for the advance-
ment of this field.

Induced pluripotent stem cells (iPSCs)

Stem cells are able to self-renew indefinitely and to differ-
entiate into different cell types [83, 112]: [100], including
motor neurons.

iPSCs are cells with a molecular profile and differentia-
tion potential similar to that of embryonic stem cells (ESCs),
but they can be generated from somatic cells (fibroblasts)
by the expression of a combination of transcription factors
usually involved in the maintenance of ESC self-renewal and
totipotency [105, 106, 115]. iPSCs can be generated through
viruses (retroviruses, lentiviruses, adenoviruses, and Sendai
viruses), DNA (plasmids, episomal plasmids, transposons),
and cell-penetrating peptides. Today, nonintegrating systems
are preferred [96].
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iPSCs present some undisputed advantages; they have
human origins, are easily accessible (they can be derived
from skin or blood cells), exhibit expandability in vitro,
can differentiate into almost any human cell type, including
neuronal cells, and thus can be used to model neurological
disorders and solve the ethical concerns related to the use
of human ESCs. Furthermore, since iPSCs can be derived
from affected patients themselves, they represent a personal-
ized disease model that may represent the future of precision
medicine. In addition, iPSCs represent a potential source of
personal stem cells for affected patients, opening unprec-
edented transplantation possibilities; they are isogenic, so
no immunosuppressive therapy is needed, and they represent
the first milestone for personalized medicine [96].

Cells derived from iPSCs usually have a relatively imma-
ture phenotype, so there is greater confidence that they rep-
resent a better model of early onset diseases than late-onset
diseases, in which the accumulation of cellular stressors and
aging-related processes may be key contributors to disease
pathogenesis [102]. Therefore, iPSCs are better models for
diseases such as SMARDI1 and SMAI1 than for disorders
such as Alzheimer’s disease or ALS.

Furthermore, there is another important advantage of
using iPSCs for disease modeling, which is the possibility
of generating different disease-relevant cell types and study-
ing the interactions among them [44, 73]. In SMARDI, for
instance, the possibility of simultaneously generating MNs,
glial cells and muscle cells and studying their interaction
represents a major breakthrough for elucidating the disease
mechanisms.

To date, iPSCs have been generated to model different
human disorders, including motor neuron diseases such as
ALS [23] and SMA [18, 24]. Apart from our group’s works,
no iPSCs have been developed for SMARD1 [97].

We differentiated iPSCs into motor neurons and analyzed
the processes that are relevant to SMARD1 pathogenesis,
including cell survival, axonal elongation, and growth cone
formation, showing that even though SMARD1 iPSC-
derived motor neurons do not present developmental defects
compared to wild-type cells, they autonomously degenerate
in long-term cultures [97].

SMARD1 mouse model

B6.BKS Ighmbp2nmd-2J/J mice are commonly used to
model SMARD1 [64]. The IGHMBP?2 region is conserved
in these mice, but it is localized to chromosome 19 instead
of chromosome 11 [16]. Affected mice have a homozygous
mutation (A-G) in intron 4 of the Ighmbp2 gene, which
causes abnormal splicing in almost 80% of transcripts;
only 20% of transcripts are full-length. Thus, Ighmbp2
protein levels are greatly reduced in nmd mice. Both [90]
and [22] reported a direct correlation between a decrease
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in Ighmbp?2 protein levels and motor neuron degeneration
[22, 90]. Homozygous mice present a typical SMARD1
phenotype that usually becomes evident during the 2nd
postnatal week. They present a loss of motor neurons and
consequent progressive paralysis, which first involves the
hindlimbs and then extends to the forelimbs, and respira-
tory involvement that, unlike that in human SMARDI1
patients, is present only in late stages of the disease and
possibly represents the cause of death [38]. Another dif-
ference between humans and mice is heart involvement,
which is not present in SMARD1 patients but is important
and occurs early in mice and leads to progressive dilated
cardiomyopathy and congestive heart failure [64]. In 2004
and later in 2005, Maddatu and his group demonstrated
that transgenic mice that selectively express the Ighmbp2
protein in the CNS or in cardiomyocytes develop disease
hallmarks only in the CNS or heart, respectively, suggest-
ing that the histological patterns related to the disease
are dependent on defective Ighmbp?2 expression and that
the correction of the expression levels of this protein can
reverse the disease phenotype in mice [64, 65]. Death usu-
ally occurs between 8 and 12 weeks of age, but this can
vary [20, 22, 59, 64].

Histopathological studies have demonstrated a preferen-
tial involvement of lumbar motor neurons rather than tho-
racic or cervical neurons. Degenerating neurons can also
be located in the sympathetic chain. The death of motor
neurons, which is present by 10 days of life, occurs signifi-
cantly earlier than the appearance of muscular atrophy and
adipose tissue infiltration, which are late signs in affected
mice and are more prominent in distal muscles than in
proximal muscles. The overall pattern of affected muscles
and motor neurons was thought to be random [16, 20, 36,
72] until recently, when Villalon et al. demonstrated that
some motor units in symptomatic nmd mice appear to be
more susceptible to degeneration than others. Neck muscles
and the trunk muscles that are necessary for respiration and
trunk movement have been described as resistant or slightly
vulnerable to neuromuscular junction (NMJ) denervation.
This is consistent with the clinical manifestation of nmd
mice, which involves respiratory distress only in the latest
stage of the disease. Except for the EDL and lumbricals,
the distal appendicular muscles are vulnerable. All these
results suggest that NMJ degeneration does not affect all
muscles equally. Surprisingly, endplate fragmentation has
been observed to occur completely independent of NMJ
denervation. Consistent with this notion, compared to wild-
type mice, nmd mice exhibit a reduction in internode length
and nerve fiber diameter, which are both typical signs of
demyelination/remyelination events. Overall, these results
show the specific motor units that can be further analyzed
to clarify the molecular pathways that underlie selective vul-
nerability in nmd mice.
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Interestingly, these pathological changes can be sig-
nificantly restored in neonatal nmd mice by gene therapy
involving an injection of AAV9-IGHMBP2, demonstrating
that this approach protects clinically relevant muscles from
denervation and endplate fragmentation. This suggests that
IGHMBP2 may play a relevant role in endplate maintenance
[110].

Moreover, the existence of a disease-modifying gene that
is able to delay disease onset and progression raises interest-
ing questions regarding the possible use of disease modifiers
for the determination of the life expectancy of nmd mice
[20, 65].

SMARD1 therapy

To date, there are no approved therapies for SMARDI1 that
can modify progression and patient prognosis. The only
clinical approaches for treating these patients involve using
drugs and devices, such as antibiotics, mechanical ventila-
tors and nutritional devices, to support vital functions and
mitigate symptoms [25, 53]. Managing affected children thus
falls on families and requires significant effort [82, 109].

Moreover, because SMARDI is a very rare disease, only
a few pharmacological treatments or therapeutic strategies
have been tested, all at the preclinical stage. However, recent
research advancements have led to the identification of inter-
esting therapeutic strategies that may be effective in patients;
these strategies are summarized in Fig. 2. Nevertheless, tol-
erance/adverse effect studies and randomized clinical trials
are still needed to guarantee the safety and efficacy of these
strategies and the path to a cure for SMARD1 remains long.
For this reason, continued multidisciplinary care is funda-
mental to the management of patients.

Current achievements in preclinical studies
Neuroprotection via small molecules

Only a few pharmacological treatments have been tested for
SMARDI1, and until now, none have reached clinical trials
(Fig. 2a). Insulin-like growth factor 1 (IGF1), a hormone
with several functions, such as stimulating cell survival and
neurotrophic factors, may be another interesting therapeutic
molecule since it is able to increase the axonal growth and
axonal sprouting of motor neurons in paralyzed and dener-
vated muscles and diminish muscular atrophy [2, 11, 12,
49, 66, 74, 86]. Krieger et al. recently demonstrated that
IGF1 is reduced in nmd mice, suggesting that it may cause
some of the neuropathological hallmarks of SMARD1, such
as motor neuron degeneration and muscular atrophy. When
administered to nmd mice, IGF1 conjugated to polyethylene
glycol (PEG-IGF1) was found to restore IGF1 serum levels

and improve some of the core features of the disease without
significantly increasing motor neuron survival, probably due
to insufficient dose [59].

In 2005, a monoclonal antibody, Mab2256, an agonist of
tyrosine kinase receptor C (TrkC), was tested in nmd mice
by Ruiz et al. [90]; the researchers reported an initial ben-
eficial effect on muscular strength and function, which was
confirmed by electrophysiological studies, and a slowing
of disease progression [48, 90]. However, the effects were
only transient and did not prolong survival. The results of
these studies were not positive, but considering the possible
beneficial effects of IGF1, Mab2256 and other neurotrophic
factors or molecules that activate neurotrophic pathways on
different neurological disorders, these small molecules can-
not be excluded as therapeutic strategies for SMARDI and
other neuropathies.

Cell transplantation improves the clinical outcomes
of the nmd mouse model

Neural stem cell (NSC) transplantation represents a potential
therapeutic strategy for ameliorating the neurological phe-
notype of SMARDI1 through several different mechanisms,
including neuroprotection and the replacement of different
CNS cells [1, 28]. The positive effects of stem cell trans-
plantation (neural and nonneural) have been demonstrated
in earlier studies by our laboratory. Indeed, in 2006, our
group demonstrated that the transplantation of ALDH high/
side-scatter low (ALDHMSSC'®) NSCs obtained from mouse
spinal cords into nmd mice improved the clinical outcomes
of the mice [18]. The same therapeutic efficacy was achieved
through the transplantation of more differentiated cells, such
as precursors of motor neurons, into the spinal cords of nmd
mice [17]. Later, we transplanted human iPSC-derived NSCs
(Fig. 2d) and demonstrated that these cells not only correctly
localized to the anterior horn of the mouse spinal cord but
also differentiated into neuronal cells, particularly motor
neurons, and improved the phenotype and life span of the
mice [97].

Gene therapy with AAV9-IGHMBP2 rescues the disease
phenotype in nmd mice

In autosomal recessive diseases, gene therapy is used to
substitute mutated genes with healthy wild-type ones,
allowing the correct expression of key proteins that are
reduced and treating diseases at their origins. This is pos-
sible using viral vectors that carry a healthy copy of the
gene that is mutated in the disease (Fig. 2e) [9, 30, 68,
85, 108]. In 2009, Foust et al. published a revolutionary
study that showed that adeno-associated virus serotype 9
(AAV9) injected intravenously can cross the blood—brain
barrier (BBB) and target neurons and astrocytes [31].
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Since then, many other preclinical studies have been con-
ducted on different neurological disorders and have con-
firmed the efficacy and safety of the AAV9 vector. Indeed,
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AAVY is an interesting vector for targeting the CNS since
it is nonimmunogenic and noninflammatory; it induces
long-term expression (over 10 years in humans in clinical
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«Fig. 3 a Neuroprotection via small molecules. PEG-IGF1 is a neuro-
trophic factor. Mab2256 is a monoclonal antibody with an agonistic
effect on tyrosine kinase receptor C that has neuroprotective effect.
b Enhancement of muscle functionality. Small molecules to enhance
the muscle contractility (CK2127107) and mass of the muscles
(myostatin activation inhibitor) can be considered. ¢ mRNA modu-
lation. ASO and small molecules can modulate mRNA splicing and
transcription increasing the IGHMBP2 protein level. d Cell transplan-
tation. Human induced pluripotent stem cells (iPSCs) can be gener-
ated from adult fibroblasts. The iPSCs are then differentiated into
neural stem cells (NSCs) or GFP-positive MNs and transplanted into
a SMARDI1 mouse to improve the phenotype of the animal. e Gene
therapy. This approach is based on the replacement of the defective
gene using self-complementary adeno-associated viral vectors

trials, which can reduce the number of administrations
needed to maintain the effect to one or only a few), it does
not integrate into the cell genome (and thus is not onco-
genic), it can infect both dividing and nondividing cells,
and it can cross the BBB and reach the cells affected by
neurodegenerative disorders, even when administered in
a noninvasive manner (Fig. 3).

The first clinical outcomes of AAV9 treatment in spinal
muscular atrophy were so encouraging [70] that other SMA1
AAV09 trials were approved and are ongoing (http://www.
clinicaltrial.gov). Indeed, on May 24, 2019, the FDA granted
approval for this gene therapy approach for all SMA patients
under 2 years of age.

Thus, success is encouraging for the application of this
therapeutic technology for SMARDI since SMARDI is a
monogenic disorder due to a loss of function, thus, the trans-
fer of a functional copy of the defective gene could theoreti-
cally improve the phenotype and even reverse the disease.

Furthermore, in our laboratory, preclinical studies in a
murine model confirmed the possibility of delivering the
IGHMBP?2 gene using an AAV9 vector and modifying
murine clinical phenotypes using this therapeutic strategy
[75]. We reported that the disease phenotype in a SMARDI1
mouse model, the nmd mouse, was rescued after the thera-
peutic administration of an AAV9 construct carrying wild-
type IGHMBP?2 via systemic injection to replace the mutant
gene. AAV9-IGHMBP?2 transfer (5x10'! viral particles
administered IV at P1) increased protein levels, restored
motor function and neuromuscular physiology, increased
life span (450% increase), and improved pathological fea-
tures in the central nervous system, muscles, and heart.
In this set of experiments, we also generated spinal motor
neurons from SMARDI patient-derived iPSCs to test the
efficacy of gene transfer in a human model. Motor neuron
survival, axonal length, and growth cone formation were
restored in SMARD1 motor neurons that were genetically
corrected by IGHMBP?2 transferred via a viral vector due to
an increase in protein expression levels. Thus, transferring
wild-type IGHMBP?2 can protect human motor neurons from
SMARDI1-induced degeneration.

An important aspect of the gene therapy approach is the
route of delivery. To examine how delivery route can impact
efficacy, a direct comparison of the IV and ICV delivery
of AAV9-IGHMBP2 was performed [95]. A low dose of
single-stranded AAV9-IGHMBP2 (1.25x 10'!) delivered
either through ICV or IV injection was demonstrated to be
sufficient to extend the life span and increase the weight of
treated nmd mice compared to untreated nmd controls [95].
The authors concluded that while IV delivery of a low dose
does not improve hindlimb phenotypes or motor function,
the partial restoration of cardiac performance is sufficient
to significantly increase the survival of nmd mice. As men-
tioned before, the therapeutic window considerably affects
the effectiveness of a treatment. The study of gene therapy
in nmd mice has demonstrated that this approach is highly
effective when carried out in presymptomatic mice at birth.
Unfortunately, the diagnosis of newborns is difficult, which
narrows the opportunities for therapeutic intervention in
SMARDI patients. Therefore, the identification of treatment
strategies that are also efficacious when administered during
the symptomatic phase is crucial.

The feasibility of AAV-based technologies opens the pos-
sibility for novel therapeutic strategies that may prevent dis-
ease progression and neurodegeneration for both SMARD1
and other motor neuron diseases related to genetic disorders.
However, at the present time, there are no ongoing trials for
gene therapy in SMARDI patients.

Emerging therapeutic options for SMARD1
treatment

Different therapeutic strategies employed for the treatment
of other motor neuron diseases can also be exploited in
SMARDI. Pharmacological and cellular approaches must
be studied and evaluated in depth in vitro in SMARDI1 cel-
lular models and in vivo in nmd mouse models, but they
surely represent a promising tool for the development of
novel treatments.

mRNA modulation

In patients who harbor premature termination codons
(PTCs) in the coding regions of IGHMBP2 mRNA, which
lead to the incorrect termination of translation and the pro-
duction of nonfunctional truncated proteins, the translational
readthrough of PTCs induced by pharmaceutical compounds
is a hopeful tool for the recovery of functional full-length
protein expression and the amelioration of disease symptoms
without directly affecting the genome or transcriptome of the
patient. Stop codon readthrough therapy is available through
the use of the drug ataluren (Translarna PTC Therapeutics),
which is approved for Duchenne muscular dystrophy patients
with stop codon mutations [10, 107]. This approach should
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be investigated in SMARD1 patients who carry a stop codon
mutation [21].

For mutations that alter splicing and thus induce the inap-
propriate inclusion or skipping of an exon, oligonucleotide-
based therapies that inhibit or activate specific splicing
events can allow the expression of functional full-length
IGHMBP?2 protein, providing a therapeutic approach [78]
(Fig. 2¢). A similar therapeutic strategy was approved by
the FDA/EMA as the first therapy for SMA.

An alternative to oligonucleotides is represented by
small molecules that can modulate splicing, increasing the
level of the protein. In the case of SMA, small molecules
that promote the increase in SMN protein levels have been
identified and risdiplam is now in phase II trials in Europe
(NCTO02913482 and NCT03032172). The positive feature
of these small molecules is that they are orally available
and thus can be easily administered with the advantage of
increasing target protein levels in all tissues, including those
outside the central nervous system. A similar approach for
SMARDI patients will require extensive in vitro screening
and likely the design of a personalized therapy with N-of-1
trials, which appears difficult in the current state of the art
but can be theoretically hypothesized in the future.

Gene correction with CRISPR/Cas9

In 2012, our group demonstrated that iPSCs obtained from
SMAI patients can be genetically corrected to generate
healthy iPSCs, iPSC-derived NSCs and MNs with cor-
rected phenotypes [18]. The same could be achieved with
the iPSCs of SMARDI1 patients and isogenic corrected cells
could be used as a cell source for transplantation. Having
demonstrated the validity of transplant therapy with iPSC-
derived NSCs and motor neurons in nmd mice in the above-
mentioned studies, it is important to understand whether
this protocol can be performed with autologous cells after
genetic correction.

Viral vector-based gene therapy approaches certainly pro-
vide an advantageous system for correcting gene defects,
although they have some limitations. In this sense, clustered
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein-9 nuclease (Cas9) represent the
newest and most advanced genome engineering system in
the gene editing field. This sophisticated mechanism exploits
the defense machinery that protects bacteria and archaea
from bacteriophages in nature [4] and it is based on a cleav-
age/repair process at a specific genomic locus targeted by
RNA-guided nucleases [6]. This specificity represents the
greatest potential for gene therapy and allows higher effi-
ciency and easier customization.

CRISPR/Cas9 technology has been recently employed
in several fields of research, including neurodegenerative
disorder modeling at different levels. Indeed, this powerful
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genome editing tool is used to generate genetically modi-
fied animals as well as customized cell lines with the aim of
achieving more successful models that can help research-
ers better understand the physiopathology of diseases [60].
More specifically, in recent years, isogenic wild-type iPSC
lines have been generated using CRISPR/Cas9 technology
and a donor plasmid carrying wild-type coding sequences
and homology arms as the repair template [111]. In this way,
locus-specific gene correction can be achieved. In the same
study, isogenic iPSCs were differentiated into motor neurons
and compared with ALS cells to analyze relevant molecular
differences.

In light of these results, because SMARDI is a mono-
genic disorder, the application of CRISPR/Cas9 for
gene correction in SMARDI is promising. The mutated
IGHMBP?2 gene in SMARDI cells could be substituted with
the corresponding wild-type gene by homologous recombi-
nation to generate isogenic wild-type cell lines that represent
the best-matched controls in molecular studies.

Conclusions

SMARDI is a devastating motor neuron disease that causes
infantile death within 2 years of life in most cases. The sig-
nificant advances achieved by next-generation sequencing in
recent years may contribute to an increased rate of diagnosis,
particularly of atypical phenotypes such as extended survival
or a lack of diaphragmatic involvement, thus increasing the
need for a more effective therapy.

The pathomechanisms of SMARDI, especially the
mechanisms that underlie the selective degeneration of some
motor neuron subsets, remain unknown, although alterations
in mRNA maturation and a disturbance in tRNAs due to a
reduction in IGHMBP?2 seem to be key elements. Indeed,
little information on the causative gene (IGHMBP?2) and the
protein it encodes is available and further studies are needed
to shed light on the molecular pathogenesis that results from
its reduced expression. Expanding our current understand-
ing of these issues will likely allow the identification of
novel therapeutic targets and pharmacological approaches
for SMARDI.

Despite the absence of a cure, different strategies, includ-
ing pharmacological treatment, cell therapy and gene ther-
apy, have been tested at the preclinical level with relatively
satisfactory results.

Because SMARDI1 is caused by a single gene mutation,
it may be an appropriate candidate disease for gene therapy.
Indeed, IGHMBP?2 gene transfer results in the highly effi-
cacious rescue of survival and pathological phenotypes of
SMARDI in mice. Two important issues that need to be
addressed in this regard are the optimal delivery route (local
into the cerebrospinal fluid by lumbar puncture or systemic



Current understanding of and emerging treatment options for spinal muscular atrophy with...

3363

by intravenous injection) and the therapeutic time window.
In SMA, the rescue of SMN protein with therapies not only
stops the disease but also partially reverses the phenotype
in precociously treated patients. Whether a similar situation
can occur in SMARDI patients in the case of IGHMBP2
rescue in particular in helping with respiratory distress has
to be demonstrated. Preclinical findings support the feasibil-
ity of AAV-based technologies as an efficacious therapeu-
tic approach for the treatment of SMARD1 and the clinical
translation of this strategy for the treatment of SMARD1
patients. The experience in SMA studies suggests the need
for early treatment even at the presymptomatic stage. Per-
forming newborn screening of IGHMBP2 with single gene
analysis is not practical, but NGS screening approaches can
overcome this issue in the future. With the development of
potential therapies, there is a parallel need to delineate a
more accurate natural history and outcome measures as well
as for the identification of biomarkers to evaluate clinical
stage and therapeutic response. Molecular and physiologi-
cal biomarkers will help in the clinical management process
of when and how to treat. The feasibility in the future of
the design of small molecules and oligonucleotides tailored
for a specific patient can be hypothesized, while approaches
that are IGHMBP2 independent, such as neuroprotectants
or muscle activators, that might be developed for SMA
can also be quickly applied in SMARDI if proven effica-
cious. Combinatorial therapies encompassing treatments to
increase IGHMBP?2 levels and treatments to support muscle
function and motor neuron protection will be tailored to each
patient. The success story of the approval of transformative,
life-saving therapies for SMA has to be quickly learned and
translated in the SMARDI field for the benefit of the patients
and their families.
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