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Abstract: Spinal Muscular Atrophy (SMA) is a neuromuscular disorder caused by mutations in the
SMN1 gene. Being a monogenic disease, it is characterized by high clinical heterogeneity. Variations
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in penetrance and severity of symptoms, as well as clinical discrepancies between affected family
members can result from modifier genes influence on disease manifestation. SMN2 gene copy number
is known to be the main phenotype modifier and there is growing evidence of additional factors con-
tributing to SMA severity. Potential modifiers of spinal muscular atrophy can be found among the

wide variety of different factors, such as multiple proteins interacting with SMN or promoting motor
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neuron survival, epigenetic modifications, transcriptional or splicing factors influencing SMN2 ex-

pression. Study of these factors enables to reveal mechanisms underlying SMA pathology and can

have pronounced clinical application.
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1. INTRODUCTION

Spinal muscular atrophy is an autosomal recessive disor-
der characterized by degeneration of motor neurons of the
spinal cord leading to progressive muscular weakness. It is
the most common genetic cause of infant mortality with the
incidence of 1 in 6,000-10,000 live births [1]. The carrier
frequency for the disease was estimated at 1:40-1:60 with
some variations among different ethnic groups [2, 3]. SMA
is classified into four main clinical types based on the age of
symptoms onset and attainment of motor milestones (types I-
IV) [4, 5]. Also very severe SMA type 0 that develops prena-
tally and is defined by respiratory distress at birth is distin-
guished [5]. Type I SMA (acute form, Werdnig-Hoffmann
disease) is characterized by generalized muscle weakness
with onset in the first 6 months of life, no achievement of
sitting without support and death within the first 2 years of
life often caused by the respiratory failure [6]. Patients with
type II spinal muscular atrophy, or intermediate SMA (often
referred to as Dubowitz disease), with onset after the age of
6 months, can sit unsupported, but are never able to walk,
and they survive beyond 2 years. Type I1II SMA (Kugelberg-
Welander disease) is a milder form that develops after the
age of 18 months; patients are able to walk unaided.
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This type is subdivided into IIla, with disease manifestation
before the age of 3, and IIIb, with onset beyond 3 years [7].
Lifespan is not significantly reduced compared with the
normal population. Type IV SMA (mild adult form) has also
been described. Patients usually present first symptoms in
the second or third decade of life and have a normal life ex-
pectancy [5].

SMA is caused by mutations in the SMNI gene (OMIM
600354) located in the telomeric region of chromosome 5q13
[8]. About 95-98% of patients show homozygous deletions
of the SMNI gene, where the rest exhibit small intragenic
mutations [2, 9]. Approximately 2% of patients harbor de
novo mutations, caused by high instability of this region of
chromosome 5 [10]. The SMNI gene has a centromeric copy
- the SMN2 gene (OMIM 601627) - the result of duplication
and inversion of the chromosomal segment of around 500
kb. SMNI and SMN2 are almost identical except for five
single nucleotide exchanges [8]. Only one difference is func-
tionally important: a translationally silent transition at +6 in
exon 7 (c.840C>T) that weakens the exonic splice site. This
substitution causes exclusion of exon 7 from most of the
SMN?2 transcripts, resulting in the production of a truncated
SMN protein that is rapidly degraded [11, 12]. Only a small
amount of SMN2 transcripts are correctly spliced and pro-
duce full-length SMN protein.

SMN is a ubiquitously expressed protein located in both
the cytoplasm and the nucleus, where it is localized in struc-
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tures called “gems” [13]. SMN complex participates in the
assembly of small nuclear ribonuclear proteins (snRNPs),
involved in the splicing of pre-mRNA [14]. SMN also fulfils
unique functions in motor neurons, such as transport of
mRNAs, in particular f-actin’s mRNA, to the growth cones
of axons [15-17].

The mechanism by which deficiency of housekeeping
SMN protein leads to selective lower motor neuron degrada-
tion remains poorly understood, but there are two main hy-
potheses to explain SMA pathogenesis [13, 18]. One possi-
bility is that motor neurons have a uniquely high demand for
efficient messenger RNA splicing, the second hypothesis
suggests that SMA is caused by disruption of specific for
motor neurons functions of SMN [13].

The reason for considerable differences in symptoms
severity of SMA patients is not quite understood as well;
SMN?2 gene copy number variation seems to partially explain
such differences. However there are factors, regulating the
expression of the SMN2 gene, such as epigenetic or tran-
scriptional factors, that promote SMNZ2 copies produce not
equal amount of transcripts and may also be examined as
potential disease modifiers [19, 20]. SMN interactome, espe-
cially proteins acting downstream from SMN are also of
particular interest as possible modulators of disease patho-
genesis in SMA [21]. Besides these proteins, regulating sur-
vival or functionality of the motor neurons independently of
SMN, for example those involved in apoptotic pathway or
cytoskeleton dynamics seem to be attractive targets to study
in the context of potential SMA severity modifiers [22, 23].
Study of above-listed factors is actually important not only
for better understanding the nature of SMA phenotype
discrepancies, but for conclusions that we might make from
such studies and use them for derivation of new targets for
treating SMA.

First candidate phenotypic modifiers for SMA besides
SMN2 were NAIP, p44 and H4F5 genes, located in close
proximity to SMN locus [9]. It was observed that about
50% of SMA type I patients had combined deletions of
SMN1, NAIP, and p44 exon 10 telomeric copy [24]. NAIP
and H4F5 gene (so called SERFI) were found to be more
frequently deleted in severe SMA type I patients (68%-90%
of deletions) than in milder forms II and III (20%-50% of
deletions) [24-26]. Inverse correlation was observed be-
tween H4F5 gene copy number and SMA type [27]. This
gene encodes a protein homological to snRNP-interacting
proteins like SMN, that made H4F5 a candidate gene to
influence SMA severity [28, 29]. Still there is no proof of
NAIP, p44 and H4F5 genes involvement in the modifica-
tion of SMA patients’ phenotypes. Deletions of these genes
in SMA type I individuals possibly reflect large-scale dele-
tions encompassing SMNI gene and some copies of SMN2
gene, that leads to severe phenotype due to lack of SMN2
gene product [30-32].

Following studies have revealed other genes which can
act as modifiers to the disease process, that were reviewed by
Wirth and colleagues [33]. In this paper we aimed to summa-
rize the update and expanded information about different
factors potentially modifying SMA severity.
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2. SMN2 GENE COPY NUMBER AS MAIN DISEASE
MODIFIER

The ability of the SMN2 gene to produce some amount of
full-length SMN protein makes it the principal phenotype
modifier in SMA patients. Homozygous absence of SMN2 is
found in 5% of healthy population and has no phenotypic
effect [34]. However, patients with spinal muscular atrophy,
who have both copies of the SMNI gene deleted or dis-
rupted, harbor at least one copy of the SMN2 gene. Complete
absence of SMN genes is prenatally lethal [35]. The number
of SMN2 copies usually varies between 1 and 4 and rarely
gains up to 8 copies [7, 36]. The increase of SMN2 copy
number is caused by duplication or gene conversion of
SMNI into SMN2 and was found to determine milder form of
the disease [37]. Patients with SMA type 0 harbor 1 SMN2
copy, about 80% of patients with type I SMA carry one or
two SMN2 copies, 82% of type II SMA patients have three
SMN?2 copies, 96% of patients with type III SMA carry three
or four SMN2 copies and approximately 75% of type IV
SMA patients harbor four SMN2 copies [38-40]. Information
concerning type IV patients is not as robust as for the other
types, because adult form is relatively rare. Role of the
SMN?2 gene as a main disease modifier can further be con-
firmed by several findings of asymptomatic individuals with
the homozygous loss of the SMNI gene and increased SMN2
copy number [41, 42].

Also inverse correlation has been observed between
SMN?2 copy number and duration of survival. In the study of
Feldkotter and colleagues for SMA type I patients, the mean
survival of those who had one SMN2 copy was about 7
months, while none survived beyond 11 months; two SMN2
copies was associated with median age of survival of 8
months, most of the patients with two SMN2 copies died
before the age of 21 months; patients with three copies of the
SMN?2 gene survived about 37.5 months [38]. Similar results
were obtained in other studies [43, 44]. The Study carried
out on a group of patients with infantile SMA (type I)
showed differences in the age of disease onset between pa-
tients with 1 copy of the SMN2 gene (SMA manifestation
prenatally), 2 SMN2 copies (onset at about 1.2 month of life)
and 3 SMN2 copies (onset at about 3.5 month of life) [43].
Examination of a cohort of adult SMA patients demonstrated
that patients with three SMN2 copies had significantly earlier
age of onset of the disease compared to those who had 4 cop-
ies (4.4 +5.34 and 7.5 + 6.0 years, respectively) [45].

SMN2 gene copy number was also shown to be associ-
ated with Hammersmith Functional Motor Scale (HFMS),
Gross Motor Function Measure and SMA Functional Rating
Scale (SMAFRS) scores determining the motor skills of the
patients [45, 46]. Influence of SMN2 copy number on dener-
vation was observed in SMA patients: those who had less
than 3 copies of the SMN2 gene performed significantly
lower Motor Unit Number Estimation (MUNE), maximum
Compound Motor Action Potential amplitude (CMAP) val-
ues and worse functional outcomes compared to patients
with more than 2 SMN2 copies [47].

Analyzing genotype-phenotype correlation in SMA indi-
viduals Petit and colleagues evaluated two additional clinical
criteria: brainstem involvement (for SMA types I-III) and
ambulation loss (for SMA type III patients). Among SMA
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patients with all three types, an inverse correlation was ob-
served between SMN2 copy number and brainstem involve-
ment (manifesting itself as at least one of the following
symptoms: facial weakness, chewing or swallowing diffi-
culty, dysphonic voice, tongue fasciculation with lingual
atrophy). Brainstem function was normal in patients who
carried five copies of the SMN2 gene. However, SMN2 copy
number did not correlate with brainstem dysfunction in pa-
tients within each SMA type group [44]. SMA type III pa-
tients who were able to walk had significantly higher number
of SMN2 copies compared to those who had lost ambulation
[44, 45]. Among patients over 21 years of age (mean age
about 32 years) only 31% of those with 3 copies of SMN2
could walk unaided while 70% of patients with 4 copies
were still ambulatory [45].

There are also evidences of heart defects in those patients
who carry a single copy of the SMN2 gene, not observed in
patients with increased SMN2 copies, revealing possible
relevance of SMN protein for normal cardiogenesis [40, 48,
49].

Correlation between number of SMN2 copies and disease
severity has also been observed in transgenic SMA mice
carrying various copy number of the human SMN2 gene.
Normally mice possess only one Smn gene - orthologue of
the human SMNI, so to create SMA model the SMN2 trans-
gene was introduced in the mice genome on a Smn-knockout
background [50]. Low number of SMN2 copies (one or two)
is associated with severe phenotype in mice, similar to that
observed in SMA type I patients, reduced number of motor
neurons and death within 6-8 days of life. Whereas increas-
ing SMN2 copy number up to eight completely rescues SMA
phenotype [50, 51].

Besides being an essential prognostic criterion for the
clinical course of SMA, quantification of the SMN2 gene
copy number may also be important in predicting the effect
of pharmacological treatment in SMA patients. Up-
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regulation of the full-length SMN2 mRNA represents a major
goal of the pharmacotherapy for SMA. Several studies dem-
onstrate that greater number of SMN2 copies increases the
efficiency of treatment with valproic acid and other thera-
peutic agents [52-55].

In spite of multiple evidences of SMN2 copy number
influence on SMA phenotype, there are some reports of
families with marked differences in disease severity in sib-
lings with the same number of SMN2 copies [42, 56, 57].
Sometimes, less than five SMN2 copies are found in asymp-
tomatic carriers of a homozygous deletion of the SMNI gene
and in some cases, six SMN2 copies cannot rescue from
SMA symptoms [7, 58, 59]. Some SMA type I patients carry
three SMN2 copies and SMA type III patients harbor two
copies of the SMN2 gene [59]. Such discrepancies can be
determined by variability in expression between SMN2 cop-
ies, caused by SMN2 gene mutations or influence of splicing
factors.

Also factors, interacting with SMN protein, regulating its
stability, and those involved in different pathways influenc-
ing motor neuron viability are interesting targets for study as
potential modifiers of SMA severity. By now, SMN2 gene
copy number is the only one approved modifier of SMA
phenotype in patients. Meanwhile, there are multiple evi-
dences of influence of additional factors on neuromuscular
defects, neurite outgrowth and survival in SMA animal and
cell models. Today it is far too early to speak about the reli-
ability of these findings in context of modification of SMA
severity, because these data have not been validated in pa-
tients. But these findings are worth paying attention because
this field of research opens a perspective to disclose addi-
tional modifiers of SMA and potential targets for disease
therapy. Factors and pathway connected with SMA pathol-
ogy and interesting for further study as possible disease
modifiers are outlined below. The summary of these factors
is given in Fig. (1).

Fig. (1). Pathways and factors possibly involved in SMA pathogenesis. All comments and abbreviations are given in the text.
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3. FACTORS AFFECTING SMN2 GENE SPLICING

Upregulation of exon 7 inclusion in SMN2 mRNA can
promote an increase in the amount of functional SMN pro-
tein, therefore factors influencing SMN2 splicing are consid-
ered to be possible SMA modifiers. Indeed, chemical classes
of small molecules modulating SMN2 exon 7 inclusion were
shown to ameliorate phenotype and prolong survival of SMA
model mice as a result of restoration of SMN2 splicing and
SMN protein level [60].

Region of SMN2 gene exon 7 and neighboring introns is
rich with positive and negative cis-acting elements and trans-
factors that bind regulation exon 7 inclusion in SMN2
mRNA [61].

A transition (C-to-T) in exon 7 of SMN2 gene disrupts
Exonic Splicing Enhancer (ESE) - a binding site for splicing
factor SF2/ASF, and creates Exonic Splicing Silencer (ESS)
that is recognized by repressor protein hnRNP Al, resulting
in exon 7 skipping [62, 63]. Lately, C-to-T transition in
SMN2 gene was also found to create a docking site for
Sam68 protein, factor implicated in alternative splicing of
several gene transcripts [64]. Overexpression of hnRNP A1l
and Sam68 was shown to decrease the extent of SMN2 exon
7 inclusion, and coexpression of Sam68 and hnRNP Al to-
gether demonstrated cumulative effect, contributing to al-
most complete suppression of exon7 inclusion [65]. This
action can be bypassed by depletion of Sam68 and hnRNP
Al. Interestingly, interference with RNA-binding activity of
Sam68 or with its binding to hnRNP A1 also restored SMN2
exon 7 inclusion and SMN assembly in nuclear gems [65].
SMA mice lacking Sam68 demonstrated increased survival
and motor activity with amelioration of NMJ defects [66].
These data show that SMA phenotype might be partially
rescued by manipulating the level of splicing factors.

The opposite effect exerts SR-like splicing factor Htra2-
B1, stimulating inclusion of SMN exon 7 through specific
interaction with ESE in SMN exon 7 pre-mRNA [34]. Fac-
tors hnRNP G, SRp30c and TDP-43 were also shown to
promote correction of SMN pre-mRNA splicing, but they
elicited this effect via binding to Htra2-B1 rather than due to
association with ESE [67-69]. Another splicing factor and
potential SMA modifier is hnRNP Q, that exposed different
expression level in severely and mildly affected patients
[57]. Interestingly, different isoforms of this protein were
shown to have opposite activity in the regulation of SMN2
pre-mRNA splicing. HnRNP Q1 has beneficial effect on
exon 7 inclusion, while minor hnRNP Q2 and Q3 isoforms
antagonize this effect [70]. Additional evidence for the in-
volvement of hnRNP Q as well as of highly related protein
hnRNP R in SMA pathology is their interaction with wild-
type SMN protein but not with the truncated form. Both
hnRNP components of the spliceosome complex were found
to co-localize with SMN in axons of motor neurons and pre-
sumably help SMN to perform neuron-specific functions
such as mRNA trafficking [16, 71].

T-cell-restricted Intracellular Antigen 1 (TIAl) was
shown to promote exon 7 inclusion by binding to U-rich mo-
tifs within intron 7 of SMN2 and counteracting the inhibitory
effect of polypyrimidine tract binding protein on SMN2 exon
7 splicing. Depletion of TIA1 as well as hnRNP Q1 and Tra-
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2B noticeably increased exon 7 skipping, but injection of
siRNA against TIAI had the most pronounced negative im-
pact on SMN2 splicing [72].

Besides the above-listed elements, introns adjacent to
SMN?2 exon 7 comprise other essential cis-elements, such as
ISS-N1, A+100G, Element 1, that bind splicing repressors
and represents a compelling targets for SMA treatment [61,
73, 74]. It is worth noting that the principle of splicing cor-
rection is the basis of major approaches to SMA therapy with
antisense oligonucleotides (ASO). Importantly, the first ap-
proved treatment for SMA Spinraza is based on this princi-
ple, targeting ISS-N1 negative element [75]. Thus factors
altering SMN2 pre-mRNA splicing may be considered as
SMA severity modifiers through changing the amount of
functional SMN protein.

4. SMN MUTATIONS AND SEQUENCE VARIANCE
MODULATING DISEASE SEVERITY

It was shown that the character of the mutation in SMN/
gene can determine the severity of SMA phenotype. The
majority of type I SMA patients carry real homozygous dele-
tions of SMNI, while mildly affected SMA patients show
absence of SMNI as a result of gene conversion of SMN/
into SMN2 [9]. The extension of the gene conversion may
not be equivalent, that can alter the functionality of the al-
leles [76]. It has been proposed that chimeric genes as the
result of fusion of exon 7 of the SMN2 gene and exon 8 of
the SMNI gene are associated with adult-onset SMA cases
[77, 78]. Though exon 8 is untranslated, it may have regula-
tory function, influencing transcription or translation of SMN
gene product [79].

Partial conversion of SMNI to SMN2 confined only to C
to T transition in position +6 of exon 7 with remaining se-
quence retaining as in SMNI gene was found to result in
~20% more full-length mRNA production compared to
common SMN2 gene copy [80]. A-44G substitution in SMN2
gene was shown to exhibit marked positive effect on splicing
due to preventing HuR protein docking that acts as a splicing
repressor.

Differences in expression of SMN2 gene copies may be
caused by variance in SMN2 sequence. Several studies de-
scribe the ¢.859G>C variant in exon 7 of the SMN2 gene,
associated with milder SMA phenotype [81, 82]. Single
SMN?2 copy with ¢.859G>C transition produces 34% more
full-length transcripts than each SMN2 wild-type copy [83].
This effect is due to creation of an exonic splicing enhancer
or disruption of an exon silencer element in SMN2 exon 7.

In some cases, SMA is caused by SMN/ point mutations,
predominantly perturbing self-association of SMN protein or
it’s binding to other partners of SMN complex [9]. The posi-
tions of these mutations were shown to be related to different
clinical phenotypes, so that mutations in exons encoding
Tudor and YG box domains trigger the most severe symp-
toms [84, 85]. Clinical severity of SMA in patients with
point mutations in SMNI gene was shown to be determined
by the type and location of the mutation rather than SMN2
copy number [86]. Importantly, it was shown that SMN al-
leles carrying missense mutations in different positions may
complement each other resulting in the production of het-
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eromeric SMN complex with greater function compared to
homomers produced by either mutant allele on its own [87].
Thus, SMNI transgene carrying an A2G missense mutation
as well as transgene with A111G substitution complements
SMN2 and modulates phenotypic severity in severe SMA
mice [87, 88].

These data indicate that there are different intragenic
factors such as point mutations and sequence variances in
both SMNI and SMN2 genes that influence SMN expression
and disease severity, thus confirming the complexity of phe-
notype formation in SMA condition.

5. DNA METHYLATION AS POSSIBLE MODIFYING
FACTOR OF SMA SEVERITY

DNA methylation is an important epigenetic modifica-
tion regulating gene expression. In human, it occurs prefer-
entially at cytosine residues within the CpG dinucleotides,
which are concentrated in CpG Islands (CGIs) or are ran-
domly distributed in the genome [89]. It is known that meth-
ylation of gene promoters leads to transcriptional inactiva-
tion, while gene body methylation facilitates transcription
[90]. DNA methylation patterns can be changed by mecha-
nisms of passive (replication-dependent) and active (via hy-
droxylation of methylated DNA) demethylation and subse-
quent remethylation. Global erasure and re-establishment of
DNA methylation patterns occur in gametogenesis and pre-
implantation embryogenesis as a part of normal developmen-
tal program [91-93]. However, aberrantly altered DNA
methylation patterns are associated with various pathologies,
including neurodevelopmental and neurodegenerative disor-
ders [94]. Methylation level of genes involved in pathogene-
sis of Alzheimer disease was similar in the nervous and pe-
ripheral blood cells, indicating that changes in methylation in
lymphocytes may reflect those changes in target tissue and
can possibly serve as a biomarker for neurodegenerative dis-
ease development [95].

For the first time, the involvement of DNA methylation
in SMA pathogenesis was demonstrated by Hauke and col-
leagues in the study of severe and mild SMA patients with
identical SMN2 gene copy number [96]. SMN2 gene expres-
sion was elevated by treatment of fibroblast cell cultures
with DNA-demethylating agent. Four CpG islands with
highly conserved methylation patterns were found within the
area surrounding translational start site of SMN2 gene. Sig-
nificant differences in methylation level at the positions -296
and -290 in the CpG island 2 were observed between SMA
type I and SMA type III patients’ blood samples as well as
fibroblast cell lines, so that the lower level of methylation
correlated with milder SMA. The position -296 coincides
with the first transcriptional start site of SMN2 and methyla-
tion of this CpG may influence SMN2 gene expression due to
recruiting of methyl-CpG-binding protein 2 (MeCP2), a me-
diator of gene silencing [96].

In a recent study, methylation of four CGIs located
+3000 nucleotides from SMN2 TSS was examined in SMA
patients’ blood samples. SMA type Il patients demonstrated
significantly higher methylation level of CGI 4 compared to
SMA type III patients. In addition, differences were found in
methylation level of CpG sites located in CGI 1 (nucleotides
(nt) -871, -735) and CGI 4 (nt +999) between SMA type 111

Current Genomics, 2018, Vol. 19, No. 5 343

and type I-II patients. Methylation of CpG site at the position
-871 was shown to inversely correlate with SMN2 full-
length, A7 and total transcript levels. Inverse correlation was
also observed between methylation of CpG unit encompass-
ing nucleotides -290, -288, -285 and SMN2 full-length tran-
scripts’ level, as well as between CpG site at the position
+938 and FL/A7 ratio [97]. These data indicate the likelihood
of methylation influence on SMN2 transcription and splic-
ing.

The first whole genome methylation analysis in DNA
samples from peripheral blood cells of patients with severe
and mild SMA types comparing to healthy individuals of the
same age was carried out by our group to determine the as-
sociation of DNA methylation status with the severity of the
SMA phenotype [98]. We found significant differences in
CpG methylation of about 40 genes between SMA patients
with severe form and controls as well as between SMA pa-
tients with mild form and controls. Many of these genes can
be involved in SMA pathogenesis. These genes encode pro-
teins associated with the cytoskeleton system, processes of
neuronal development and maintenance, apoptosis and tran-
scriptional regulation. Further analysis of some of these
genes in larger cohort study revealed significant differences
in methylation level of CpG sites located in the regulatory
regions of SLC2342 and NCOR?2 genes between SMA type 1,
I and II-IV patients’ groups [99]. SLC23A42 encodes
SLC23A2 protein, a sodium/ascorbate co-transporter which
provides high ascorbate concentration in the CNS. Ascorbate
was shown to play an important role in neuronal maturation
[100]. NCOR?2 encodes a subunit of complex connected with
histone deacetylases (HDAC) [101]. Taking into account that
HDAC are agents tested for SMA therapy, NCOR2 might be
involved in pathways regulating disease progression.

Recently significantly higher methylation level of
DYNCIH]I exon 37 has been found in mildly affected SMA
patients samples compared to those with severe SMA form
[102]. Exon 37 lies within CpG-rich region and apparently
should be methylated for preventing spurious transcription
initiations. Interestingly, mutations in DYNCIHI were
shown to be associated with common neuromuscular dis-
eases, such as Charcot-Marie-Tooth and dominant SMA,
indicating the possibility of involvement of this gene into
SMA pathogenesis [103-105]. Study of other genes previ-
ously revealed in genome-wide methylation analysis might
help to identify more potential SMA modifiers.

These results support the likelihood of DNA methylation
playing a role in SMA pathogenesis and disease develop-
ment. In future, editing of DNA methylation might be con-
sidered as a possible therapeutic approach for SMA, though
more studies are needed to verify this proposition and to
check the extent of methylation impact on disease progres-
sion.

6. ACTIN-BINDING AND CYTOSKELETON DYNAM-
ICS REGULATING PROTEINS AS PUTATIVE DIS-
EASE MODIFYING FACTORS

SMA motor neurons are characterized by impaired neuri-
togenesis caused by perturbation in actin cytoskeletal pathway
[106]. Several proteins were found to modulate actin polym-
erization thus likely playing a role in SMA pathogenesis.
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Actin-binding protein plastin 3 was assumed as putative
SMA modifying factor. Transcriptome-wide differential ex-
pression analysis revealed increased level of PLS3 expres-
sion in unaffected individuals compared to their affected
siblings with same SMNI deletion and SMN2 gene copy
number [22]. The level of F-actin also increased in these
unaffected patients indicating the acting of plastin 3 through
F-actin stabilization. Overexpression of plastin 3 in SMN-
depleted neuronal-like PC12 and SMA animal models res-
cued neurite outgrowth [22]. Further studies demonstrated
that PLS3-overexpressing mice displayed increase in end-
plate and muscle fiber size and significant improvement of
neurotransmission and motoric ability [107, 108]. A recent
study enabled to reveal another F-actin binding protein
COROIC that interacts with PLS3 and demonstrates similar
effect on SMA phenotype, ameliorating axonal defects
caused by Smn deficit [108]. Endocytosis was shown to be
the key mechanism, that being dramatically impared in SMA
condition, is restored by overexpression of these proteins. In
accordance with this position, knockdown of the negative
regulator of endocytosis, NCALD improved axonal out-
growth and NMJ functionality in different SMA animal
models [109].

Still there are disputable positions. Correlation was found
between PLS3 expression level and SMA type, as well as
with the ability of patients to walk unaided, but this trend
was observed only in females >3 years old [110]. In some
studies, no correlation in PLS3 expression was observed be-
tween examined tissues (when comparing between lym-
phoblasts, fresh blood cells and fibroblasts as well as be-
tween fibroblasts and iPSC-MN) and only slight increase in
PLS3 transcripts level was observed in lymphoblastoid cell
lines of some asymptomatic SMA females compared to their
affected siblings [111, 112]. Moreover, study of McGovern
with colleagues on PLS3 overexpressing SMA mice did not
approve beneficial effect of high level of this protein on
SMA phenotype [113].

Another actin-regulating protein that might influence
SMA severity is profilin Ila, a neurospecific isoform of pro-
filin. SMN protein was demonstrated to interact and colocal-
ize with profilin IIa in gems and cytoplasm of cell body in
motor neurons [114]. Profilin ITa was shown to negatively
regulate actin dynamics while binding to SMN ameliorated
this effect [115]. The depletion of SMN in PC12 cells, result-
ing in significant upregulation of profilin Ila mRNA and
protein, also led to an increase in active RhoA and a decrease
in active Cdc42 GTPases [106]. These proteins are known to
play an important role in the neurite initiation and outgrowth
through actin cytoskeleton dynamics regulation in neuronal
growth cones [116]. The inhibition of Rho kinase (ROCK) -
major downstream effector of RhoA GTPase led to partial
rescue of neuronal outgrowth and differentiation of SMN-
depleted PC12 cells [106]. Further studies demonstrated in-
creased activation of RhoA-GTPase in the spinal cord of
Smn2B/- mice at pre-phenotype and phenotype stages of the
disease. Treating these mice with an inhibitor of ROCK con-
tributed to an increase of lifespan and improvement in neu-
romuscular junction maturation [117]. Thus a model explain-
ing SMA pathogenesis through SMN-profilin IIa interaction
was proposed. According to this, the model reduced the
amount of SMN in SMA patients, altering profilin II expres-
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sion and functionality, which led to the upregulation of
RhoA/ROCK, Cdc42 pathway with subsequent disruption in
neuritogenesis processes [106].

Extracellular signal regulated kinase (ERK) pathway
controlling actin cytoskeletal organization was also found to
be dysregulated in SMA [118]. ERK was previously de-
scribed to promote neurite outgrowth, thus antagonizing the
ROCK-pathway activity in SMA [119]. However, ERK- as
well as ROCK-inhibition both led to prolonged survival of
SMA mice [117, 120]. Such effect of ERK pathway inhibi-
tion can be caused by subsequent upregulation of
AKT/CREB pathway promoting enhanced SMN expression
[120]. PTEN phosphatase, described below, was shown to
demonstrate similar effect on AKT/CREB pathway [121].

Importance of cytoskeleton dynamics regulation in SMA
pathogenesis is also supported by the observation that stath-
min, a microtubule destabilizing protein, is upregulated in
SMA and increased level of this protein correlates with dis-
ease severity [122]. Decrease in stathmin level improved
motor functions and ameliorated neuromuscular junction
defects in SMA-like mice, but did not extend their lifespan
[122].

In whole genome methylation analysis, we observed
changes in the methylation level of CHML and ARHGAP2?2
genes that encode proteins regulating the activity of different
Rab- and Rho-GTPases [98]. Using protein interaction data-
bases, we showed that effectors of CHML and ARHGAP22
gene products such as RhoB-GTPase and Rab6-GTPase may
interact with profilin Ila and regulate the processes of actin
polymerization and actin-myosin bundles formation.

Thus, there are multiple evidences that changes in actin
dynamic and cytoskeleton regulation influencing axonal
growth and branching are important events in SMA devel-
opment. An approximate scheme of factors involved in this
process is presented in Fig. (2). The data concerning factors
engaged in these pathways that were shown to promote
symptoms correction in SMA cell and mice models by over-
expression or inhibition based on exposed effect may have
pronounced therapeutic perspective. Yet the ambiguity of the
relationships between these factors is obvious, so more de-
tailed information about this issue is required. By now, en-
couraging data in SMA therapy area have been observed by
different scientific groups while using combinational treat-
ment of SMA mice with ASO and regulators of endocytosis.
ASO aimed at correction of SMN2 splicing supplemented by
Plastin 3 overexpression demonstrated significantly greater
effect on SMA mice survival, motor function and NM]J size
compared to ASO administration solely [123, 124]. Like-
wise, NCALD reduction enhanced the positive impact of
ASO in SMA mice, resulting in significant improvement of
NMJ maturation and motor abilities [109]. These data indi-
cate the relevance of investigation of SMA modifiers that
might be a source of new targets for therapeutic strategies.

7. PTEN PHOSPHATASE IN REGULATION OF NEU-
ROGENESIS

Recent studies have revealed the involvement of phos-
phatase and tensin homologue (PTEN) in the regulation of
SMA severity. PTEN dephosphorylates PIP3, an inhibitor of



Molecular Factors Involved in Spinal Muscular Atrophy Pathways

Current Genomics, 2018, Vol. 19, No. 5 345

Fig. (2). Scheme of factors influencing actin polymerization as an important mechanism impaired in SMA condition. Arrow-headed lines
indicate activation and bar-headed lines indicate inhibition of downstream pathways.

the Akt cascade - an essential pathway that, in particular,
inhibits pro-apoptotic proteins and stimulates the expression
of antioxidant enzymes thus displaying neural prosurvival
activity [125]. Importantly, Akt signaling pathway was
shown to stimulate SMN expression as well [120].

The effects of PTEN have been demonstrated to be cell-
dependent. This protein is found in Central Nervous System
(CNS) and peripheral nerves and plays a role in both devel-
oping and mature neural cells [126, 127]. PTEN expression
is induced during neuronal differentiation and this molecule
is implicated in moderating neurogenesis presumably in or-
der to keep the CNS from cell-overgrowth and facilitate sta-
ble nerve-muscle interaction and synaptogenesis [128, 129].
Although this function is substantial for normal neural cells,
it hinders axonal grows of neurons affected in degenerative
conditions, or following injury to the nervous system [128,
130]. Inhibition of PTEN in injured cultured sensory neurons
and in rat model with a complete nerve trunk transection
injury resulted in an increase in the number and length of
neurites [131]. In embryonic and adult neural stem cells, loss
of PTEN increased proliferation and self-renewal capacity
with no premature senescence or tumorigenic effect [132,
133].

PTEN downregulation was shown to prolong the survival
of SMN-deficient motor neurons and increase axonal length
and growth of cone size [134]. It is worth noting that it also
stimulates restoration of -actin protein level that is dramati-
cally reduced in SMA motor neurons. Delivery of adeno-
associated vector serotype 6 expressing (AAV6)-siPTEN
into the hind limb muscles of mouse model of severe SMA
led to amelioration of neuromuscular junction pathology and
increased number of motor endplates [135]. Notably, this
effect was not observed in healthy NMlJs treated with
AAV6-siPTEN, indicating that downregulation of PTEN
was well tolerated by healthy motor neurons. Intravenous

injection of this vector increased motor neuron survival and
improved motor function of neonatal SMA mice resulting in
significant gain of body weight compared to untreated lit-
termates and about threefold extension of their lifespan
[135].

These data show that PTEN inactivation can be a poten-
tial approach for moderating the severity of neurodegenera-
tive diseases.

8. UBIQUITINATION OF SMN PROTEIN

The SMN protein is degraded through the ubiquitin
(Ub)/proteasome pathway (Fig. 3). This pathway includes
the Ub-conjugating system and the 26S proteasome. The Ub-
conjugating system carries out the ubiquitination of protein
substrate through three-step mechanism, containing the Ub-
activating enzyme E1, Ub-conjugating enzymes E2 and Ub-
protein ligase E3. The inhibitors of Ub/proteasome system
were shown to increase the level of the SMN protein in cy-
toplasm and nuclei of SMA patients’ fibroblast cells [136].
Treatment of SMA model mice with proteasome inhibitor
bortezomib blocked SMN degradation in the peripheral tis-
sues and improved motor function [137]. SMN protein was
found to be a substrate of Ubiquitin-specific Protease 9x
(Usp9x) which is one of the largest deubiquitination en-
zymes. Usp9x deubiquitinates and stabilizes SMN protein
and several other components of SMN complex - Gemins 2,
3 and 8. Knockdown of Usp9x resulted in the reduction of
levels of SMN protein and SMN complex and decreased
number of gems in nucleus [138].

Proteomic analysis revealed the differentially expressed
ubiquitin carboxy-terminal hydrolase L1 (UCHL1) in type I
SMA skin fibroblast cells comparedto the normal skin fibro-
blast cells [139]. Also, UCHLI1 expression level correlated
with SMA type. This protein was observed only in neurons
and was found to be involved in the development of several
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Fig. (3). Main factors playing a role in SMN protein degradation.

neurodegenerative diseases [140]. Previously considered a
de-ubiquitinating enzyme, UCHL1 was also reported to
function as an Ub ligase and a mono-Ub stabilizer. UCHL1
was shown to directly interact with SMN and over-
expression of this enzyme decreased the level of SMN pro-
tein, while UCHL1 inhibition in SMA skin fibroblast cells
augmented SMN level [139]. Similar effect on SMN protein
level has demonstrated another E3 ubiquitin ligase mind
bomb 1 (Mibl) previously shown to regulate neuronal
morphogenesis [141, 142]. Decreasing level of Mibl
orthologue by RNA interference in smn-I-deficient
Caenorhabditis elegans caused amelioration of the neuro-
muscular defects [141].

SMN was shown to be a target of a small ubiquitin-
related modifier (SUMO1) and has a SUMO-interacting mo-
tif in the Tudor domain [143]. Disruption of this motif was
demonstrated to impair the assembly of Cajal bodies and
might have negative impact on snRNPs maturation and SMA
phenotype.

It is interesting to note that whole genome methylation
analysis revealed differences in the methylation level be-
tween SMA patients and healthy individuals in CpG site
05712748 located in region p34.2 of chromosome 1
(http://genome.ucsc.edu/GRCh37/hgl9) [98]. UBR2 gene,
which encodes Ub-protein ligase E3, is situated approxi-
mately 3000 bp downstream. This position and its expression
can be influenced by methylation of some regulatory ele-
ments upstream of the TSS [144].

The substrate specificity for E3 ubiquitin-protein ligases
is dictated by variable F-BOX proteins which are the com-
ponents of SCF (SKP1-CULI1-F-box protein) complex [145].
F-protein that provides the recognition of SMN protein and
directs it to the Ub-conjugating system is still unknown. The
identification of this F-protein may provide the additional
target for SMA therapy based on SMN protein stabilization.
We found differences in methylation level between SMA
patients and healthy individuals in FBXLI7 and FBXO3
genes which encode two members of F-box protein family
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[98]. It is proposed that these F-box proteins might partici-
pate in Ub/proteasome degradation of SMN or other proteins
involved in SMA pathogenesis. Further studies are needed to
determine whether these proteins interact with SMN and
understand the way they recognize their substrates. The rec-
ognition of substrates to be ubiquitinated has multiple ways.
Canonical way for the degradation is the presence of
phosphodegron (the group of phosphorylated amino acids) in
the target protein. But in some cases, the phosphorylated
sites in protein may prevent its degradation, obstructing the
access to degron motif for F-proteins [146]. The
phosphorylation of SMN protein at threonine 25, threonine
122, and serine 290 was shown to contribute to its deg-
radation inhibition [147]. These modifications might protect
the degron domain in SMN protein against F-box protein
connection and subsequent degradation.

An important role of ubiquitin-dependent pathways in
SMA pathogenesis is supported by the fact that neuromuscu-
lar pathology can be ameliorated not only by regulating
SMN protein stability, but also by manipulating the level of
ubiquitination proteins acting downstream from SMN. Com-
parative proteomics revealed significantly decreased level of
ubiquitin-like modifier activating enzyme 1 (UBA1) in SMA
mice. It was shown that UBAL1 level is influenced by SMN
as a result of direct physical interactions between proteins in
vivo [148]. UBAL is responsible for regulating the conjuga-
tion of ubiquitin molecules to target proteins, such asf3 -
catenin that was found to accumulate in SMA cells. Suppres-
sion of UBA1 recapitulated motor neuron abnormalities ob-
served in SMA animal models, while inhibition of B-catenin
signaling rescued motor axon defects [148]. Systemic deliv-
ery of UBA1 in SMA mice resulted in improved motor func-
tions and neuromuscular pathology as well as increased sur-
vival [149].

These data are consistent with the fact that mutations in
the UBAI gene cause a related disease X-linked infantile
SMA and that ubiquitin proteasome system plays a funda-
mental role in the pathogenesis of other neurodegenerative
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diseases [150-152]. Proteasome inhibitor bortezomib is now
examined in mice as a prospective drug for treating SMA
based on its beneficial effect on SMN level, motor perform-
ance and survival of SMA mice [153]. All these reports indi-
cate a high probability of engagement of ubiquitin protea-
some system in the modification of SMA symptoms severity
and the possibility of modulation of disease phenotype by
therapeutic agents targeted at different components of the
ubiquitination pathway.

9. APOPTOSIS PROTEINS AS POSSIBLE MODIFY-
ING FACTORS

Apoptotic pathway plays a crucial role in motor neuron
loss and SMA development. In Drosophila S2 cell model,
SMN deficiency was demonstrated to activate the caspase-
dependent apoptotic pathway, which can be prevented by
introducing caspase inhibitor [154]. The upregulation of Fas
ligand-mediated apoptosis and increased caspase-8 and -3
activation was also present in induced pluripotent stem cell
model of SMA, confirming the possible involvement of
these factors in motor neuron degradation [155]. SMN pro-
tein was shown to possess anti-apoptotic activity, inhibiting
caspase-3 activation, while mutant SMN proteins like
SMNA7 or SMN-Y272C were found to lack this activity and
according to some studies, are even proapoptotic, causing
increased motor neuron loss and mice mortality [156]. Nev-
ertheless, proapoptotic activity of SMNA7 was not verified
in other studies and taking into account high instability of
this protein form the extent of its influence on SMA pheno-
type is doubtful [157, 158].

Previously, Bcl-2 family proteins known to be key regu-
lators of apoptosis were demonstrated to play a role in the
pathogenesis of common motor neuron disease amyotrophic
lateral sclerosis [159]. Bcl-2 family includes proapoptotic
proteins (such as Bax, Bak, Bcl-xS) as well as antiapoptotic
ones (such as Bcl-2, Bel-xL) [160]. The expression study of
Bcl-2 and Bcl-X proteins in motor neurons of SMA fetuses
revealed a significant decrease in both protein levels, which
may enhance neuronal apoptosis [161]. At the same time, the
level of Bax protein was elevated in the spinal cord of SMA
mice. To elucidate the role of Bax protein in SMA develop-
ment model, mice were breed with Bax knockout mice. Lit-
termate mice deficient for Bax gene had longer lifespan and
less severe form of the disease [162].

The role of Bcl-2 in SMA pathogenesis is also supported
by the fact that the Bcl-2 regulating protein WT-1 is ex-
pressed at lower levels in SMA mouse model [163]. Ander-
ton and colleagues reported the co-regulation of SMN and
Bcl-xL expression and their antiapoptotic effect in SH-SYS5Y
cells [164]. Over-expression of Bcl-xL ameliorated motor
functions and prolonged the lifespan in SMA mice [165].
Similarly, high Bcl-xL level rescued mouse motor neurons
from neurite degeneration and cell death in vitro [166].

SMN protein binds p53 - an important factor regulating
neuronal apoptotic death. The decrease of SMN-p53 binding
was observed in SMA-derived fibroblasts. Truncated SMN
produced by SMN2 gene in SMA patients does not manage
to bind p53 properly. This leads to accumulation of p53 pro-
tein in the nucleolus rather than in Cajal bodies, typical for
normal cells. The result is the high accessibility of p53,
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which can trigger activation of p53-dependent apoptosis of
motor neurons [167].

Involvement in regulation of SMA severity was deter-
mined for members of MAP kinase cascades that are impli-
cated in the generation of different cellular responses includ-
ing apoptosis [168]. Apoptosis Signal-regulating Kinase 1
(ASK1), a ubquitiously expressed MAP Kinase Kinase
Kinase (MAPKKK) that activates JNK and p38 MAP kinase
pathways, was shown to stabilize SMN protein and upregu-
late neurite outgrowth [169]. Interestingly, this effect was
not due to the kinase activity of ASK1, but was caused by
protecting SMN from degradation by inhibiting its poly-
ubiquitination. Considering the involvement of ASKI1 in
other neuronal diseases, such as Alzheimer’s disease and
Huntington’s disease, ASK1 may play a role in SMA patho-
genesis [170]. P38 MAPK pathway is known to play a role
in modulation of apoptosis. It also functions as a regulator of
gene expression. It affects mRNAs that comprise AU-rich
element (ARE) in the 3’-UTR region through specific ARE-
binding proteins [171]. SMN transcript that contains such
ARE was demonstrated to be stabilized by the activation of
p38 pathway. ARE-binding protein HuR stimulated by p38
interacts with SMN mRNA resulting in 2-3-fold increase in
SMN transcript and protein levels in neuronal-cell lines
[172]. Upregulation of p38 pathway in SMA mice prolonged
lifespan and improved motor function of animals [173]. INK
signaling pathway was shown to be activated in SMA. JNK3
isoform is specifically expressed in neurons and is 10-fold
more phosphorylated in cells lacking SMN. It was proposed
that decrease in SMN level leads to cell stress resulted in the
activation of JNK pathway and motor neuron apoptosis.
JNK3 knockdown reduced degeneration of SMN-deficient
cultured neurons and amelioration of symptoms in SMA
mice [174].

Loganin was found to be a potential neuroprotective can-
didate that decreased the number of apoptotic cells and neu-
rite damage in SMA cell model via stimulation of the ex-
pression of SMN, Gemin2, Akt and Bcl-2 [175]. IGF-1 was
shown to play a key role in loganin neuroprotection. Previ-
ous studies demonstrated that IGF-1 overexpressed in mus-
cle of SMA mice resulted in enlarged myofibers and pro-
longed survival [176]. Systemic administration of AAV1
vector encoding IGF-1 ameliorated motor neuron pathology
and NMJ defects and improved motor function of SMA mice
[177]. Strikingly, controversial results were obtained by Bi-
ondi with colleagues, demonstrating that reduction of IGF-1
suppressed the apoptotic processes, stimulated SMN protein
expression in the spinal cords of SMA mice and in human
myotubes [178]. Such contradictory responses on changing
of IGF-1 level might be caused by the unexpected shift be-
tween ERK, JAK and AKT pathways, all regulated by IGF-1
and imbalanced in SMA condition [178]. Anyways, these
aspects should be taken into account if designing further
IGF-1-based treatment experiments on SMA models.

We have previously found the changes in the methylation
profile between SMA patients and healthy individuals for
several genes which are considered to be connected with the
apoptosis process: OPN3, CDK2API, CYTSB, PPPIRI3L
and WWTRI [98]. OPN3 is involved in the regulation of cell
apoptosis through the Akt/Bcl2/Bax pathway [179].
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CDK2AP] and CYTSB genes might be implicated in the in-
duction of apoptosis process [180, 181]. PPPIRI3L is
known as one of the most evolutionarily conserved inhibitors
of p53 protein. WWTRI is a transcriptional coactivator
shown to promote cell proliferation and inhibit apoptosis
[182]. Further studies are needed to understand if some of
these genes actually have any role in the context of SMA
pathogenesis.

Taking into account the data on apoptosis proteins par-
ticipating in regulation of SMN expression, neuronal viabil-
ity, neurite outgrowth, SMN protein stabilization, these pro-
teins seem to be interesting targets for further research of
SMA modifiers. Manipulating the level of some of these
factors in SMA mouse model caused changes in motor phe-
notype and duration of survival. Apoptotic pathway is
known to play an important role in the pathogenesis of other
neurodegenerative diseases and some apoptosis proteins are
discussed as possible therapeutic targets for these diseases
[159, 170].

10. SMN INTERACTOME AND SMN TARGET
GENES AS POSSIBLE SMA MODULATORS

Being SMN as a ubiquitous protein, it is natural that de-
crease in SMN level has important consequences with re-
spect to downstream molecular pathways and proteins. In
order to achieve better understanding of the processes under-
lying SMA and identifying new potential targets for SMA
therapy that can enhance SMN-focused therapy, SMN inter-
actome has been examined. Large scale genetic and proteo-
mic studies added by bioinformatic analyses enabled to re-
veal multiple genes and factors demonstrating conserved
changes in SMA condition [21, 183]. As noticed by Sen and
colleagues based on the results of their study, reduction of
SMN seems to affect a wide range of programs regulating
the development and maintenance of the whole neuromuscu-
lar system, such as ion channels functioning, synaptic vesicle
recycling and intrinsic cellular functions control [183].

Among the important findings, one was identification of
proteins, such as UBA1 (discussed above), GAPDH,
GAP43, NCAM, LMNA, ANXA2, that demonstrated con-
served changes in expression across several proteomic stud-
ies of SMA [21]. Lack of GAP43 protein essential for axonal
pathfinding was observed in growth cones of SMA mice and
restoration of GAP43 level rescued axonal outgrowth [184].
The cause of GAP43 deficiency was GAP43 mRNA mislo-
calization due to loss of SMN function. NCAM, a known
regulator of neuronal growth, has been described in connec-
tion with different neurological disorders and seems to be an
interesting target for further studies in relation to SMA phe-
notype modification [185]. Mutations in LMNA, a published
interactor of SMN, were shown to be involved in the devel-
opment of muscular dystrophies and mimic spinal muscular
atrophy [186, 187].

Interesting data have been obtained concerning SMN
target genes that displayed aberrant expression and were able
to rescue SMA pathology when expressed normally. SMN
was shown to control FGF receptor Htl and activation of
FGF signaling demonstrated protective effect on neuromus-
cular junction defects in Drosophila model of SMA [188].
Impairment of SMN function in U snRNP assembly was
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found to affect splicing of critical neuronal genes that also
influenced SMA phenotype. Among these genes are stasi-
mon and neurexin2a, demonstrating altered expression and
splicing in different animal models of SMA [189, 190].
Knock-down of stasimon and neurexin2a in animal models
phenocopied motor axon and NMJ defects observed in SMA
condition revealing these genes as plausible mediators of
motoneuron pathology in SMA. Increase in Stasimon ex-
pression rescued motor neuron development and NMJ
transmission in Drosophila and zebrafish smn mutants [189].
Chondrolectin was also found to be alternatively spliced in
SMA mouse spinal cord and restoration of its expression
demonstrated positive impact on neurite outgrowth in cell
and zebrafish models of SMA [191].

Gemins, the known partners of SMN in chaperoning the
assembly of snRNPs, have been considered as SMA modify-
ing candidates and potential therapeutic targets for the dis-
ease [192]. Decreased level of Gemin2 in Smn heterozygous
mice induced an enhanced motor neuron degeneration while
specific knockdown of Gemin in motor units mimicked mo-
tor neuron pathology observed in Drosophila model of SMA
[193, 194]. Interestingly, besides interacting with SMN pro-
tein in one complex, Gemin5 was shown to be an activator of
SMN translation, thus influencing the level of SMN as well
as its functionality [195].

Extensive obtained data in SMN interactome studies pro-
vide new information on molecular mechanisms perturbed in
SMA but these data should be verified carefully by further
experiments, highlighting “core” regulators of SMA patho-
genesis and focusing on them.

11. ZPR1 PROTEIN AS MODULATOR OF SMA SE-
VERITY

ZPR1 is a zinc finger protein found both in the cytoplasm
and nucleus and known to be involved in cell cycle regula-
tion, pre-mRNA splicing, myelination and axonogenesis
[196, 197]. In the nucleus ZPR1 co-localizes with SMN and
their interaction is essential for SMN accumulation in sub-
nuclear bodies [198]. Together with snurportin 1, importin f,
SMN and Sm proteins, ZPR1 forms the cytoplasmic com-
plex required for snRNPs transport in the nucleus and
snRNPs biogenesis [199]. SMA patients were shown to have
decreased level of ZPR1 protein [57]. The interaction be-
tween SMN and ZPR1 was also disrupted in SMA patient
cells. Downregulation of ZPR1 caused snRNPs loss and in-
hibition of pre-mRNA splicing. Since ZPR1 possesses func-
tions similar to that performed by SMN, reduced level of
ZPR1 leads to the defects typical for SMN-deficient cells.
Zprl gene suppression in NSC-34 cells resulted in defective
axons and growth cones [200]. ZPR1-deficient mice exhib-
ited axonal degeneration, progressive motor neurons loss and
phenotype that resembled those of SMA mice [197].

Increased caspase activation was found in ZPR1 deficient
mouse embryos and their cells had apoptotic morphology
[200]. Since apoptotic degeneration of motor neurons is
characteristic for SMA patients and these patients have im-
paired expression of ZPR1, it has been proposed that ZPR1
deficiency might influence motor neuron death. This suppo-
sition was confirmed by observation of caspase activation
and cell death in cultures of neurons transfected with Zpr/
siRNA [200].
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The study of influence of Zprl gene expression level on
SMA mice phenotype showed that low level of ZPR1 protein
contributed to the disease symptoms aggravation and the
decline in animals’ lifespan [201]. In detail, the decrease of
ZPR1 protein causes hypermyelination and degeneration of
axons in phrenic nerves reinforcing breath dysfunction in
SMA. While the overexpression of ZPR1 leads to the in-
crease of SMN and its nuclei accumulation. Thus the level of
ZPR1 may modulate SMA severity.

12. PROLACTIN AS POSSIBLE MODIFYING FAC-
TOR

Prolactin is a polypeptide hormone that activates JAK-
STATS pathway and was shown to influence SMN gene ex-
pression [20]. STATSs are proteins activated by JAK (Janus
kinases) in response to cytokine stimulation and are involved
in the regulation of different cellular responses including
differentiation, cell growth and apoptosis. STATS plays a
key role in CNS formation, particularly in the development
of the spinal cord [202]. Constitutive activation of this pro-
tein was demonstrated to stimulate SMN2 gene expression in
SMA-like cells, resulting in increase in SMN protein level
and number of gems, as well as amelioration of axonal de-
fects in cultured SMA-like motor neurons [203]. Similar
effect was observed in SMA mouse model after stimulation
of STATS pathway by prolactin treatment [20]. Treated mice
demonstrated improved motor function and prolonged sur-
vival. Other STATS activators such as histone deacetylase
inhibitors have also been described, yet prolactin seems
more safe and efficient [204]. Also the ability of prolactin to
cross the blood brain barrier as well as the distribution of its
receptors throughout the CNS make this hormone a perspec-
tive candidate for SMA therapy [20].

13. EXTRINSIC FACTORS INFLUENCING SMA
PHENOTYPE

External factors have also been proposed to possibly con-
tribute to SMA severity. In some studies it was shown that
supplementary nutrition in combination with HDAC inhibi-
tor as well as meal composition has positive impact on the
duration of survival and motor functions of SMA mice,
though these observations have not been fully replicated
[205, 206].

Hypoxia was observed to negatively regulate SMA pa-
thology. Respiratory distress is a feature of many severe
SMA type I cases, leading to infant death, and ventilatory
support was shown to increase survival [207, 208]. The
study of hypoxia effect on SMA cell model demonstrated
reduction in full-length SMN2 transcripts and SMN protein
level. This effect was found to be connected with upregula-
tion of hnRNP A1l and Sam68 - factors promoting aberrant
SMN?2 splicing [209]. Treating SMNA7 mice with hyperoxia
resulted in weight gain and improved motor function. Inter-
estingly, ZPR1 protein considered to be a SMA modifier is
also likely implicated in the regulation of respiratory func-
tion. Reduced level of this protein observed in SMA mice
resulted in impaired functionality of phrenic nerves innervat-
ing diaphragm [201]. Thus changing the level of factors me-
diating effect of hypoxia in SMA may influence disease se-
verity.
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CONCLUSION

High variability of clinical courses of SMA patients indi-
cates that disease manifestation is apparently dependent on
modifying factors. By now, SMN2 gene copy number can
contribute as supplementary criterion for SMA severity de-
termination, but its prediction accuracy is not absolute [38,
49, 59, 210]. Detection of additional modifiers on the early
stages of disease development can make the prognosis of
clinical course more precise. Moreover, it can help in pre-
dicting the treatment efficacy, as it was shown to be depend-
ent on several genes [54, 211]. Results obtained in studies of
SMA modifiers provide new information about peculiarities
of SMA development that lead to better understanding of
cellular processes altered in SMA condition. It is gratifying
to highlight recent studies demonstrating endocytosis as a
major mechanism disrupted in SMA that found application
in new treatment strategies [108, 109, 123]. Today, therapy
approaches based on knowledge gained in study of different
pathways and proteins involved in SMA pathogenesis are
tested in SMA models. As vividly noticed and demonstrated
by Kaifer and colleagues in their study high variation in
SMA clinical spectrum may require a combinatorial treat-
ment that includes SMN-independent approach together with
increase of SMN level. Such therapy approach that besides
stimulation of SMN production directed to compensate for a
secondary defects in SMA seems more efficient than aimed
at correction of SMN level solely [109, 123, 124]. This
emerging revelation emphasizes the relevance of investiga-
tion of new SMA modifiers, that can be involved in different
molecular pathways and contribute differently to the disease
progression, but each of them might be important to study.
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