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Abstract 

Background Spinal muscular atrophy (SMA) is a rare autosomal-recessive neurodegenerative disorder caused 
by mutations in survival motor neuron 1 (SMN1) gene, and consequent loss of function of SMN protein, which results 
in progressive loss of lower motor neurons, and muscular wasting. Antisense oligonucleotide (ASO) nusinersen 
(Spinraza®) modulates the pre–mRNA splicing of the SMN2 gene, allowing rebalance of biologically active SMN. 
It is administered intrathecally via lumbar puncture after removing an equal amount of cerebrospinal fluid (CSF). 
Its effect was proven beneficial and approved since 2017 for SMA treatment. Given the direct effect of nusinersen 
on RNA metabolism, the aim of this project was to evaluate cell-free RNA (cfRNA) in CSF of SMA patients under ASOs 
treatment for biomarker discovery.

Methods By RNA-sequencing approach, RNA obtained from CSF of pediatric SMA type 2 and 3 patients was pro-
cessed after 6 months of nusinersen treatment, at fifth intrathecal injection (T6), and compared to baseline (T0).

Results We observed the deregulation of cfRNAs in patients at T6 and we were able to classify these RNAs into dis-
ease specific, treatment specific and treatment dependent. Moreover, we subdivided patients into “homogeneous” 
and “heterogeneous” according to their gene expression pattern. The “heterogeneous” group showed peculiar activa-
tion of genes coding for ribosomal components, meaning that in these patients a different molecular effect of nusin-
ersen is observable, even if this specific molecular response was not referable to a clinical pattern.

Conclusions This study provides preliminary insights into modulation of gene expression dependent on nusinersen 
treatment and lays the foundation for biomarkers discovery.
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Background
Spinal muscular atrophy (SMA) is a rare autosomal-
recessive neurodegenerative disorder (incidence 1/8000 
live births) characterized by progressive loss of lower 
motor neurons, with subsequent muscular atrophy and, 
in the most severe forms, early death due to respira-
tory failure. A wide range of SMA phenotypes has been 
described according to age of onset and level of motor 
functions achieved, ranging from in utero to adult onset 
SMA (type 0–4) [1]. It is caused by mutations in survival 
motor neuron 1 (SMN1) gene (locus 5q11.2-q13.3), which 
lead to the loss of functions of the encoded protein SMN. 
However, up to 10% of full-length SMN is produced by 
the centromeric homologous SMN2 gene, which par-
tially compensates the lack of SMN1. Hence, SMN2 copy 
number has been found inversely correlated with disease 
severity, contributing decisively to the observed SMA 
clinical heterogeneity [2]. SMN is an almost ubiquitously 
expressed protein so the prevalent vulnerability of motor 
neurons to its quantity/quality defect is not completely 
clear. Many concurrent causes have been evoked, like 
the impact of the surrounding glial cells on the neuron 
functions, as well as the involvement of other modulat-
ing genes or modifiers factors such as microRNAs (miR-
NAs) or long non-coding RNA (lncRNAs) [3, 4]. Indeed, 
SMN seems to be involved in RNA metabolism, in par-
ticular in small nuclear ribonucleoprotein (snRNP) bio-
genesis, alternative splicing, trafficking of RNA-binding 
proteins and translation of target mRNAs in neurites [5]. 
In 2017, the first disease-modifying drug was approved 
in Europe for the treatment of SMA. Nusinersen is an 
antisense oligonucleotide (ASO) that modulates the pre–
mRNA splicing of the SMN2 gene, inducing the produc-
tion of a greater amount of full-length, biologically active, 
SMN. Nusinersen shown to ameliorate motor function 
in pediatric [6], and adult SMA patients [7]. Nusinersen 
is administered intrathecally via lumbar puncture at day 
0, 14, 28, 63 and then every four months, after remov-
ing an equal amount of cerebrospinal fluid (CSF). These 
route and plan of administration offer the unique oppor-
tunity to longitudinally analyze simultaneous CSF and 
serum samples in order to search for candidate biomark-
ers of treatment efficacy. Evidence showed decreasing 
levels of specific markers of neurodegeneration (Neuro-
filaments (NF), and Tau) in CSF of infantile SMA during 
nusinersen treatment [8], suggesting a recovery in motor 
neuron damage. On the other hand, CSF NFs fail to be 
a diagnostic and monitoring marker in adolescent and 
adult SMA type 2 and 3 patients. Beside proteins, also 
several types of RNA have potential use as biomarkers 
of disease and treatment, such as mRNA, miRNA and 
lncRNA [9–11]. These can be found as cell-free RNAs 
(cfRNAs) in extracellular compartment, such as CSF 

[12]. Both the collection of CSF before each nusinersen 
injection and the fact that this treatment involves ASOs, 
lead us to investigate alteration of cfRNAs is CSF of SMA 
patients after six months compared to baseline.

A recent published work identified miRNAs as poten-
tial biomarkers to monitor response to nusinersen in 
pediatric SMA patients. This study demonstrated that 
muscle-specific miRNA serological levels decrease over 
disease course upon nusinersen treatment identifying 
these circulating molecules as possible non-invasive bio-
markers of nusinersen therapeutic effect in SMA patients 
[13]. In addition, miR-206 a muscle-specific miRNA 
and miR-9, a neuron-related miRNA, were identified as 
informative biomarkers in serum of animal model and 
SMA patients [14]. However, no data are available so far, 
about long RNAs, such as coding mRNA and lncRNAs in 
the disease. Also, at present, entry of molecular biomark-
ers into SMA clinical practice is still far to be realized and 
represents an important challenge.

In this work we will present a quantitative explora-
tive study of mRNAs and lncRNAs analyzed by RNA-
sequencing at baseline, i.e. before first injection of 
nusinersen (T0), and at fifth injection, after 6 months of 
nusinersen treatment (T6).

Materials and methods
Study subjects
A cohort of 18 genetically defined pediatric SMA type 
2 and 3 patients followed-up at Child Neuropsychiatry 
Unit of IRCCS Mondino Foundation (Pavia, Italy) and at 
the Developmental Neurology Unit of Fondazione IRCCS 
Istituto Neurologico Carlo Besta (Milan, Italy), was 
included in the study (Table  1). All SMA  patients, with 
confirmed diagnosis by genetic analysis that were agreed 
to undergo treatment, have been included. At the time of 
this study no SMA1 patients were followed in both Pavia 
and Milan Institutes. All patients received nusinersen 
dosages completely and no significant medical event dur-
ing treatment period were observed. Clinical assessment 
comprised the Hammersmith Functional Motor Scale 
Expanded (HFMSE).

The study was performed in accordance with the ethi-
cal standards of the Declaration of Helsinki. CSF samples 
were obtained by lumbar puncture, after parental writ-
ten consent, right before first nusinersen infusion (T0, 

Table 1 Demographic data of pediatric SMA patients

Gender Age of 
onset(months)

Female Male

SMA2 8 7 9.8 ± 2.3

SMA3 1 2 44.6 ± 7.5
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baseline) and after 6 months of treatment (T6). Biological 
samples were stored at − 80 °C until use.

CSF storage and RNA extraction
After withdrawal, CSF samples were centrifuged at 
2000 × g for 10  min at room temperature and immedi-
ately stored at − 80  °C. RNA was extracted from 400  µl 
of CSF with miRNeasy Serum/Plasma Kit (Qiagen, Ger-
many) following manufacturer’s instructions. Then, RNA 
was quantified and its quality assessed with Nanodrop 
ND-100 spectrophotometer (Nanodrop Technologies, 
USA).

Library preparation and sequencing
RNAs to be sequenced were processed with RiboCop 
rRNA Depletion Kit (Lexogen, Austria) starting from 
50 ng of RNA. Sequencing libraries were prepared using 
CORALL Total RNA-Seq Kit (Lexogen, Austria) follow-
ing manufacturer’s instructions and performing 20 PCR 
cycles. Then 1.8  pM of pooled and denatured libraries 
were loaded on a NextSeq 500/550 High Output Kit v2.5 
(150 Cycles) (Illumina, USA).

Bioinformatic, databases and statistical analyses
Bioinformatic analysis for obtaining differentially 
expressed (DE) genes and gene enrichment analy-
ses were conducted as in Garofalo et  al. [15], except a 
|log2(disease sample/healthy control)|≥ 0.5 was applied. 
Databases used for investigation of DE genes were NCBI 
and Ensembl. Literature searches were conducted on 
PubMed. The linear regression model was constructed 
on Prism GraphPad 8.0.2 software (GraphPad Software, 
USA).

Results
Analysis of DE cfRNAs in CSF of pediatric SMA patients 
after 6 months of nusinersen treatment compared 
to baseline
To identify cfRNAs in CSF associated with nusinersen 
treatment of SMA patients, we performed RNA-sequenc-
ing analysis through Next Generation Sequencing (NGS) 
approach. Eighteen CSF cfRNA samples obtained from 
all pediatric SMA patients (named “all” cohort) treated 
with nusinersen at T6 were compared to CSF cfRNA 
samples from the respective patients at T0. We detected 
48 DE cfRNAs (Table  2; Additional file  1: Table  S1), of 
which 36 mRNAs, 1 lncRNA and 11 “other biotype” 
RNAs (processed pseudogenes, unprocessed pseudogene 
and untranscribed unprocessed pseudogenes). We found 
23 down-regulated and 13 up-regulated mRNAs, the only 
lncRNA was down-regulated, while 7 “other biotype” 
RNAs were up-regulated and 4 were down-regulated.

Relying on gene databases, such as Ensembl and NCBI, 
and through literature search (PubMed), we divided DE 
cfRNAs into three categories: (1) disease specific, mostly 
mRNAs already involved in pathways affected in SMA 
pathogenesis (ARHGEF19, COX6C, MTMR14, IARS2, 
TBL1XR1, KCNK2) (Fig.  1A); (2) treatment specific, 
transcripts whose alteration may be mediated by nusin-
ersen (HNRNPA1L2, SAP18, ISY1, DDX19B) (Fig.  1B); 
(3) treatment dependent, mRNA whose expression 
modification may be downstream nusinersen treatment 
(VAT1L, ACAN, ADSSL1) (Fig.  1C). We excluded all 
those cfRNAs not associable with SMA or nusinersen 
molecular effect.

Enrichment analysis of the selected DE cfRNAs in “all” SMA 
patients
To show in which events were involved the selected 
DE cfRNAs (ARHGEF19, COX6C, MTMR14, IARS2, 
TBL1XR1, KCNK2, HNRNPA1L2, SAP18, ISY1, 
DDX19B, VAT1L, ACAN, ADSSL1), we performed an 
enrichment analysis of genes by Gene Ontology (GO) 
database. This analysis is useful for high-throughput data 
interpretation since it highlights biological phenomena 
that may be represented by DE genes [16]. Practically, a 
list of genes is queried, in this case the DE cfRNAs were 
used, and information about Biological Process, Cellular 
Component and Molecular Function, where given genes 
are involved, are provided together with statistical analy-
ses that allow to rank the results.

We queried Biological Process, Cellular Component 
and Molecular Function (Fig. 2A–C). From GO Biologi-
cal Process, we found significant results for SAP18, ARH-
GEF19, COX6C, DDX19B, KCNK2. In particular, SAP18, 
that we found down-regulated at T6, is involved in “neg-
ative regulation of mRNA splicing, via spliceosome”, 
“negative regulation of mRNA processing” and “negative 
regulation of RNA splicing” (Fig. 2A). GO Cellular Com-
ponent query provided significant results for ACAN, 

Table 2 Statistically significant DE cfRNAs in CSF of “all” at T6 
compared to T0

mRNAs, lncRNAs and “other biotype” (processed pseudogenes, unprocessed 
pseudogene and untranscribed unprocessed pseudogenes) number is 
represented in terms of up-regulated transcripts, down-regulated transcripts, 
subtotal and total. Transcripts were considered as DE when |log2(T6/T0)| 
was ≥ 0.5 and a FDR was ≤ 0.1

mRNA lncRNA Other biotype

DE cfRNAs in “all” at T6 vs T0

Up-regulated 13 0 7

Down-regulated 23 1 4

Subtotal 36 1 11

Total 48
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ISY1, IARS2, TBL1XR1 and DDX19B. Interestingly, 
ISY1, that was down-regulated in our cohort after treat-
ment, resulted as a component of “post-mRNA release 
spliceosomal complex”, “U2-type catalytic step 1 spli-
ceosome” and “U2-type spliceosomal complex” (Fig. 2B). 
Regarding GO Molecular Function, significant results 
were obtained for SAP18, ARHGEF19, ISY1, IARS2, 
MTMR14, DDX19B, KCNK2, of whom, SAP18, ISY1 
and DDX19B were related to the term “RNA binding”, 
and KCNK2 was involved in “outward rectifier potassium 
channel activity”, “potassium ion leak channel activity”, 
“leak channel activity”, “voltage-gated potassium channel 
activity” and “potassium channel activity” (Fig. 2C).

Identification of distinct transcriptomic clusters in SMA 
patients after 6 months of nusinersen‑treatment
We have realized a Principal Component Analysis (PCA) 
of all DE cfRNAs in SMA patients at T6 versus T0 (Fig. 3). 
From this analysis, we have visualized the distribution of 
each patients’ transcriptome at both time-points. Inter-
estingly, we noticed that a subset of patients (n = 6) clus-
tered differently from the whole group. Thus, we splitted 

the analysis by evaluating DE cfRNAs separately for the 
two subgroups of patients. We defined as “heterogene-
ous” those who appeared to be transcriptionally different 
from the T0 (circled in orange in Fig. 3), and as “homo-
geneous”, those who did not transcriptionally differ from 
the rest of the samples. In the heterogeneous group, we 
found a total of 15 DE cfRNAs, mostly mRNAs (N = 14) 
and up-regulated (Table 3; Additional file 1: Table S2). In 
the homogeneous group we found 9 DE cfRNAs, mostly 
up-regulated mRNAs (N = 7) (Table  3; Additional file  1: 
Table S3).

Further, we conducted a gene database/literature 
search for evaluating whether the DE cfRNAs in these 
two subgroups were disease specific, treatment specific 
or treatment dependent. For the “heterogeneous”, we 
reported this classification in Fig. 4A–C: HSP90AB1 was 
recognized as disease specific gene (Fig. 4A); RPL3, RPS8, 
RPL35A, RPL5, RPS27A and RPS4X were pertaining 
to the treatment specific gene group (Fig.  4B); SOGA1, 
ANXA1, ACAN and EIF4A1 were treatment dependent 
genes (Fig.  4C). Conversely, for the “homogeneous” we 
found only one disease specific cfRNA, IARS2 and one 

Fig. 1 Selected DE cfRNAs in “all” subjects, subdivided into “disease specific” (A), “treatment specific” (B) and “treatment dependent” (C). On x-axis, 
the log2 Fold Change is reported, while on y-axis the corresponding DE transcript is indicated
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Fig. 2 GO chord plot. Chord plot showing significantly enriched GO terms for Biological Process (A), Cellular Component (B) and Molecular 
Function (C) in “all” SMA patients at T6 versus T0 analysis. The left of the plot shows the genes contributing to the enrichment, arranged in order 
of their logFC (logarithmic Fold Change), which is displayed in descending intensity of red squares for the upregulated genes and blue squares 
for the down-regulated ones. The genes are linked to their assigned terms via colored ribbons
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treatment specific MIB1 (Additional file  1: Table  S3). 
Again, all those cfRNAs not associable with SMA or 
nusinersen molecular effect were excluded.

Enrichment analysis of the selected DE cfRNAs in SMA 
heterogeneous patients
To show in which events were involved the DE cfR-
NAs we found in the “heterogeneous” group, we used 
GO database and showed enriched terms for Biological 
Process, Cellular Component and Molecular Function 
(Fig.  5A–C). From GO Biological Process, it appears 
in the GO chord that almost all DE cfRNAs (RPS4X, 
RPS27A, EIF4A1, RPL5, RPL35A, RPS8, RPL3) belong to 
all the terms, mostly related to mRNA transcription and 

protein translation (Fig.  5A). Concerning GO Cellular 
Component, significantly enriched terms, represented by 
deregulation RPS4X, RPS27A, EIF4A1, RPL5, RPL35A, 
HSP90AB, RPS8, ANXA1 and RPL3, are mostly related 
to “nucleus” and ribosomal subunits (Fig. 5B). The same 
genes also represented significant enriched terms for GO 
Molecular Function, mainly for “RNA binding”. Given 
the very low number (N = 2) of relevant DE cfRNAs in 
“homogeneous” group, the enrichment analysis was not 
conducted for these patients.

Comparison of the DE cfRNAs in all analysis
Eventually, DE cfRNAs emerged from each analysis were 
compared. No cfRNAs were commonly DE in the three 

Fig. 3 Principal component analysis (PCA) of DE cfRNAs in “all” SMA patients at T6 versus T0. PC1: 24.3 (x-axis) and PC2: 21.8 (y-axis). Samples at T0 
are colored in green, while T6 samples are colored in orange. Interestingly, a subset of patients at T6 appeared to cluster less in terms of gene 
expression pattern. Thus, we separated these samples in the following analyses, defining them as “heterogeneous” group. Samples that did 
not show this pattern alteration will be described as “homogeneous”
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approaches. Two DE cfRNAs were common in the “all” 
and in the “heterogeneous” groups, while 5 DE cfRNAs 
were shared among the “all” and the “homogeneous” 
group (Fig.  6; Additional file  1: Table  S4). In Table  4, 
common cfRNAs with corresponding Fold Change were 
reported. Both DE cfRNAs common to the “all” and “het-
erogeneous” groups showed a higher Fold Change when 
patients were splitted. Moreover, the fact that 5 over a 
total of 9 DE cfRNA in the “homogeneous” group were 
in common with the analysis obtained from “all”, while 
in the “heterogeneous” were only 2 over 15, reflects the 
specificity of the latter’s gene expression pattern.

Genotype–phenotype correlation
We investigated a possible correlation between transcrip-
tomic patients’ stratification and their clinical features. 
In Table 5 we reported SMN2 copy number, age of onset 
and age at baseline and the clinical change after nusin-
ersen treatment (T6) in term of motor functions meas-
ured by the HFMSE score for each patient.

Table 3 Statistically significant DE cfRNAs in CSF of 
“heterogeneous” SMA patients at T6 compared to T0, and of 
“homogeneous” SMA patients at T6 compared to T0

mRNAs, lncRNAs and “other biotype” (processed pseudogenes, unprocessed 
pseudogene and untranscribed unprocessed pseudogenes) number is 
represented in terms of up-regulated transcripts, down-regulated transcripts, 
subtotal and total. Transcripts were considered as DE when |log2(T6/T0)| 
was ≥ 0.5 and a FDR was ≤ 0.1

mRNA lncRNA Other 
biotype

“Heterogeneous” T6 vs T0

Up-regulated 13 0 1

Down-regulated 1 0 0

Subtotal 14 0 1

Total 15

“Homogeneous” T6 vs T0

Up-regulated 7 0 1

Down-regulated 1 0 0

Subtotal 8 0 1

Total 9

Fig. 4 Selected DE cfRNAs in SMA “heterogeneous” and “homogenous” patients, subdivided into “disease specific” (A), “treatment specific” (B) 
and “treatment dependent” (C) for the “heterogeneous” group, and reported in the same graph for “homogeneous” group (“disease specific” in black 
and “treatment specific” in red. On x-axis, the log2 Fold Change is reported, while on y-axis the corresponding DE transcript is indicated
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Fig. 5 GO chord plot. Chord plot showing significantly enriched GO terms for biological process (A), cellular component (B) and molecular 
function (C) in “heterogeneous” subjects at T6 versus T0. The left of the plot shows the genes contributing to the enrichment, arranged in order 
of their logFC (logarithmic Fold Change), which is displayed in descending intensity of red squares for the upregulated genes, and blue squares 
for the down-regulated ones. The genes are linked to their assigned terms via colored ribbons
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By constructing a linear regression model, we found 
no correlation in terms of age at onset, age at T0, type 
of SMA, SMN2 copy number and HFMSE scale (Table 6).

Discussion
We investigated modification of cfRNAs expression in 
CSF of type 2 and 3 pediatric SMA patients after five 
nusinersen injections (T6, 6 months), compared to first 
injection (T0, baseline). Our aim was to observe how 
nusinersen affects gene expression and whether cfR-
NAs in CSF, which is removed before each treatment 
injection, may be addressed as prognostic biomark-
ers. We found 48 DE cfRNAs, mostly down-regulated 
mRNAs. After consulting gene databases (such as 
Ensembl and NCBI) and the literature (PubMed), we 
selected DE mRNAs directly associated with disease 
(disease specific), directly associated to nusinersen 

treatment (treatment specific) and those modulated in 
response to nusinersen treatment (treatment depend-
ent). We addressed ARHGEF19, COX6C, MTMR14, 
TBL1XR1, KCNK2 and IARS2 as treatment specific 
ones. ARHGEF19 (Rho/Rac Guanine Nucleotide 
Exchange Factor 18) belongs to the Rho GTPase GEF 
family, that is implicated in regulation of axon forma-
tion, growth, guidance and branching [17, 18]. Lower 
level of Rho GTPase inhibition in SMA patients was 
highlighted together with an increase of methylation at 
one CpG site in the ARHGAP22, another Rho GTPase 
encoding gene [19]. Moreover, GTPase genes are well 
known to be implicated in skeletal muscle develop-
ment and regeneration [18]. The Rho family of GTPases 
are critical for skeletal muscle differentiation and can 
regulate the expression of MyoD and myogenin which 
dysregulation is associated to the muscle weakness 
observed in SMA. Deficiency of COX6C (Cytochrome 
C Oxidase Subunit 6C), terminal enzyme of the mito-
chondrial respiratory chain, was observed in a SMA-
resembling case [20]. This case study highlighted the 
worth to screen patients with SMA clinical features for 
a mitochondrial disorder, when no SMN1 mutation is 
present. We found interesting the down-regulation of 

Fig. 6 Venn diagram. Differentially expressed cfRNAs in common 
between the three conducted analyses (“all”, “heterogeneous” 
and “homogeneous” group at T6 vs T0). Two cfRNAs were common 
to the “all” and the “heterogeneous” group, and five cfRNAs were 
shared among the “all” and “homogeneous” groups

Table 4 Common DE cfRNAs in “all” and “heterogeneous”, and in “all” and “homogeneous”

Each gene is reported together with the corresponding Fold Change (FC) for each analyzed group

Gene FC “all” FC 
“heterogeneous”

Common in “all” and “heterogeneous”

ACAN 1.32 1.57

GNAS 1.08 2.33

Gene FC “all” FC 
“homogeneous”

Common in “all” and “homogeneous”

IARS − 1.09 − 0.96

MRC2 − 0.91 − 1.02

MUC1 1.25 1.06

PREX2 − 1.16 − 1.40

SYNE2 − 1.54 − 2.03

Table 5 Demographic, genetic and clinical feature in SMA 
cohort classified as “homogeneous” and heterogeneous “groups

Homogeneous group Heterogeneous 
group

ΔHFMSE + 2.1 + 2.6

Age at onset (months) 15.41 ± 13.4 16 ± 15.7

Age at baseline (years) 5.3 ± 3.7 5.0 ± 3.2

SMA2 91% 83%

SMA3 9% 17%
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MTMR14 (Myotubularin Related Protein 14), since in 
a case of type 0 SMA, negative myotubularin immu-
nohistochemical staining was showed, suggesting the 
dependence of this family of proteins to SMN [21]. 
TBL1XR1 (Transducin Beta Like 1 X-Linked Receptor 
1) is thought to be a component of histone deacetylase 3 
(HDAC3) complex. HDACs modulation was addressed 
as a potential contributor to SMN2 promoter activation 
[22] and small molecules inhibiting HDACs expres-
sion underwent clinical trials, however lacking efficacy 
[23]. KCNK2 (Potassium Two Pore Domain Channel 
Subfamily K Member 2) encodes for a component of 
the two-pore-domain background potassium channel 
protein family. Impairment of potassium and calcium 
channels of motor neurons have been observed in vitro 
as a consequence of SMN2 expression reduction [24]. 
Regarding the disease specific genes that we detected, 
they were all down-regulated and we speculate that the 
reduction of their expression in CSF may be indicator 
of degeneration processes that are not targeted, neither 
indirectly, by nusinersen treatment. Regarding treat-
ment dependent mRNAs, we identified HNRNPA1L2, 
SAP18, ISY1, DDX19B. Particularly, HNRNPA1L2 
(Heterogeneous Nuclear Ribonucleoprotein A1 Like 
2) is involved in RNA splicing, mRNA processing; and 
mRNA transport, thus strictly related to the effect of 
nusinersen and SMN2 as we observed it up-regulated. 

Moreover, we postulated a link between HNRNPA1L2 
and IARS2 (Isoleucyl-TRNA Synthetase 2, Mitochon-
drial) that was classified as disease specific. Indeed, 
during mitochondrial stress, a feature of SMA molec-
ular pathogenesis, tRNAs are released from the mito-
chondrial matrix to the cytosol, where they can interact 
with hnRNPA1 protein in the cytosol [25]. Also, ISY1 
(ISY1 Splicing Factor Homolog) is involved in mRNA 
splicing, specifically in maintaining splicing accuracy. 
The error rate of exon pairing is increased by the reduc-
tion of SMN1, essential for spliceosomal components 
assembly [26]. Being ISY1 down-regulated at T6, we 
hypothesized that SMN restoration through ASOs 
reduces splicing error rate, therefore decreasing ISY1 
demand. Furthermore, DDX19B (DEAD-Box Helicase 
19B) takes part to nuclear and mitochondrial splicing, 
and spliceosome assembly, its down-regulation may be 
explained by nusinersen treatment pushing to recov-
ery of splicing machinery. SAP18 (Sin3A Associated 
Protein 18) is a component of the histone deacetylase 
complex and of the SIN3-repressing complex. One of 
its role is to modulate splicing regulation via its ubiqui-
tin-like fold [27]. VAT1L, ACAN, ADSSL1 are mRNAs 
that were up-regulated at T6 might be activated as an 
indirect consequence of nusinersen treatment. Indeed, 
VAT1L (Vesicle Amine Transport 1 Like) enables oxi-
doreductase and zinc ion binding activity. Since SMN 

Table 6 Genotype–phenotype correlation analysis

Patients Gender SMA type SMN2 copy 
number

Age at onset 
(months)

Age at baseline 
(years)

HFMSE at 
baseline (T0)

HFMSE after 
treatment (T6)

ΔHFMSE

Homogeneous

Patient 1 F 2 3 9 6 12 14 2

Patient 2 M 2 3 10 3 20 20 0

Patient 3 M 2 3 10 8 13 11 − 2

Patient 4 M 2 3 13 7 14 15 1

Patient 5 F 2 3 6 4 22 32 10

Patient 6 M 2 3 12 2 9 13 4

Patient 7 F 2 3 14 2 30 33 3

Patient 8 F 3 2 6 6 3 2 − 1

Patient 9 F 3 4 36 9 62 63 1

Patient 10 F 2 3 10 1 14 17 3

Patient 11 M 2 3 9 2 4 8 4

Patient 12 M 3 4 50 14 62 63 1

Heterogeneous

Patient 13 F 2 3 9 8 19 21 2

Patient 14 F 2 3 8 6 8 9 1

Patient 15 M 3 2 48 4 62 63 1

Patient 16 M 2 3 10 1 11 13 2

Patient 17 M 2 na 9 9 7 9 2

Patient 18 F 2 3 12 2 27 35 8
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complex is known to be inactivated by oxidative stress 
[28], the up-regulation of this gene after six months of 
nusinersen treatment may reflect a protective action 
of VAT1L exerted as a consequence of SMN-mediated 
processes. ACAN (Aggrecan) is an integral part of 
the extracellular matrix in cartilaginous tissue. Since 
impairment of cartilage formation, causing aberrant 
bone development, has been recently described as an 
early event in SMA pathogenesis [29], we contextual-
ize ACAN up-regulation as a consequence of treatment 
indirectly restoring molecular mechanisms impaired 
at disease onset. Finally, ADSSL1 (Adenylosuccinate 
Synthase 1) was found under-expressed in the muscle 
of SMA type 3 patients [30], while we found an overex-
pression of this gene in the CSF of our cohort of treated 
patients.

After performing a PCA of DE cfRNAs at T6 compared 
to T0, we observed that a group of patients clustered 
uniformly differing from all the other patients, thus we 
defined this group as “homogeneous”, in contrast with 
the group of patients that did not show this separation 
that we defined “heterogeneous”. To dissect the difference 
between these two groups, we splitted the analysis and 
we evaluated DE cfRNAs in the two clusters at T6 com-
pared to the respective T0. We found interesting results 
for “heterogeneous” group, where only one disease spe-
cific gene was identified, HSP90AB1 (Heat Shock Protein 
90 Alpha Family Class B Member 1). HSP90 inhibitors 
were indeed tested in a preclinical model of SMA show-
ing amelioration of motor neuron degeneration, due to 
the enhanced proteasomal degradation of the Hsp90 cli-
ent proteins [31].

Further, all mRNAs within the “heterogeneous” group 
that we classified as treatment specific, RPL3, RPS8, 
RPL35A, RPL5, RPS27A and RPS4X, code for riboso-
mal subunits, demonstrating a strong correlation with 
nusinersen treatment, given the involvement of SMN 
in ribosome biology [32]. Among treatment dependent 
genes, we found ACAN, already mentioned above in the 
“all” SMA patients’ analysis. Other noteworthy treat-
ment dependent mRNAs pertaining to the “heterogene-
ous” group are SOGA1, ANXA1 and EIF4A1. SOGA1 
(Suppressor of Glucose, Autophagy Associated 1) is 
an autophagy suppressor and this is of relevance since 
myofiber degeneration is associated with complete inhi-
bition of autophagosome formation [33]. Since SMN 
protein levels are also regulated by autophagy modu-
lators [33], we hypothesize that the down-regulation 
of this suppressor might reflect autophagy restoration. 
ANXA1 (Annexin A1) has anti-inflammatory activity 
and, given that neuroinflammation takes part in SMA 
pathogenesis [34], the up-regulation of ANXA1 may 
be a protective consequence of nusinersen treatment. 

Instead, regarding the “homogeneous” group, we high-
lighted two relevant DE cfRNAs, such IARS2 (already 
discussed for “all” analysis) as disease specific, and 
MIB1 (MIB E3 Ubiquitin Protein Ligase 1) as treatment 
specific.

Correlation analysis between RNA profile in the two 
groups and clinical data has been run but we found no 
associations. A limitation in this instance might be the 
relatively small number of patients to perform clini-
cally meaningful stratifications. On the other hand, 
we correlated only clinical features that may be quan-
tified, this approach excludes all clinical observations 
that are not captured by the functional motor scoring 
such as subjective motor improvement or response to 
fatigue. Also, we cannot exclude that clinical correla-
tions may be found after a longer treatment follow-up. 
We hypothesized that the nusinersen effect is not yet 
evident in peripheral tissue as CSF after only 6 months. 
We plan to measure the identified markers at next infu-
sion time point to check their expression. In particu-
lar, the spontaneous division of SMA patients in two 
groups may be understood first by increasing the num-
ber of samples to confirm this clusterization and also by 
increasing the time points may studies to figure out if 
this separation is maintained and if it is related to other 
clinical features.

Hence, our results point the way for more extensive 
investigations about cfRNAs role as biomarkers of nusin-
ersen effect, and highlight the implication of the dis-
cussed molecular pathways in SMA pathogenesis, and 
their modulation after SMN2-targeting.

Conclusions
We identified specific cfRNAs that may be used to moni-
tor the early effect of ASOs treatment at a molecular 
level. Moreover, we distinguished a group of patients, 
named “heterogeneous”, whose transcriptomic signature 
differed from the group of patients that uniformly clus-
tered as the results of PCA analysis, and also when com-
pared to the analysis where all patients were considered. 
By examining in depth, the “heterogeneous” group, we 
realized that DE cfRNAs were highly associable to nusin-
ersen treatment. These observations made us speculate 
that this group is the most responsive to the treatment 
at molecular levels, despite transcriptomic observations 
were not clearly transferable to clinical levels, possibly 
because the small number of patients and the short-term 
evaluation. Thus, based on the current findings we aim 
to extend our investigation by testing CSF samples in a 
wider cohort and at successive injections to further char-
acterize and corroborate the potential role of these mol-
ecules in SMA longitudinal assessment.



Page 12 of 13Garofalo et al. Biology Direct           (2023) 18:57 

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13062- 023- 00413-6.

Additional file 1. File excel composed by 4 sheets. Table S1. All DE. 
Differentially expressed cfRNAs in “all” SMA patients at T4 versus T0 
nusinersen injection. Gene name, gene biotype and measured log2FC 
are reported for each transcript. Only transcripts with |log2(T4/T0l)|≥ 0.5 
and a FDR ≤ 0.1 are shown. Table S2. Heterogeneous DE. Differentially 
expressed cfRNAs in “heterogeneous” SMA patients at T4 versus T0 
nusinersen injection. Gene name, gene biotype and measured log2FC are 
reported for each transcript. Only transcripts with |log2(T4/T0l)|≥ 0.5 and a 
FDR ≤ 0.1 are sown. Table S3. Homogeneous DE. Differentially expressed 
cfRNAs in "homogeneous" SMA patients at T4 versus T0 nusinersen injec-
tion. Gene name, gene biotype and measured log2FC are reported for 
each transcript. Only transcripts with |log2(T4/T0l)|≥ 0.5 and a FDR ≤ 0.1 
are shown. Table S4. Venn Results. Venn analysis of DE cfRNAs in “all”, 
“heterogeneous” and “homogeneous” groups.

Acknowledgements
We would like to thank patients who participated in the study without whom 
this work would not have been possible. SB and LM are part of the European 
Reference Network for Rare Neuromuscular Diseases (ERN EURO-NMD).

Author contributions
Conceptualization: SG, CC, SB and AB; methodology: MG, SM, ES ZR, FD, RD; 
investigation: SG, MG, SB; writing—original draft preparation: MG, SB, SM; 
writing—review and editing: SG, OP, SB, AB; data curation: SP, RM, CD, formal 
analysis: CP, MB; project administration and funding acquisition: SG, SB.

Funding
This work was Funded by Ricerca Corrente 2022–2024, Italian Ministry of 
Health.

Availability of data and materials
The dataset supporting the conclusions of this article is available in the GEO 
NCBI (Entry Number GSE221900) repository.

Declarations

Ethics approval and consent to participate
All procedures performed in studies involving human participants were in 
accordance with the ethical standards of the institutional and/or national 
research committee and with the Helsinki declaration and its later amend-
ments or comparable ethical standards. The study design was examined by 
the IRBs of the enrolling institutions. The study protocol to obtain CSF from 
patients and was approved by the Ethical Committee of the IRCCS Mondino 
Foundation (Pavia, Italy) (Code: p-20190085117), and by the Fondazione IRCCS 
Istituto Neurologico Carlo Besta Research Ethical (Project identification code 
92/2019, 16 January 2019). Informed consent was obtained from parents or 
legal tutors of all subjects involved in the study.

Competing interests
SB received honoraria as invited speaker, advisory board activities, and com-
pensation for travel and congress participation from Sanofi Genzyme, Biogen, 
Roche and Alexion. RZ received funds for travel, congress participation and 
advisory board activities from Biogen and Roche. CD received consultancy 
fees from Novartis Gene Therapies. RM was PI of SMA clinical trials for Roche, 
Avexis/Novartis Gene Therapies, Novartis, Biogen, and received consultancy 
fees from Roche, Novartis Gene Therapies, Biogen. The other authors declare 
no conflict of interest.

Author details
1 IRCCS Mondino Foundation, Pavia, Italy. 2 Neurology IV-Neuroimmunology 
and Neuromuscular Diseases Unit, Fondazione IRCCS Istituto Neurologico 
Carlo Besta, Milan, Italy. 3 Department of Biosciences, University of Milan, Milan, 
Italy. 4 Department of Biology and Biotechnology, University of Pavia, Pavia, 
Italy. 5 Department of Brain and Behavioral Sciences, University of Pavia, Pavia, 

Italy. 6 Unit of Medical Genetics and Neurogenetics, Fondazione IRCCS Istituto 
Neurologico Carlo Besta, Milan, Italy. 7 Center of Functional Genomics and Rare 
Diseases, V. Buzzi Children’s Hospital, 20154 Milan, Italy. 

Received: 13 July 2023   Accepted: 5 September 2023

References
 1. Lunn MR, Wang CH. Spinal muscular atrophy. Lancet (London, England). 

2008;371:2120–33. https:// doi. org/ 10. 1016/ S0140- 6736(08) 60921-6.
 2. Fang P, Li L, Zeng J, Zhou W-J, Wu W-Q, Zhong Z-Y, Yan T-Z, Xie J-S, Huang 

J, Lin L, et al. Molecular characterization and copy number of SMN1, 
SMN2 and NAIP in Chinese patients with spinal muscular atrophy and 
unrelated healthy controls. BMC Musculoskelet Disord. 2015;16:11. 
https:// doi. org/ 10. 1186/ s12891- 015- 0457-x.

 3. Woo CJ, Maier VK, Davey R, Brennan J, Li G, Brothers J, Schwartz B, Gordo 
S, Kasper A, Okamoto TR, et al. Gene activation of SMN by selective 
disruption of lncRNA-mediated recruitment of PRC2 for the treatment 
of spinal muscular atrophy. Proc Natl Acad Sci U S A. 2017;114:E1509–18. 
https:// doi. org/ 10. 1073/ pnas. 16165 21114.

 4. Luchetti A, Ciafrè SA, Murdocca M, Malgieri A, Masotti A, Sanchez M, Far-
ace MG, Novelli G, Sangiuolo F. A perturbed MicroRNA expression pattern 
characterizes embryonic neural stem cells derived from a severe mouse 
model of spinal muscular atrophy (SMA). Int J Mol Sci. 2015;16:18312–27. 
https:// doi. org/ 10. 3390/ ijms1 60818 312.

 5. Fallini C, Bassell GJ, Rossoll W. Spinal muscular atrophy: the role of SMN in 
axonal mRNA regulation. Brain Res. 2012;1462:81–92. https:// doi. org/ 10. 
1016/j. brain res. 2012. 01. 044.

 6. Finkel RS, Mercuri E, Darras BT, Connolly AM, Kuntz NL, Kirschner J, 
Chiriboga CA, Saito K, Servais L, Tizzano E, et al. Nusinersen versus 
sham control in infantile-onset spinal muscular atrophy. N Engl J Med. 
2017;377:1723–32. https:// doi. org/ 10. 1056/ NEJMo a1702 752.

 7. Maggi L, Bello L, Bonanno S, Govoni A, Caponnetto C, Passamano L, 
Grandis M, Trojsi F, Cerri F, Ferraro M, et al. Nusinersen safety and effects 
on motor function in adult spinal muscular atrophy type 2 and 3. J 
Neurol Neurosurg Psychiatry. 2020;91:1166–74. https:// doi. org/ 10. 1136/ 
jnnp- 2020- 323822.

 8. Olsson B, Alberg L, Cullen NC, Michael E, Wahlgren L, Kroksmark A-K, 
Rostasy K, Blennow K, Zetterberg H, Tulinius M. NFL is a marker of treat-
ment response in children with SMA treated with Nusinersen. J Neurol. 
2019;266:2129–36. https:// doi. org/ 10. 1007/ s00415- 019- 09389-8.

 9. Fatima R, Akhade VS, Pal D, Rao SM. Long noncoding RNAs in develop-
ment and cancer: potential biomarkers and therapeutic targets. Mol Cell 
Ther. 2015;3:5. https:// doi. org/ 10. 1186/ s40591- 015- 0042-6.

 10. Wang J, Chen J, Sen S. MicroRNA as biomarkers and diagnostics. J Cell 
Physiol. 2016;231:25–30. https:// doi. org/ 10. 1002/ jcp. 25056.

 11. Gagliardi S, Zucca S, Pandini C, Diamanti L, Bordoni M, Sproviero D, 
Arigoni M, Olivero M, Pansarasa O, Ceroni M, et al. Long non-coding and 
coding RNAs characterization in peripheral blood mononuclear cells and 
spinal cord from amyotrophic lateral sclerosis patients. Sci Rep. 2018. 
https:// doi. org/ 10. 1038/ s41598- 018- 20679-5.

 12. Teunissen CE, Verheul C, Willemse EAJ. The use of cerebrospinal fluid in 
biomarker studies. Handb Clin Neurol. 2017;146:3–20. https:// doi. org/ 10. 
1016/ B978-0- 12- 804279- 3. 00001-0.

 13. Bonanno S, Marcuzzo S, Malacarne C, Giagnorio E, Masson R, Zanin R, 
Arnoldi MT, Andreetta F, Simoncini O, Venerando A, et al. Circulating 
MyomiRs as potential biomarkers to monitor response to nusinersen 
in pediatric SMA patients. Biomedicines. 2020. https:// doi. org/ 10. 3390/ 
biome dicin es802 0021.

 14. Catapano F, Zaharieva I, Scoto M, Marrosu E, Morgan J, Muntoni F, Zhou 
H. Altered levels of MicroRNA-9, -206, and -132 in spinal muscular atrophy 
and their response to antisense oligonucleotide therapy. Mol Ther 
Nucleic Acids. 2016;5:e331. https:// doi. org/ 10. 1038/ mtna. 2016. 47.

 15. Garofalo M, Pandini C, Bordoni M, Jacchetti E, Diamanti L, Carelli S, Rai-
mondi MT, Sproviero D, Crippa V, Carra S, et al. RNA molecular signature 
profiling in PBMCs of sporadic ALS patients: HSP70 overexpression is 

https://doi.org/10.1186/s13062-023-00413-6
https://doi.org/10.1186/s13062-023-00413-6
https://doi.org/10.1016/S0140-6736(08)60921-6
https://doi.org/10.1186/s12891-015-0457-x
https://doi.org/10.1073/pnas.1616521114
https://doi.org/10.3390/ijms160818312
https://doi.org/10.1016/j.brainres.2012.01.044
https://doi.org/10.1016/j.brainres.2012.01.044
https://doi.org/10.1056/NEJMoa1702752
https://doi.org/10.1136/jnnp-2020-323822
https://doi.org/10.1136/jnnp-2020-323822
https://doi.org/10.1007/s00415-019-09389-8
https://doi.org/10.1186/s40591-015-0042-6
https://doi.org/10.1002/jcp.25056
https://doi.org/10.1038/s41598-018-20679-5
https://doi.org/10.1016/B978-0-12-804279-3.00001-0
https://doi.org/10.1016/B978-0-12-804279-3.00001-0
https://doi.org/10.3390/biomedicines8020021
https://doi.org/10.3390/biomedicines8020021
https://doi.org/10.1038/mtna.2016.47


Page 13 of 13Garofalo et al. Biology Direct           (2023) 18:57  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

associated with nuclear SOD1. Cells. 2022. https:// doi. org/ 10. 3390/ cells 
11020 293.

 16. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, 
Paulovich A, Pomeroy SL, Golub TR, Lander ES, et al. Gene set enrichment 
analysis: a knowledge-based approach for interpreting genome-wide 
expression profiles. Proc Natl Acad Sci. 2005;102:15545–50.

 17. Hall A, Lalli G. Rho and Ras GTPases in axon growth, guidance, and 
branching. Cold Spring Harb Perspect Biol. 2010;2:a001818. https:// doi. 
org/ 10. 1101/ cshpe rspect. a0018 18.

 18. Spillane M, Gallo G. Involvement of Rho-family GTPases in axon branch-
ing. Small GTPases. 2014;5:e27974. https:// doi. org/ 10. 4161/ sgtp. 27974.

 19. Zheleznyakova GY, Voisin S, Kiselev AV, Sällman Almén M, Xavier MJ, 
Maretina MA, Tishchenko LI, Fredriksson R, Baranov VS, Schiöth HB. 
Genome-wide analysis shows association of epigenetic changes in 
regulators of Rab and Rho GTPases with spinal muscular atrophy severity. 
Eur J Hum Genet. 2013;21:988–93. https:// doi. org/ 10. 1038/ ejhg. 2012. 293.

 20. Rubio-Gozalbo ME, Smeitink JA, Ruitenbeek W, Ter Laak H, Mullaart RA, 
Schuelke M, Mariman EC, Sengers RC, Gabreëls FJ. Spinal muscular atro-
phy-like picture, cardiomyopathy, and cytochrome c oxidase deficiency. 
Neurology. 1999;52:383–6. https:// doi. org/ 10. 1212/ wnl. 52.2. 383.

 21. Nadeau A, D’Anjou G, Debray G, Robitaille Y, Simard LR, Vanasse M. A 
newborn with spinal muscular atrophy type 0 presenting with a clinico-
pathological picture suggestive of myotubular myopathy. J Child Neurol. 
2007;22:1301–4. https:// doi. org/ 10. 1177/ 08830 73807 307105.

 22. Mohseni J, Zabidi-Hussin ZAMH, Sasongko TH. Histone deacetylase 
inhibitors as potential treatment for spinal muscular atrophy. Genet Mol 
Biol. 2013;36:299–307. https:// doi. org/ 10. 1590/ S1415- 47572 01300 03000 
01.

 23. Wadman RI, Bosboom WMJ, van der Pol WL, van den Berg LH, Wokke 
JHJ, Iannaccone ST, Vrancken AFFJE. Drug treatment for spinal muscular 
atrophy type I. Cochrane database Syst Rev. 2012. https:// doi. org/ 10. 
1002/ 14651 858. CD006 281. pub4.

 24. Jablonka S, Beck M, Lechner BD, Mayer C, Sendtner M. Defective  Ca2+ 
channel clustering in axon terminals disturbs excitability in motoneurons 
in spinal muscular atrophy. J Cell Biol. 2007;179:139–49. https:// doi. org/ 
10. 1083/ jcb. 20070 3187.

 25. James R, Chaytow H, Ledahawsky LM, Gillingwater TH. Revisiting the 
role of mitochondria in spinal muscular atrophy. Cell Mol Life Sci. 
2021;78:4785–804. https:// doi. org/ 10. 1007/ s00018- 021- 03819-5.

 26. Fox-Walsh KL, Hertel KJ. Splice-site pairing is an intrinsically high fidelity 
process. Proc Natl Acad Sci U S A. 2009;106:1766–71. https:// doi. org/ 10. 
1073/ pnas. 08131 28106.

 27. Singh KK, Erkelenz S, Rattay S, Dehof AK, Hildebrandt A, Schulze-Osthoff 
K, Schaal H, Schwerk C. Human SAP18 mediates assembly of a splic-
ing regulatory multiprotein complex via its ubiquitin-like fold. RNA. 
2010;16:2442–54. https:// doi. org/ 10. 1261/ rna. 23044 10.

 28. Wan L, Ottinger E, Cho S, Dreyfuss G. Inactivation of the SMN complex 
by oxidative stress. Mol Cell. 2008;31:244–54. https:// doi. org/ 10. 1016/j. 
molcel. 2008. 06. 004.

 29. Hensel N, Brickwedde H, Tsaknakis K, Grages A, Braunschweig L, Lüders 
KA, Lorenz HM, Lippross S, Walter LM, Tavassol F, et al. Altered bone 
development with impaired cartilage formation precedes neuromuscular 
symptoms in spinal muscular atrophy. Hum Mol Genet. 2020;29:2662–73. 
https:// doi. org/ 10. 1093/ hmg/ ddaa1 45.

 30. Millino C, Fanin M, Vettori A, Laveder P, Mostacciuolo ML, Angelini C, 
Lanfranchi G. Different atrophy-hypertrophy transcription pathways in 
muscles affected by severe and mild spinal muscular atrophy. BMC Med. 
2009;7:14. https:// doi. org/ 10. 1186/ 1741- 7015-7- 14.

 31. Waza M, Adachi H, Katsuno M, Minamiyama M, Sang C, Tanaka F, Inukai 
A, Doyu M, Sobue G. 17-AAG, an Hsp90 inhibitor, ameliorates polyglu-
tamine-mediated motor neuron degeneration. Nat Med. 2005;11:1088–
95. https:// doi. org/ 10. 1038/ nm1298.

 32. Bernabò P, Tebaldi T, Groen EJN, Lane FM, Perenthaler E, Mattedi F, New-
bery HJ, Zhou H, Zuccotti P, Potrich V, et al. In vivo translatome profiling 
in spinal muscular atrophy reveals a role for SMN protein in ribosome 
biology. Cell Rep. 2017;21:953–65. https:// doi. org/ 10. 1016/j. celrep. 2017. 
10. 010.

 33. Sansa A, Hidalgo I, Miralles MP, de la Fuente S, Perez-Garcia MJ, Munell F, 
Soler RM, Garcera A. Spinal muscular atrophy autophagy profile is tissue-
dependent: differential regulation between muscle and motoneurons. 

Acta Neuropathol Commun. 2021;9:122. https:// doi. org/ 10. 1186/ 
s40478- 021- 01223-5.

 34. Deguise M-O, Kothary R. New insights into SMA pathogenesis: immune 
dysfunction and neuroinflammation. Ann Clin Transl Neurol. 2017;4:522–
30. https:// doi. org/ 10. 1002/ acn3. 423.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3390/cells11020293
https://doi.org/10.3390/cells11020293
https://doi.org/10.1101/cshperspect.a001818
https://doi.org/10.1101/cshperspect.a001818
https://doi.org/10.4161/sgtp.27974
https://doi.org/10.1038/ejhg.2012.293
https://doi.org/10.1212/wnl.52.2.383
https://doi.org/10.1177/0883073807307105
https://doi.org/10.1590/S1415-47572013000300001
https://doi.org/10.1590/S1415-47572013000300001
https://doi.org/10.1002/14651858.CD006281.pub4
https://doi.org/10.1002/14651858.CD006281.pub4
https://doi.org/10.1083/jcb.200703187
https://doi.org/10.1083/jcb.200703187
https://doi.org/10.1007/s00018-021-03819-5
https://doi.org/10.1073/pnas.0813128106
https://doi.org/10.1073/pnas.0813128106
https://doi.org/10.1261/rna.2304410
https://doi.org/10.1016/j.molcel.2008.06.004
https://doi.org/10.1016/j.molcel.2008.06.004
https://doi.org/10.1093/hmg/ddaa145
https://doi.org/10.1186/1741-7015-7-14
https://doi.org/10.1038/nm1298
https://doi.org/10.1016/j.celrep.2017.10.010
https://doi.org/10.1016/j.celrep.2017.10.010
https://doi.org/10.1186/s40478-021-01223-5
https://doi.org/10.1186/s40478-021-01223-5
https://doi.org/10.1002/acn3.423

	Preliminary insights into RNA in CSF of pediatric SMA patients after 6 months of nusinersen
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Materials and methods
	Study subjects
	CSF storage and RNA extraction
	Library preparation and sequencing
	Bioinformatic, databases and statistical analyses

	Results
	Analysis of DE cfRNAs in CSF of pediatric SMA patients after 6 months of nusinersen treatment compared to baseline
	Enrichment analysis of the selected DE cfRNAs in “all” SMA patients
	Identification of distinct transcriptomic clusters in SMA patients after 6 months of nusinersen-treatment
	Enrichment analysis of the selected DE cfRNAs in SMA heterogeneous patients
	Comparison of the DE cfRNAs in all analysis
	Genotype–phenotype correlation

	Discussion
	Conclusions
	Anchor 22
	Acknowledgements
	References


