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Abstract

Background and purpose: The antisense oligonucleotide nusinersen (Spinraza) regulates
splicing of the survival motor neuron 2 (SMN2) messenger RNA to increase SMN protein
expression. Nusinersen has improved ventilator-free survival and motor function out-
comes in infantile onset forms of spinal muscular atrophy (SMA), treated early in the
course of the disease. However, the response in later onset forms of SMA is highly vari-
able and dependent on symptom severity and disease duration at treatment initiation.
Therefore, we aimed to identify novel noninvasive biomarkers that could predict the re-
sponse to nusinersen in type Il and Ill SMA patients.

Methods: Thirty-four SMA patients were included. We applied next generation se-
quencing to identify microRNAs in the cerebrospinal fluid (CSF) as candidate biomark-
ers predicting response to nusinersen. Hammersmith Functional Motor Scale Expanded
(HFMSE) was conducted at baseline and 6 months after initiation of nusinersen therapy
to assess motor function. Patients changing by 23 or <0 points in the HFMSE total score
were considered to be responders or nonresponders, respectively.

Results: Lower baseline levels of two muscle microRNAs (miR-206 and miR-133a-3p),
alone or in combination, predicted the clinical response to nusinersen after 6 months of

therapy. Moreover, miR-206 levels were inversely correlated with the HFMSE score.
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long-term benefit.

KEYWORDS

INTRODUCTION

Spinal muscular atrophy (SMA) is a genetic disease with an incidence
of ~1/11,000 live births, and a carrier frequency of ~1/40 [1,2]. SMA
is characterized by muscle weakness and atrophy, resulting from
progressive degeneration of lower motor neurons in the spinal cord
and the brain stem nuclei. Historically, SMA subtype classification
is based on age at onset and the maximum motor abilities achieved.
SMA type | patients have onset in early infancy and never sit. SMA
type Il patients have later infantile onset but never walk. SMA type
Il patients have more variable childhood onset, and achieve the
ability to walk [3]. SMA IV patients typically present with milder
muscle weakness in the second or third decade of life [4-7]. The
cause of SMA is homozygous deletion or compound heterozygous
mutation involving exon 7 of the survival motor neuron 1 (SMN1)
gene. However, SMN1 has a paralogous gene named SMN2, which
undergoes alternative splicing, including the removal of exon 7, and
produces ~10% functional SMN protein [8,9]. Therefore, the number
of SMN2 copies correlates with phenotypic severity and is the main
genetic disease modifier [10-12].

Nusinersen was the first drug approved by the US Food and
Drug Administration (FDA) to treat SMA. The drug is a synthetic an-
tisense oligonucleotide that modulates pre-messenger RNA splicing
of the SMN2 gene. Despite the advance of novel molecular and gene
therapies for SMA, nusinersen remains to this day the most widely
used and available SMA disease-modifying therapy. Nusinersen has
been proven efficient in young type | SMA patients, and it is dramat-
ically changing the natural history of this disease [13,14]. However,
the response in subjects with later onset forms of SMA (type Il and
111) is more variable, with 30%-40% presenting clinically meaningful
improvement [15,16]. Therefore, better understanding of the vari-
able treatment response in this population is important, and novel
biomarkers to predict treatment response to nusinersen in type Il or
type Ill SMA subjects are critical.

A main interest of our group has been to investigate the profile of
microRNAs (miRNAs) in the disease context, as several endogenous
noncoding RNAs are highly expressed in both neuronal and muscular
tissues. Previous evidence indicates that some miRNAs are essen-
tial for motor neuron survival, and low expression levels have been
demonstrated in motor neurons from an SMA mouse model and in
postmortem neuronal tissues from patients with another motor neu-

ron disease, amyotrophic lateral sclerosis (ALS) [17-19].

Conclusions: Lower miR-206 and miR-133a-3p in the CSF predict more robust clinical
response to nusinersen treatment in later onset SMA patients. These novel findings have
high clinical relevance for identifying early treatment response to nusinersen in later

onset SMA patients and call for testing the ability of miRNAs to predict more sustained

Biomarkers, Cerebrospinal Fluid, miR-206, miR-133, Muscle microRNAs, Nusinersen, Response
predictors, Spinal muscular atrophy

Moreover, miRNAs miR-1/133a/133b/206, are mainly expressed
in the skeletal muscle, where they are thought to play an important
role in myoblast proliferation and differentiation [20,21]. These are
also known as myomiRs. Recent studies have demonstrated that the
expression of myomiRs can be detected in biofluids from ALS pa-
tients [22-24], suggesting a potential role of these molecules in early
diagnosis of the disease. In addition, serum myomiRs are in correla-
tion with the response to ongoing therapy in SMA type Il and Il [25].
However, a prospective study that identifies responders to nusin-
ersen therapy, based on a basal, pretreatment, molecular profile, was
not yet reported.

On the basis of understanding the miRNA role in motor neuron
diseases [17-19] and potential discovery of novel biomarkers [26-28],
we sought to test the utility of specific miRNAs in the cerebrospinal
fluid (CSF) as candidate molecules to predict the clinical response to
nusinersen in type II/11l SMA patients. We applied for the first time
an unbiased next generation sequencing to investigate the potential
of cell-free microRNAs in the CSF of SMA patients receiving nusin-
ersen therapy. Our novel findings indicate that the muscle miRNAs
miR-206 and miR-133 predict the response to nusinersen treatment
and, therefore, have the potential to help predict, when combined
with other indicators, whether a given SMA patient is more or less

likely to show an early response.

MATERIALS AND METHODS
Subjects, ethics, and motor function

This study includes a cohort of 45 type Il or type Ill SMA patients,
who were recruited between November 2016 and July 2019 at three
different medical centers: Schneider Children's Medical Center
of Israel (Israel, n = 13), Dana-Dwek Children's Hospital, Tel Aviv
Medical Center (Israel, n = 20), and Massachusetts General Hospital
(USA, n = 12). Approval for the study was provided by local ethi-
cal committees (Schneider Medical Center, RMC-0060-18; Tel Aviv
Medical Center, 0347-18-TLV; Massachusetts General Hospital,
MGH #2016P000469), and it was conducted in accordance with
the International Conference on Harmonization guidelines for Good
Clinical Practice and the World Medical Association Declaration
of Helsinki. Written informed parental consent was obtained from
all participants and was the only inclusion criterion for treatment
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initiation. Nusinersen was administered on Days 1, 15, 29, and 64 for
the loading phase, followed by an additional maintenance dose after
4 additional months from the loading phase. Baseline demographic
and clinical data were collected. Motor function was assessed at
each visit by a physical therapist with SMA clinical trial training [29]
using the Hammersmith Functional Motor Scale Expanded (HFMSE)
[30]. Scoliosis was evaluated on every visit by physical examination
and through spine/chest radiograph. Bilevel positive airway pressure
(BIPAP) machine usage data and subjective improvement in energy
were collected from the medical records.

These assessments were all performed prior to RNA sequencing,
and therefore the clinical assessor was blinded to patients' miRNA
profile. CSF samples were collected on Days 1 and 183 immediately
before the nusinersen injection on each day and were stored frozen
at -80°C.

Inclusion and exclusion criteria

All 45 patients had a confirmed genetic diagnosis of SMA, and were
followed up to this point. Inclusion criteria required nonhemolyzed
CSF and full documentation of HFMSE score. Therefore, all type
1/l SMA patients who signed informed consent for downstream
analysis were enrolled without any preselection. Thus, the cohort
was unbiased by any selective/representative inclusion/exclusion
criteria.

An improvement at the HFMSE final score of 23 points was con-
sidered clinically significant [31,32] and patients with such an im-
provement were considered to be "responders", whereas those with
a change of HFMSE final score of <O were considered to be "non-
responders." Samples from 11 patients with an intermediate clinical
response to nusinersen (HFMSE improvement of 1 or 2 points) were
excluded from main analyses, but were included in supplementary
analyses (Figures S2, S5, and S9, Table S2). Based on power analysis
calculations, we found that the remaining 34 patients are sufficient
to obtain an effect size of 3 for change in miRNA level with a power
of 95% and a p-value of 0.01.

Small RNA next generation sequencing

Total RNA was extracted from CSF using the miRNeasy Micro
Kit (Qiagen) and quantified with a Qubit fluorometer using the
RNA Broad-Range Assay Kit (Thermo Fisher Scientific). For small
RNA next generation sequencing (RNA-seq), libraries were pre-
pared from 7.5 ng of total RNA using the QIAseq miRNA Library
Kit and QlAseq miRNA NGS 48 Index IL (Qiagen), by an experi-
menter who was blinded to the identity of patients from whom
the samples were collected, as well as to their HFMSE scores.
Samples were randomly allocated to library preparation and se-
quencing in batches. Precise linear quantification of miRNA was
achieved by using unique molecular identifiers (UMls), of random
12-nucleotide after 3’ and 5' adapter ligation, within the reverse

transcription primers [26]. cDNA libraries were amplified by poly-
merase chain reaction for 23 cycles, with a 3’ primer that includes
a six-nucleotide unique index, followed by on-bead size selection
and cleaning. Library concentration was determined with a Qubit
fluorometer (dsDNA High Sensitivity Assay Kit, Thermo Fisher
Scientific) and library size with Tapestation D1000 (Agilent).
Libraries with different indices were multiplexed and sequenced
on NextSeq 500/550 v2 flow cell or Novaseq SP100 (lllumina),
with 75-bp single read and 6-bp index read. Fastq files were
demultiplexed using the User-Friendly Transcriptome Analysis
Pipeline [33]. Human miRNAs, as defined by miRBase [34], were
mapped using Geneglobe Data Analysis Center (Qiagen).

Statistical analysis

As many as 2530 individual miRNA species were aligned to the
human genome (GRCh37/hg19) across all samples. miRNAs with
<100 UMIs on average across all samples were excluded from analy-
sis. Sequencing data were normalized with the DESeq2 package [35]
under the assumption that miRNA counts followed negative bino-
mial distribution, and data were corrected for the library prepara-
tion batch to reduce its potential bias. Fold-change values in miRNA
abundance between responders and nonresponders were calculated
as the ratio of normalized counts in responders (i.e., patients exhib-
iting meaningful clinical improvement) to the normalized counts in
the nonresponders (patients exhibiting lack of clinical improvement),
and transformed to log base 2. Statistical significance was deter-
mined using the Wald test.

Feature scaling to the range of 0-1 was further done for DESeq2
normalized counts of miR-133a-3p and miR-206 by applying min-
max scaling, whereby the scaled value (x') is calculated by subtract-
ing the minimum value of each feature, min (x), from each individual
observation (x), and further dividing by the difference between the

maximum and the minimum value, max (x) - min (x), as shown below:

, _ x—min(x)
~ max (x) — min (x)

Scaled values were then summed to generate a devised feature
termed miR-133a/206.

Correlation between miRNA levels and the clinical improvement
in HFMSE score (HFMSE score post treatment - HFMSE score pre-
treatment) was calculated by both linear regression, wherein the
improvement is a numerical value, and logistic regression, wherein
the improvement is binarized into “failure” (HFMSE score change of
<0 between post- and pretreatment) and “success” (HFMSE score
change of 23 between post- and pretreatment). Logistic regression
was performed with the aod and ggplot2 packages in R [36], either
for a single explanatory variable (either one miRNA gene or a feature
combining two miRNAs) or as multinomial regression with multiple
explanatory variables (a combination of different miRNAs or of miR-
NAs and clinical features). The fitted logistic regression model is an
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exponential model from which predicted probabilities of “success”
can be calculated based on values of the explanatory variable(s).
Exponential equations for all models are available in Tables S1 and
S2. Two values are derived from the logistic regression model: chi-
squared (;(2), which expresses the goodness of fit for the whole
model, and Akaike information criterion (AIC) [37], an estimation of
the model prediction error. Statistical significance was determined
for Spearman rho and ;(2 values, with p-values <0.05 being consid-
ered statistically significant.

Leave-one-out cross-validation (LOOCV) was performed on the
logistic regression model, whereby model learning was done in n-1
samples out of the total n, and tested on the leave-one-out sam-
ple, yielding a predicted success probability for each sample. This
procedure was repeated n times. Receiver operating characteristic
(ROC) curves were generated by plotting true positive rates (sensi-
tivity), that is, percentage of patients classified as responders, out of
the total number of responders, against false positive rates (100%
- specificity), that is, percentage of patients classified as responders,
out of the total number of non-responders, when each predicted
success probability value is taken as a cutoff for binary classification.
Area under the curve (AUC) and its respective p-value were calcu-
lated for ROC curves, given null hypothesis of AUC = 0.5. Graphs
were generated with Prism 5 (GraphPad Software).

RESULTS

Next generation sequencing analysis of CSF of SMA
patients treated with nusinersen

We sought to explore miRNAs expressed in the CSF as potential
biomarkers for monitoring response to nusinersen and to help de-
termine, prior to treatment initiation, whether a patient was more
or less likely to respond to the therapy. We used next generation
sequencing to investigate, without an a priori bias, the comprehen-
sive landscape of CSF miRNAs in 34 type Il and type Il SMA patients
with documented demographic and clinical information available
(Table 1). We analyzed RNA-seq data from CSF samples collected
before treatment and analyzed these data in the context of clini-
cal response 6 months after initiation of nusinersen treatment (see
study outline in Figure 1). Data from eleven additional patients with
HFMSE change of a single or two units [1,2] were excluded.

After next generation sequencing, 2530 miRNAs were anno-
tated to the genome. Only 68 miRNA species exceeded a cutoff of
2100 UMI counts per sample, averaged on all samples. Five of the
68 miRNAs changed posttreatment relative to pretreatment, with
a fold change of 21.2 and p-value of <0.05 by Wald test (Figure
S1a). Analysis of these patients by stratified response to therapy
(23 or <0 HFMSE points for responders or nonresponders, re-
spectively) did not change the miRNA profile substantially (Figure
S1b,c).

These data suggest that only minor effects were observed on
miRNA profile after 6 months of nusinersen therapy. Therefore,
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Day 1
Pre-treatment HFMSE

Treatment period
of 180 Days

Day 180

Day 180 HFMSE

//
L

Analyses

e

miRNA profiling of day 1 CSF

Pre-treatment CSF collection  Day 180 CSF collection | Degree of response to Nusinersen Post — pre HFMSE change

1st Nusinersen dose

5t Nusinersen dose

Correlation of Day 1 miRNA to Day 180 response.

FIGURE 1 Summary of study outline. Patients were treated with nusinersen for 180 days. Behavioral assessment and miRNA
quantification in cerebrospinal fluid (CSF) were conducted prior to treatment onset and prior to the last dose, and miRNA levels prior to
treatment onset were compared between responders and non-responders as defined by Hammersmith Functional Motor Scale Expanded
(HFMSE) change post-treatment versus pre-treatment [Colour figure can be viewed at wileyonlinelibrary.com]

(a) (b)

— miR-103b
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3
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miRNA expression (baseMean)

FIGURE 2 Pre-treatment miRNA signature predicts the response to nusinersen treatment. (a) MA plot of differential miRNA expression
in responders (n = 13, patients with Hammersmith Functional Motor Scale Expanded [HFMSE] change > 3 after 6 months of treatment)
versus non-responders (n = 21, HFMSE change < 0). Data from an additional 11 patients with HFMSE change of a single or two units [1,2]

were excluded. Log 2 transformed fold change (y-axis) is shown against mean miRNA abundance (x-axis). Red indicates significantly changed
miRNAs (p < 0.05, Wald test). Higher miR-103b levels and lower muscle enriched miRNA miR-1-3p, miR-133a/b, and miR-206 levels are

observed in prospective nusinersen responders. (b) A summary of the clinical data in non-responders and responders, showing that they are
not significantly different between the groups. Numerical data are presented as mean + SEM. Categorical data were analyzed for significant

differences in sex, type, scoliosis, and bilevel positive airway pressure (BIPAP) use distribution by Fisher exact test, whereas continuous
data were analyzed for differences by Student t-test. Notably, baseline HFMSE did not significantly differ between nonresponders and
responders (p = 0.11). F, female; M, male; SMA, spinal muscular atrophy [Colour figure can be viewed at wileyonlinelibrary.com]

measurements of miRNAs in the CSF after treatment were not a
main exploratory effort and did not significantly contribute to the
study's conclusions.

Baseline miR-206/miR-103 levels predict beneficial
response to nusinersen therapy

The clinical response to nusinersen therapy is heterogeneous
[38]. We tested whether the miRNA profile at baseline would be
different between patients who clinically responded to nusin-
ersen therapy (an increase of 23 points in the HFMSE total score
[32]) and those who responded poorly (HFMSE score change of
<0 points).

In responders' CSF, two miRNAs differed in a significant manner
relative to nonresponders; miR-103b increased by 2.6-fold (Wald test:
p = 0.002; Figure 2a), and miR-206 decreased by 1.8-fold (p = 0.048).
Responders did not differ from nonresponders in their clinical char-
acteristics (Figure 2b). During these analyses, we noticed that similar
to the downregulated miR-206 levels, other miRNAs that are known
to be expressed mainly in the skeletal muscle (i.e., myomiRs) were rel-
atively low in CSF of responders, including miR-1-3p, miR-133a-3p,
and miR-133b, at 1.4-fold, 1.6-fold, and 2.2-fold, respectively. Our
conclusion remains unchanged also when 11 additional patients with
intermediate change in the HFMSE scores, which reflect modest re-
sponse to therapy, were included as responders to therapy (Figure
S2). We also note that miR-1180-5p and miR-6849 were downregu-
lated at baseline in patients that self-reported energy improvement
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after therapy versus those who did not report improvement (p < 0.05,
Wald test; Figure S3). Therefore, miR-206/miR-103 levels predict ben-
eficial objective response to nusinersen therapy.

The levels of miR-206 were negative predictors of positive treat-
ment response, quantified as the change in the HFMSE final score
(Spearman rho = -0.43, 95% confidence interval [CI] = -0.67 to
-0.09, p = 0.01; Figure 3a), but were not correlated with baseline
HFMSE score (Figure 3b).In addition, an orthogonal logistic regression
model supported that miR-206 levels correlated with clinical response
to nusinersen therapy (;(2 =7, p=0.008, AIC = 42.2; Figure 3c). We
then tested whether miR-206 levels can predict differential response,
without considering clinical information about disease duration and
SMA type (I1/11). We found that miR-206 is predictive of differential
response to nusinersen independent of other baseline characteris-
tics (Figure 3d,e). Therefore, miR-206 is able to predict differential
response between two patients with similar baseline characteristics.

We next sought to validate the model on newly introduced
data. We trained a machine learning procedure on 33 samples and
tested the prediction on the single sample that was left out. The
LOOCYV procedure was reiterated 34 times. This analysis reveals
that miR-206 predicts response more than can be expected at ran-
dom (ROC AUC = 0.7, 95% Cl = 0.51-0.88, p = 0.06; Figure S4).
As may be expected, the inclusion of 11 patients with intermediate
clinical change decreased the association between miR-206 levels
and response to nusinersen, and reduced the accuracy of response
prediction (Figure S5). None of the other myomiRs (miR-1-3p, miR-
133a-3p, or miR-133b) displayed a significant correlation with re-
sponse to therapy (Figure S6) or with baseline HFMSE (not shown).
However, miR-103b levels correlated with the change in HFMSE
score after therapy (Figure S7). Taken together, these data suggest
that miR-206 levels at baseline may predict the response to the

nusinersen therapy.
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FIGURE 3 miR-206 levels predict the clinical improvement of spinal muscular atrophy (SMA) patients following 6-month nusinersen
treatment. (a) Negative correlation of miR-206 levels with response to nusinersen therapy (as posttreatment - pre-treatment Hammersmith
Functional Motor Scale Expanded [HFMSE] score difference, Spearman rho = -0.43, p = 0.01). (b) No correlation between miR-206 levels
and HFMSE score at baseline. (c) Logistic regression of baseline miR-206 levels on clinical dichotomized response to therapy: responders

(n = 13, HFMSE change > 3 after 6 months of treatment) versus non-responders (n = 21, HFMSE change < 0). X-axis represents miR-206
levels. Y-axis represents probability of successful response predicted by a logistic regression model (depicted by gray dots on the curve).

Black dots represent dichotomized clinical response (non-responders, -0; responders, -1). Statistical significance of the logistic regression
model goodness of fit was assessed by the chi-squared test. AIC, Akaike information criterion. (d, e) Success probabilities (y-values the same
as for gray dots in panel c) predicted by miR-206 (d) plotted against disease duration at treatment onset or (e) stratified by SMA type
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Multifeature classifiers of response to
nusinersen therapy

We next considered simultaneously more than a single miRNA. The
correlation of miR-206 and miR-133a-3p to clinical improvement and
classification, when both are considered explanatory variables with
weighted contributions to the model (multinomial logistic regression,
equation available in Table S1), was higher than when miR-206 was
considered as a single feature (;(2 =9,p=0.01,AlIC=42.1; ROCAUC
=0.74,95% Cl =0.55-0.92, p = 0.022; Figure 4a). None of the other
miRNAs (miR-1-3p, miR-103b, or miR-133b) displayed an improved
prediction capacity when added to miR-206 (Figure S8a-c). Thus,
a feature composed of miR-206 and miR-133a-3p levels has an im-
proved prediction capacity for nusinersen therapy response. Adding
SMA type (lll vs. ll) improved the correlation even further (<miR-
206 + miR-133a-3p + SMA type>, ;(2 =12, p =0.007, AIC = 41.2).
We preserved the prediction capacity also by performing LOOCV
(AUC = 0.73, 95 % Cl = 0.55-0.92, p = 0.024; Figure 4b). Input
about patient sex further improved prediction (<miR-206 + miR-
133a-3p + SMA type + sex>, y° = 14.5, p = 0.006, AIC = 40.7; ROC
AUC = 0.76, 95 CI% = 0.56-0.95, p = 0.01; Figure 4c), with males
being less likely to respond to therapy. Patient age at baseline did not
improve prediction (;(2 =14.9,p=0.01, AIC=42.4; ROCAUC =0.7,
95% Cl = 0.475-0.925, p > 0.05; not shown), and was correlated
with neither miR-133a-3p (Spearman p = -0.01, p = 0.96) nor miR-
206 levels (Spearman p = 0.175, p = 0.32), suggesting that miRNA
levels predict response independently of age.

Considering baseline HFMSE as a feature, together with miRNAs
(miR-206 and miR-133a-3p), yielded comparable or slightly superior
predictive capacities (without sex: ;(2 =12.1,p =0.007, AIC = 41.2;
ROC AUC = 0.74, 95% Cl = 0.55-0.92, p = 0.022, Figure 4d; with
sex: 2 = 15.2, p = 0.004, AIC = 40; ROC AUC = 0.766, 95% Cl =
0.58-0.95, p = 0.01; Figure 4ef).

In addition to the multinomial regression of miR-133a-3p and
miR-206, we also devised a feature by normalization of the miRNA
values by min-max scaling and summation of the scaled values. The
new predictor, miR-133a/206, displays a;(z of 9 (p=0.003; Figure 5a),
with a drop in predicted model errors relative to when miR-133a-3p
and miR-206 are independently considered (AIC = 40.2 vs. 42.1, re-
spectively). The single standardized feature, miR-133a/206, displays
an ROC AUC of 0.74 (95% Cl = 0.55-0.92, p = 0.02; Figure 5b), and
information about SMA type (Il or Il based on clinical manifestation)
and sex further improved correlation to clinical response and predic-
tive capacity (42 = 14.5, p = 0.002, AIC = 38.8; ROC AUC = 0.784,
95% Cl=0.6-0.97,p = 0.006; Figure 5c). A model that includes base-
line HFMSE performs comparably ()(2 =15.2,p=0.0017, AIC = 38.0;
ROC AUC =0.78, 95% Cl = 0.6-0.96, p = 0.007; Figure 5d,e).

Given inclusion of eleven additional patients with intermediate
degree of clinical response to nusinersen therapy, miR-133a-3p and
miR-206 remained valuable predictors alone or in combination, with
a notable reduction in accuracy (Figure S9).

Data were available for only 26 patients at a longer follow-up pe-
riod of 12 months. Logistic regression analysis on miR-206 levels or

on scaled levels of miR-133a/miR-206 is consistent with earlier time
point analysis indicating that extremely high levels of myomiRs pre-
dict poor response to nusinersen (Figure S10). In summary, two miR-
NAs in the CSF are able to predict response to nusinersen therapy
in SMA type Il and Ill patients and may be useful for pre-treatment
clinical decisions.

DISCUSSION

Given the expanding treatment options available for motor neuron
diseases, novel biomarkers to help track disease progression and
therapeutic response are urgently needed. Here, we report novel
findings derived from the first screening for small RNAs in the CSF
of type I/l SMA patients treated with nusinersen. These data
demonstrate that baseline levels of the myomiRs miR-133a-3p and
miR-206 predict the response to nusinersen therapy, suggesting that
these myomiRs could play an important role in the clinical setting
to help identify those patients most likely to demonstrate a more
robust response to nusinersen therapy. In presenting these data, we
hope to encourage incorporation of examination of CSF levels of
miR-133a-3p and miR-206 as well as other myomiRs in longitudinal
follow-up studies, across cohorts of SMA patients receiving nusin-
ersen or other novel therapies, to help validate the current findings.
Identifying biomarkers to track progression of motor neruon
diseases and the response to molecular therapies is an important
focus of our group and others. We have previously demonstrated
the usefulness of miR-181 in prediction of progression in ALS [28]
and of electrophysiologic measures of peripheral denervation in
tracking peripheral motor unit integrity [39,40]. Circulating SMN
protein levels are a candidate biomarker for monitoring SMA disease
progression, although changes in peripheral SMN levels are not ex-
pected with at least two of the three currently FDA-approved ther-
apies [41]. CSF and plasma neurofilaments are markers of neuronal
damage and have been identified as a potential treatment response
biomarker in pediatric SMA and other neurodegenerative diseases,
but baseline CSF or circulating neurofilament levels do not seem to
necessarily predict treatment response in pediatric SMA patients
[42-45]. With three FDA-approved therapies and the anticipation
of additional emerging treatments for SMA, comprehensive longi-
tudinal cohort studies remain critically necessary to identify useful
biomarkers that could predict the response to individual therapies.
One striking finding from our observations here is that myomiRs
were detected in the CSF and that CSF myomiR levels were lower in
SMA patients who responded well to nusinersen, when compared to
those who presented a limited response. Although the myomiRs dis-
cussed here were identified via an unbiased screening approach in
CSF, our data corroborate recent findings demonstrating that serum
myomiR levels are readouts of nusinersen response in SMA [25].
We discuss two potential models that may explain these ob-
servations. First, the presence of myomiRs in SMA CSF could be
an indication of blood-CSF or blood-spinal cord barrier disruption
[46,47], which might enable the entrance of miRNAs that are derived
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FIGURE 4 A predictor, based on miR-133a-3p and miR-206, predicts response to nusinersen. (a-e) Receiver operating characteristic
curves with leave-one-out cross-validation (LOOCV) for (a) miR-133a-3p + miR-206, (b) miR-133a-3p + miR-206 + spinal muscular atrophy
(SMA) type, (c) miR-133a-3p + miR-206 + SMA type + sex, (d) miR-133a-3p + miR-206 + baseline Hammersmith Functional Motor Scale
Expanded (HFMSE) score, and (e) miR-133a-3p + miR-206 + baseline HFMSE score + sex. (f) A summary of logistic regression metrics for
five multiple feature models. AIC, Akaike information criterion; AUC, area under the curve. For the sake of brevity, miR-133a-3p is referred
to in this figure and the next figure as "miR-133a" [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 A predictor, based on a summation of the scaled values of miR-133a and miR-206, predicts response to nusinersen. (a) Logistic
regression analysis of miR-133a/206 at baseline and clinical response to therapy after 6 months of nusinersen treatment. When the extreme
sample whose miR-133a/206 score was 2 is excluded, chi-squared slightly decreases (from 9 to 8) and the p-value marginally increases (from
0.003 to 0.0046), suggesting the overall data and interpretation remain unchanged. (b-d) Receiver operating characteristic curves based on
leave-one-out cross-validation (LOOCV) for (b) miR-133a/206, (c) miR-133a/206 with spinal muscular atrophy (SMA) type and sex, and (d)
miR-133a/206 with baseline Hammersmith Functional Motor Scale Expanded (HFMSE) and sex. (e) A summary of logistic regression metrics
for three models. AIC, Akaike information criterion; AUC, area under the curve [Colour figure can be viewed at wileyonlinelibrary.com]

from breakdown of muscle cells in the setting of acute denervation Together, the presence of muscle-specific miRNAs in CSF of pa-

[22-24]. Thus, lower myomiR levels prior to treatment with nusin- tients with SMA can be due to change in the transcription of these

ersen, which predicts those with a better response potential, could miRNAs, which are commonly thought to be muscle-specific but are

expressed also in neurons [48,49], or to genuine spilling of dying
higher muscle mass and higher numbers of functional motor units. myotubes along with pathological breakdown of the blood-CSF
Moreover, disease-associated damage to CSF barrier integrity might barrier.

allow miRNA spilled from muscle to arrive at the CSF.

reflect reduced muscle cell breakdown, presumably associated with

We previously demonstrated that serum creatinine, a product of

In addition, there is evidence for expression of miR-133 [48] in skeletal muscle creatine metabolism, was also identified as a can-

the brain and for upregulation of miR-206 in the brains in Alzheimer didate biomarker to track SMA disease progression [50], and that

disease subjects [49]. Therefore, miR-133/miR-206 may be ex- creatinine may be a sensitive predictor for the onset of denervation

pressed in the brain, and their levels may be further changed in SMA. in infants with three SMN2 copies [50]. Similarly, circulating creatine
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kinase levels correlated with SMA severity and decreased during
nusinersen therapy [51]. Therefore, in the future, the capacity to
predict response to nusinersen therapy may be tested by protein
biomarkers in combination with miRNAs such as miR-206/133a-3p.

Limitations of our study include a relatively small cohort and
a limited follow-up period. When larger cohorts are studied, over
longer follow-up periods, the use of Revised Upper Limb Module
(RULM) and 6-min walk test clinical scores in addition to HFMSE may
enable better clinical estimation. Work is required also for creating
means for quantification of absolute miRNA concentrations before
these findings can be applied to the clinic.

In summary, the current study demonstrates that the levels of
muscle miRNAs miR-206 and miR-133a-3p in CSF can predict the
clinical response to nusinersen treatment in SMA patients. These
novel findings have high clinical relevance and may prove useful in
helping to design appropriate protocols intended to refine and im-
prove treatment outcomes. Targeted approaches for quantification
of miR-133a-3p and miR-206 may in the future increase the acces-
sibility to miRNA measurements and as a result, CSF miRNAs may
be used as a means to determine whether to initiate treatment.
However, to get to that point, future studies should be performed
in bigger, ethnically diverse groups of patients, and ethical issues
should be considered.
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