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Abstract (192 words) 

Amyotrophic lateral sclerosis (ALS) is a relentless neurodegenerative syndrome of the human 

motor neuron system, for which no effective treatment exists. Variability in the rate of disease 

progression limits the efficacy of ALS clinical trials, suggesting that developing of better 

biomarkers for prognosis will facilitate therapeutic progress. Here, we applied unbiased next-

generation sequencing to investigate the potential of plasma cell-free microRNAs as biomarkers 

of ALS prognosis, in 252 patients with detailed clinical-phenotyping. First, we identified miRNAs, 

whose plasma levels remain stable over the course of disease in a longitudinal cohort of 22 patients. 

Next, we demonstrated that high levels of miR-181, a miRNA enriched in neurons of the brain and 

spinal cord, predicts a >2 fold risk of death in discovery cohort (126 patients) and an independent 

replication cohort (additional 122 patients). miR-181 performance is comparable with the 

established neurofilament light chain (NfL) biomarker and when combined together, miR-

181+NfL establish a novel RNA-protein biomarker pair with superior prediction capacity of ALS 

prognosis. Therefore, plasma miR-181 predicts ALS disease course, and a novel miRNA-protein 

biomarker approach, based on miR-181+NfL, boosts precision of patient stratification and may 

greatly enhance the power of clinical trials.  
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Introduction 1 

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder of the motor 2 

neuron system, for which no effective disease-modifying treatment exists. ALS is characterized 3 

by a significant variability in progression rates 1,2, posing a significant challenge for patient 4 

stratification in clinical trials. Thus, reliable predictors of disease progression would be invaluable 5 

for ALS patient stratification prior to enrolment in clinical trials. Ideal biomarkers should remain 6 

stable during the course of disease, be detectable in accessible tissue, and also be easily 7 

measurable. To date, intensive research has identified only a few potential blood-based ALS 8 

biomarkers 3-5, including cell-free neurofilaments 6-8, and pro-inflammatory cytokines 9-11. 9 

Neurofilament light chain (NfL) was the first blood biomarker to aid in predicting ALS progression 10 

rate, but further markers are needed to improve stratification and allow for more effective trials. 11 

microRNAs (miRNAs) are endogenous non-coding RNAs that are essential for motor neuron 12 

survival and have been shown to be globally downregulated in post mortem ALS motor neurons 13 

12-14. While circulating miRNA profiles have been previously characterized in ALS 15-19, the 14 

potential of miRNA biomarkers for ALS prognosis, and as readout of disease progression has not 15 

been fully explored.  16 

Here, we take a hypothesis-free approach by applying next generation sequencing (RNA-seq) to 17 

comprehensively study plasma miRNAs in a large cohort of 252 ALS cases. These studies focused 18 

our attention on the miR-181 family, which are expressed from two homologs, polycistronic genes, 19 

mir-181a-1/b-1 (human chromosome 9) and mir-181a-2/b-2 (human chromosome 1). The mature 20 

miR-181 species are functionally identical in silencing a single set of mRNA targets. We reveal 21 

that miR-181 levels predict disease progression in large discovery and a replication cohort, and 22 
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demonstrate the effectiveness of combining miR-181 with established neurofilament light chain 23 

as a prognostic biomarker pair for ALS.24 
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Results 25 

 26 

Longitudinal study of circulating miRNAs in ALS  27 

In this work, we sought to explore blood-borne miRNAs as potential prognostic biomarkers for 28 

ALS. We used unbiased next generation sequencing to investigate, without an a priori bias, the 29 

comprehensive landscape of plasma miRNAs in 252 ALS patients, for which documented clinical 30 

and demographic information is available (Table 1).  31 

A crucial feature for a prognostic biomarker is its stability across the disease course. We therefore 32 

initially investigated a longitudinal sample cohort of 22 patients (clinical data in Table 2), with 33 

four longitudinal blood samples taken (t1-t4) during the course of 30 months (2.5 years). 88 samples 34 

(corresponding to the first cohort of 22 patients), were prepared from total plasma RNA, as 35 

previously described 20, and profiled by RNA-seq for miRNA levels. Linear miRNA quantification 36 

was achieved via unique 12-nucleotide molecular identifiers (UMIs). miRNAs with ≥50 UMIs in 37 

at least 60% of the samples (>53 out of 88 samples) were considered above noise level. Thus, of 38 

2008 miRNAs aligned to the human genome (GRCh37/hg19), 187 passed the threshold we set (see 39 

Table S1). To reduce noisy miRNAs, we next excluded from further analysis 58 miRNAs with 40 

high variability (t4/t1 standard error ratio ≥ 0.2, Figure 1A, y-axis). For example, miR-181a-5p 41 

variability across individual patients is limited, relative to that of miR-1-3p (F test for variance = 42 

20.9, p<0.0001, Fig. 1B). We identified 125 miRNA candidate biomarkers, whose plasma levels 43 

were relatively stable during disease progression in the same sub-cohort of 22 longitudinal samples 44 

(Figure 1A, Table S1) that could be tested as candidate prognostic biomarkers. In addition, four 45 

miRNAs, whose levels increased during the course of disease, were subjected validation in a 46 
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separated replication longitudinal cohort (N=26 patients) and may serve measures of functional 47 

decline over the course of the disease (Figures S1, S2, S3; Table S3). 48 

 49 

Discovery of circulating miRNAs as potential biomarkers for ALS prognosis  50 

For the main interest of the current study in prognosis analysis, we focused on the 125 miRNAs 51 

that displayed stable plasma levels over time. These 125 miRNAs were further investigated in a 52 

cohort of 252 patients, for which a single blood sample was collected at enrolment. We randomly 53 

split the cohort into two sub-cohorts of 126 patients each, with comparable demographic and 54 

clinical features (Figure S4).  55 

 56 

We performed next generation sequencing on the first cohort of 126 patients termed “discovery 57 

cohort”, holding out an equally-sized “replication cohort” for validation. Out of the 125 candidate 58 

miRNAs, we excluded 19 miRNAs, which did not pass the minimal UMI threshold or QC (Figure 59 

S5). Optimal cut-off values were determined for 106 miRNAs predictors, for dichotomizing 60 

continuous expression levels to binary (high/low), by iterative testing of the capacity to predict 61 

patient survival (time elapsed to death, using Evaluate Cutpoints algorithm 21). 19 additional 62 

miRNA were excluded at the QC step (methods). Nine of the remaining 87 miRNAs predicted 63 

prognosis in a significant manner, when survival was calculated from either onset (defined as first 64 

documented symptoms) or enrollment (Figure 2A, B; Table S1). We further tested the prediction 65 

capacity of combinations of miRNAs considering this way potential cooperative information in 66 

evaluation of all 36 miRNA pairs[(
9
2

) =
9! 

2!(9−2)!
= 36]. 20 out of 36 miRNA pairs predicted prognosis 67 

comparably or superior to individual miRNAs (logrank p value ≤0.01, Figure 2A, B, S6, Table 68 

S1). 69 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted April 4, 2021. ; https://doi.org/10.1101/833079doi: bioRxiv preprint 

https://doi.org/10.1101/833079


 

 

The monthly mortality hazard ratio (HR) was calculated for 9 miRNAs and 20 miRNA-pairs in a 70 

multivariate Cox regression analysis, stratified by the disease stage (at enrollment) and age at onset 71 

(methods). This analysis allows calculation of an independent hazard ratio for each covariate (i.e., 72 

single miRNA or miRNA pair), while holding the other covariates constant. We report a risk of 73 

dying that is almost five times higher with high plasma levels of miR-181 (featuring two sister 74 

miRNAs, miR-181a-5p and miR-181b-5p, Figure 2B; hazard ratio (HR) = 4.55, 95% CI: 1.33 - 75 

15.6, p = 0.016, Figure 2C). None of the other features reached a statistically significant signal. 76 

Noteworthy, assessment of miR-181 levels as a continuous variable, opposed to categorical one, 77 

did not contribute to prediction of mortality hazard. 78 

Stepwise feature selection using bootstrap resampling procedure 22 is a rigorous scheme for the 79 

selection of robust survival outcome predictors, that has been used in ALS biomarker research 23. 80 

We therefore orthogonally selected candidate predictors using backward feature elimination, 81 

according to Akaike's information criteria (AIC) across 100 bootstrap samples (Figure 2D; Table 82 

S1). miR-181 was the only feature satisfying bootstrap criteria (selected >70%, significant >85%). 83 

Taken together, these data identify miR-181 as the best miRNA predictor of survival in ALS 84 

patients by both traditional statistics (logrank analysis (Fig. 2A,B), multivariate Cox proportional 85 

hazard (Fig 2C) and by bootstrap model selection (Fig 2D). 86 

 87 

Validation of circulating miR-181 as biomarker for ALS prognosis  88 

We next tested the capacity of miR-181 to separate survival curves of patients. Kaplan Meier 89 

curves revealed clear separation of survival between with high vs low miR-181 subgroups, based 90 

on plasma miR-181 levels at enrolment (discovery cohort: logrank chi^2 = 13.6, p=0.0002, Figure 91 

3A; Table S2). The median patient survival associated with low miR-181 was 18.6 months, 92 
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compared to 9 months associated with higher miR-181 levels. Thus, plasma miR-181 levels predict 93 

a substantial median survival difference of 9.6 months that is equivalent to a 207% increase in 94 

survival length for patients with lower plasma miR-181 levels. Comparable results were obtained 95 

when survival length was calculated from disease onset (Figure 3B).  96 

 97 

We next validated our results in an independent cohort of 122 patients, which was held-out until 98 

that point. Thus, we assessed discrimination between prognostic groups by miR-181, using the 99 

dichotomization miRNA threshold defined in the discovery cohort. Kaplan Meier curve analysis 100 

of plasma miR-181 levels in the replication cohort, also revealed clear survival curve separation 101 

between subgroups when survival was calculated from enrolment (logrank chi^2 =5.2, p=0.02, 102 

Figure 3C) or onset (logrank chi^2 =4.4, p=0.035, Figure 3D). Finally, we performed analysis on 103 

248 patients in the combined cohort, from enrolment and from disease onset. Kaplan Meier 104 

analysis of plasma miR-181 levels in the combined cohort revealed clear survival curve separation 105 

between subgroups (enrolment, logrank chi^2 =18.5, p<0.0001, Figure 3E; onset, logrank chi^2 = 106 

16.7, p<0.0001, Figure 3F). miR-181 levels were predictive of survival length, regardless of 107 

whether patients were treated with Riluzole or not (Figure S7).  108 

Accordingly, COX regression analysis revealed significant hazard ratios from enrolment for high 109 

vs. low levels of miR-181 in the discovery cohort (HR 2.17, 95% CI: 1.25 - 3.75, p=0.006, Figure 110 

3G), the replication cohort (HR 1.76, 95% CI: 0.97 - 3.18, one-tailed p=0.03), and the merged 111 

cohort (HR 2.09, 95% CI: 1.48 - 2.94, p<0.001). Likewise, hazard ratios, calculated from onset, 112 

were consistent for discovery (HR 2.83, 95% CI: 1.7 – 4.7, p<0.001), replication (HR 1.83, 95% 113 

CI: 1.1-3.0, one-tailed p=0.0087) and merged (HR 2.21, 95% CI: 1.56 – 3.12, p<0.001) cohorts. 114 
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In the discovery cohort, miR-181 displayed a 4-fold increase in patients with higher miR-181 115 

levels compared to patients with low miR-181 levels (p<0.001, Figure S8A) while in the 116 

replication cohort, miR-181 levels increased by 8.5-fold in the high expression bin (p=0.009, 117 

Figure S8B). In addition, a modest but statistically significant correlation was found between 118 

plasma miR-181 levels and survival length from enrolment or onset (Figure S8C,D; Table S3). 119 

We further tested the D50 model‐based descriptors, which is derivative of ALSFRS-R and 120 

addresses difficulties in characterizing aggression and the individual disease covered by traditional 121 

ALS clinical indices 24. Applying D50 to miR-181 stratification revealed association of high miR-122 

181 levels with aggressive disease (time taken to reach half functionality < 32 months), whereas 123 

low miR-181 levels are associated with moderate disease (time to half functionality > 57 months, 124 

p<0.001, Fig. S9A; Table S3). Such a ~ 25-month gap to losing half functionality might be 125 

clinically important. miR-181 levels also increased by 70% between mean value of patients 126 

suffering from aggressive (D50 < 45 months), relative to moderate (D50 > 45 months) disease (t-127 

test: p=0.03, not shown).  128 

 miR-181 levels remain stable over time (Figure 1A, B), which is orthogonally supported by the 129 

lack of a difference in rD50, a measure of functional decline over the course of disease, between 130 

low and high miR-181 levels (p=0.07, Figure S9B), as well as the lack of correlation between miR-131 

181 levels and rD50 (Figure S9C). Furthermore, miR-181 levels remained stable at early, 132 

progressive and late disease stages (0 ≤ rD50 < 0.25; 0.25 ≤ rD50 < 0.5; rD50≥0.5, respectively; 133 

ANOVA: p=0.15, Figure S9D). Therefore, miRNA measurements are unlikely to be biased by 134 

sampling at different disease stages. Finally, miR-181 levels were not correlated with progression 135 

rate, ALSFRS at enrolment or age at onset,  and these clinical parameters were comparable between 136 

low and high miR-181 levels (Figure S10). 137 
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  138 

miR-181 is broadly expressed in neurons 139 

To elucidate the tissue source of miR-181 we revisited previously reported Nanostring data 25. 140 

miR-181a-5p is the ninth most abundant miRNA in laser capture micro-dissected human motor 141 

neurons of ALS patients and is also fairly abundant in the CNS in general 26. We further performed 142 

fluorescent in situ hybridization with a probe that hybridizes to miR-181a-5p in the mouse motor 143 

cortex and the lumbar spinal cord, two regions affected in ALS (Figure 4A, B). Punctate miR-144 

181a-5p signal was found in motor cortex soma and neurites (Figure 4C) and in ventral horn 145 

neurons (Figure 4D). Thus, a conceivable source for miR-181 in ALS patients may be motor 146 

neurons in the cortex and spinal cord. The presence of miR-181 in neurites suggests that it could 147 

be an RNA marker of axonal damage, resembling the suggested axonal origin of protein 148 

biomarkers, such as NfL 27. 149 

 150 

miR-181 & NfL establish a cooperative miRNA-protein biomarker in prediction of ALS 151 

prognosis 152 

We have previously shown that neurofilament light chain (NfL) can stratify ALS patients by their 153 

survival length 28. In the current cohort, we assayed NfL in all plasma samples with by single 154 

molecule array (Simoa) immunoassay. 243 of the 248 SIMOA samples were technically 155 

successful. A Cox proportional hazard analysis revealed that high plasma NfL predicts higher risk 156 

of death (from enrollment HR 2.09, 95% 1.49 – 2.94, p<0.001, C-index 0.59, Akaike's information 157 

criteria (AIC) 2083, or from onset HR 2.26, 95% 1.73 – 2.96, p<0.001, C-index 0.62, AIC 2060 158 

Figure 5A, B), as previously reported 28-30. The performance of miR-181 in predicting risk of death 159 

is comparable with that of NfL (from enrollment HR 2.03, 95% CI: 1.45 – 2.85, p<0.001, C-index 160 
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0.56, AIC 2096, or from onset HR 2.07, 95% CI: 1.6 – 2.7, p<0.001, C-index 0.56, AIC 2081, 161 

Figure 5A, B). 162 

We then tested a combined predictor based on both NfL and miR-181, creating a binary protein-163 

miRNA feature “NfL+miR181”. An interaction variable based on both NfL and miR-181, yielded 164 

higher risk of death than each one of single markers on its own (from enrolment, HR 2.46, 95% 165 

CI: 1.87 – 3.24, p<0.001, C-index 0.61, AIC 2071, or from onset: HR 2.7, 95% CI: 2.05 – 3.56, 166 

p<0.001, C-index 0.63, AIC 2046, Figure 5A, B). Therefore, miR-181 and NfL display comparable 167 

capacities, as single estimators of death risk, in patients with ALS. However, together the miRNA-168 

protein pair displays a cooperative predictive value. 169 

We then stratified samples into tertiles, according to NfL levels, which exhibits different survival 170 

length 28, (Figure 5C, D). Interestingly, in the range of intermediate NfL levels, the additional 171 

stratification by miR-181 separated this sub-cohort in two, as revealed by KM analysis (from 172 

enrollment logrank chi^2 = 41.5, p<0.0001, from onset, logrank chi^2 = 51.1, p<0.0001, Figure 173 

5E, F). Cox regression analysis on miR-181 levels in the low, intermediate, and high NfL tertiles 174 

revealed a higher risk of dying with higher miR-181 plasma levels in the middle and high tertiles 175 

(from enrolment: HR 2.0, 95% CI, 1.1 - 3.6, p=0.03, Figure 5G), but not in the low tertile (HR 176 

0.96, 95% CI, 0.55 - 1.66, p=0.9). Similarly, when calculated from disease onset, higher miR-181 177 

levels predicted a higher risk of dying for patients within the range of intermediate NfL tertile (HR 178 

2.37, 95% CI, 1.4-4.02, p=0.001, Figure 5H) and a modest added risk in the high NfL tertile (HR 179 

1.66, 95% CI, 1.0-2.7, p=0.04). Therefore, miR-181 may be valuable in particular at the range of 180 

intermediate NfL values, where it can accurately call a 18 months difference in median prognosis 181 

that cannot be identified by measurements of NfL alone. 182 
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We tested the potential correlation of miR-181 with other molecular biomarkers that are under 183 

investigation, neurofilaments, TNF, creatinine and creatine kinase in the same cohort. Notably, 184 

miR-181 levels did not correlate with the levels of other plasma biomarkers, (Figure S11; Table 185 

S3), suggesting it works via an alternative mechanism. 186 

Finally, we were interested in the relationship of bimolecular blood predictors and established 187 

clinical features of the disease. Thus, we performed multivariate Cox analysis using the combined 188 

predictor NfL+miR181 along with eight other clinical features that were previously shown to be 189 

informative  (age of onset, forced vital capacity, diagnostic delay, enrolment progression rate, site 190 

of onset, El Escorial’s definite ALS, cognitive dysfunction and C9orf72 genetics)23. High 191 

NfL+miR181 predicted a risk of dying that was 3-4.6 times higher (from enrolment HR 3.06, 95% 192 

CI: 1.5 - 6.24, p = 0.002; from onset HR 4.63, 95% CI: 1.98 - 10.82, p < 0.001, Figure 5I, J).  193 

We have also performed a digital PCR study to quantify miR-181 RNA molecule concentration in 194 

human plasma. Unique molecular identifiers (UMIs) in sequencing correlated to absolute miRNA 195 

copies by digital PCR with Pearson R2 0.97 (327, 389, 523, 688 UMIs corresponding to 4020, 196 

5760, 6960, 9540 miR-181 RNA molecules /microliter of human plasma). This analysis further 197 

suggests that the threshold of miR-181, when utilized with NfL as biomarker pair, is at 198 

approximately 5340 RNA molecules /microliter of human plasma). 199 

Finally, the predicted survival curve, with the miRNA-protein predictor NfL+miR181, is closer to 200 

the observed (real) survival curve, than survival curve approximated by the multivariate cox model 201 

with eight established clinical features. Together, miR-181 stands on its own as a powerful 202 

prognostic marker for ALS. Furthermore, utilization of miR-181 in concert with an established 203 

protein biomarker, NfL, is more accurate than either alone.  204 
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Discussion 205 

In this study, we report the results of one of the most elaborated small RNA-seq studies, undertaken 206 

to date in neurodegeneration research. We show that in ALS, miRNAs appear to be mostly 207 

unchanged longitudinally during disease (Figure 1), whereas increase in miR-423/484/92a/b levels 208 

during disease course could contribute to monitoring of disease progression (Figure S2,3).  209 

Importantly, high miR-181 levels predicted shortened survival in two ALS cohorts. miR-181 is 210 

encoded from a human gene that has seen local duplication to a bi-cistronic miR-181a and miR-211 

181b within the same transcriptional unit and additional genomic duplications that results in three 212 

homologs across the human genome. miR-181a and miR-181b are functionally identical, silence 213 

the same target set, and are co-expressed from the same gene. Although equivalent, the 214 

simultaneous consideration of both RNAs provides superior sensitivity as a predictor of ALS 215 

prognosis and progression (Figure 2). miR-181 ability to predict prognosis of patients with ALS 216 

was validated in a replication cohort (Figure 3). The fact that miR-181 levels stay stable during 217 

the course of disease, suggests a constant process underlying their generation and clearance rates. 218 

miR-181 species are expressed in the brain and spinal cord, including in cortical and spinal motor 219 

axons and soma (Figure 4) and their transport and biogenesis is regulated in neuronal axons 31. 220 

Therefore, it may be that the utility of miR-181 as a prognostic biomarker in ALS is linked to being 221 

spilled off dying axons, somewhat reminiscent of NfL, which is a neuronal cytoskeletal protein.  222 

Accordingly, we demonstrate that miR-181 and NfL serve separately as predictors of ALS 223 

prognosis, with comparable predictive capacity (Figure 5). Furthermore, miR-181 measurement 224 

can enhance the prognostic value of NfL and a joint miRNA-protein measure may compute 225 

prognosis more precisely than any of the circulating biomolecules on their own. Specifically, we 226 

show that miR-181 levels were of predictive value particularly when NfL values are intermediate, 227 
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and the combination of miR-181 and NfL is able to discriminate fast and slow progressors in this 228 

group. Stratification based on progression rate is important in clinical trials to balance treatment 229 

and placebo groups. Indeed, certain trials have focused on ALS fast progressors in order to obtain 230 

outcomes that are more reliable. Our proposed combination of miR-181 and NfL as a prognostic 231 

biomarker would enhance our ability to predict ALS progression and thereby facilitate recruitment 232 

to clinical trials. Therefore, the development of a miR-181-based biomarker opens a new horizon 233 

for a combinatorial protein-RNA biomarker system for ALS prognosis and encourages testing the 234 

value of orthogonal multi-omic platforms for additional biomarker endpoints.  235 

We also found miR-181 expressed in the brain and the spinal cord, and suggest that plasma miR-236 

181 originates in part from the central nervous system, reminiscent of NfL. While miR-181 was 237 

reported in the cerebrospinal fluid of ALS patients, and might contribute to ALS diagnosis 19, it is 238 

also abundant in hematopoietic tissues 32, which also contribute to its presence in the plasma. That 239 

miR-181 levels do not correlate with clinical features or several other circulating biomolecules 240 

may perhaps reflect different facets of the medical condition or disparate underlying mechanisms. 241 

 242 

Several additional factors contribute to the potential clinical impact miR-181 quantification. First, 243 

blood immune-complexes and antibodies against NfL rise with disease progression, which will 244 

likely limit the dynamic range of NfL-based predictors under some circumstances 33. In such cases, 245 

the value of miR-181 may be even more pronounced. In addition, real-world patient profiles 246 

indicate that most ALS patients are in the middle tertile neurofilament level, 30 the enhanced 247 

sensitivity provided by miR-181 at this region of the spectrum will be particularly useful.  248 

Taken together, miR-181 emerges as a prognostic ALS biomarker that can be developed in 249 

combination with NfL to improve the accuracy of patient stratification in clinical trials.   250 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted April 4, 2021. ; https://doi.org/10.1101/833079doi: bioRxiv preprint 

https://doi.org/10.1101/833079


 

 

Online Methods 251 

Standard protocol approvals, registrations, and patient consents 252 

The study included a cohort with 252 patients with ALS from the ALS biomarker study. Patients 253 

were diagnosed with ALS according to standard criteria by experienced ALS neurologists 34. All 254 

participants provided written consent (or gave verbal permission for a carer to sign on their behalf) 255 

to be enrolled in the ALS biomarkers study if they met inclusion criteria until the desired sample 256 

size was reached (consecutive series). Ethical approval was obtained from East London and the 257 

City Research Ethics Committee 1 (09/H0703/27). 258 

Study design 259 

We determined the sample size by doubling this number calculated by the following power 260 

analysis: 120 ALS patients are needed to obtain a hazard ratio of 3 with a power of 99% and a p-261 

value of 0.01. A full cohort of 252 patients was randomly split into a discovery and replication 262 

cohorts with comparable clinical characteristics, each with 126 patients. Phenotypic data on de-263 

identified patients was separated and blinded during steps of the molecular analysis. Disease 264 

severity was assessed with the revised ALS Functional Rating Scale (ALSFRS-R)35, and 265 

progression rate at enrolment (i.e. first blood draw) was calculated as follows: (48 - enrolment 266 

ALSFRS-R)/time (in months) from symptom onset to enrolment. Progression was also modeled 267 

using the D50 model which fits a sigmoid decay across all available ALSFRS-R scores 36,37. Use 268 

of Riluzole (or not) at the time of sampling was recorded. Blood was collected by venipuncture in 269 

EDTA tubes, and plasma was recovered from the whole blood sample by centrifugation and stored 270 

at −80°C until performing downstream assays (RNA-seq and SIMOA for NfL). 271 

 272 

 273 

Longitudinal cohort analysis 274 
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Serial plasma samples and clinical information were obtained, on average, every 2 to 4 months 275 

from 48 patients with ALS. No selection criteria were applied to individuals with ALS sampled 276 

longitudinally, other than their willingness to donate further samples. Longitudinal analysis of 277 

miRNAs was first performed on samples from 22 patients, in an unbiased manner by next 278 

generation RNA sequencing. Results were tested on a replication longitudinal cohort of 26 patients 279 

by an orthogonal method of quantitative real time PCR. Symptom onset was defined as first 280 

patient-reported weakness.  281 

 282 

Small RNA next generation sequencing  283 

Total RNA was extracted from plasma using the miRNeasy micro kit (Qiagen, Hilden, Germany) 284 

and quantified with Qubit fluorometer using RNA broad range (BR) assay kit (Thermo Fisher 285 

Scientific, Waltham, MA). For small RNA next generation sequencing (RNA-seq), libraries were 286 

prepared from 7.5 ng of total RNA using the QIAseq miRNA Library Kit and QIAseq miRNA 287 

NGS 48 Index IL (Qiagen), by an experimenter who was blinded to the identity of samples. 288 

Samples were randomly allocated to library preparation and sequencing in batches. The 289 

longitudinal ALS study samples were sequenced in one batch to avoid batch-induced biases in 290 

interpretation of longitudinal changes (analyzed in Figure 1). Precise linear quantification of 291 

miRNA is achieved by using unique molecular identifiers (UMIs), of random 12-nucleotide after 292 

3’ and 5’ adapter ligation, within the reverse transcription primers 20. cDNA libraries were 293 

amplified by PCR for 22 cycles, with a 3’ primer that includes a 6-nucleotide unique index, 294 

followed by on-bead size selection and cleaning. Library concentration was determined with Qubit 295 

fluorometer (dsDNA high sensitivity assay kit ; Thermo Fisher Scientific, Waltham, MA) and 296 

library size with Tapestation D1000 (Agilent). Libraries with different indices were multiplexed 297 
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and sequenced on NextSeq 500/550 v2 flow cell or Novaseq SP100 (Illumina), with 75bp single 298 

read and 6bp index read. Fastq files were de-multiplexed using the user-friendly transcriptome 299 

analysis pipeline (UTAP) 38. Human miRNAs, as defined by miRBase 39, were mapped using 300 

Geneglobe (Qiagen). Sequencing data normalized with DESeq2 package 40 under the assumption 301 

that miRNA counts followed negative binomial distribution and data were corrected for the library 302 

preparation batch in order to reduce its potential bias. 303 

Selecting candidate miRNA and miRNA pairs for prognostic analysis 304 

The pipeline is succinctly described in Figure S5. 2008 miRNAs were aligned to the genome in 305 

the longitudinal study and out of them, 187 miRNAs that exhibited >50 UMI counts in 60% of the 306 

samples and non-zero counts in all samples, were included in further analysis. 125 out of these 187 307 

miRNAs were longitudinally stable with low inter-individual variability (blue features in Figure 308 

1A). In the discovery cohort, 106 out of these 125 miRNAs passed a filtering criterion of average 309 

UMI counts >100 across all samples and non-zero counts, and were analyzed for prognosis 310 

differences between low and high level in the discovery cohort. Then, the miRNAs predictors were 311 

transformed from a continuous expression level to binary predictors (high/low), when the optimal 312 

dichotomization cut-off values were determined by iterative logrank analysis on all possible 313 

sample distributions for the remaining 106 miRNAs 21. 19 miRNAs were further excluded after 314 

additional QC if different miRNAs of the same family provided conflicting prognosis predictions, 315 

e.g. miR-27a predicted beneficial prognosis and miR-27b a detrimental prognosis). A logrank test, 316 

to compare survival distributions was performed for the remaining 87 miRNAs and null hypothesis 317 

significance testing (p values) for prognosis differences as demonstrated in Figure 2. Nine out of 318 

87 miRNAs displayed logrank p ≤0.01. All 36 combinatorial pairs of these 9 miRNAs (9*8/2=36), 319 

were also subjected to logrank test to test cooperative prediction, via multiplication of the levels 320 
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of two single miRNAs and then transforming them to a binary (high/low) predictors, as done for 321 

single miRNA predictors. 20 (out of 36) miRNA pairs displayed logrank p ≤0.01. A total of 29 322 

candidate prognostic biomarkers (9 miRNAs and 20 miRNA pairs) were then examined under 323 

bootstrap feature selection. 324 

Model selection: AIC-based backward feature selection by bootstrap resampling 325 

Feature selection by bootstrap resampling was performed on a full cox model of 29 features (9 326 

single candidate miRNAs and 20 miRNA pairs) using stepwise backward elimination based on 327 

Akaike information criterion (AIC) 22. The cox regression coefficients and standard errors are 328 

estimated in the full model (null model), including all variables under consideration, and at each 329 

step a single feature is eliminated until no significant improvement in AIC is obtained. The 330 

procedure is repeated for 100 bootstrap samples, that were randomly drawn from the original 331 

cohort (n=126). Within each bootstrap sample, a cox model is developed and a list of selected 332 

features that optimize AIC is obtained. Candidate biomarkers are then ranked according to the 333 

proportion of bootstrap samples in which they were selected as best predictors, and the   proportion 334 

of bootstrap samples where their cox coefficient was significant (at significance level 0.05). We 335 

considered the following criteria for selecting the final prognostic biomarkers from the bootstrap 336 

resampling procedure: features that were selected >70% of bootstrap samples and were statistical 337 

significance in >85% of the bootstrap samples in which they were selected.  338 

Only a single predictor fulfilled these criteria, miR-181. A univariate cox model of miR-181, 339 

stratified by ALSFRS slop and age of onset is then assessed on discovery and replication cohort. 340 

A numerical threshold of 71,000 UMIs, which was found as optimal by Evaluate Cutpoints 21 in 341 

the discovery cohort (N=126), separated between sub-threshold patients (N=104) and supra-342 

threshold patients (N=22). Same threshold was used in an independent replication cohort, whereby 343 
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4 out of 126 samples, with borderline miR-181 levels, were excluded. Joint analysis with the same 344 

threshold was further conducted on the combined cohort of 248 patients.  345 

Polymerase chain reaction assays 346 

Quantitative real time PCR (qPCR) of miR-423/484/92a/92b, performed with Taqman advanced 347 

miRNA assay probes (Thermo Fisher) with the following probes: hsa-miR-423-5p (Assay ID: 348 

478090_mir); hsa-miR-484 (Assay ID: 478308); hsa-miR-92a-3p (Assay ID: 477827); hsa-miR-349 

92b-3p (Assay ID: 477823). hsa-miR-140-3p (Assay ID: 477908) and hsa-miR-185-5p (Assay ID: 350 

477939) were selected as normalizers, based on stable plasma levels in the longitudinal cohort, 351 

described in Figure 1: (1) basemean expression between 500-3,000; (2) coefficient of variation ≤ 352 

0.35.cDNA Synthesis Kit (Applied Biosystems) was used for cDNA reverse transcription (10 ng 353 

input) and run on a StepOnePlus (Applied Biosystems). Data compared between samples at 354 

enrolment (t1) and corresponding follow-up sample (t2) by one-tailed paired t-test. Digital droplet 355 

PCR (ddPCR) was performed using the hsa-miR-181a and hsa-miR-181b probes (Taqman assay 356 

ID: 000480, 001098, respectively, Thermo Fisher Scientific). Mix (5 μL of cDNA 11 μL ddPCR 357 

supermix (Bio-Rad), 1 μL ×20 TaqMan Assay, 5 μL H2O) was gently vortexed, droplets were 358 

generated in QX100/QX200 with DG8 cartridges (Bio-Rad) and put into 96-well in C1000 359 

thermocycler (Bio-Rad) for a  protocol: 95°C, 10 minutes (1 cycle), 60°C annealing/extension step, 360 

1 minute followed by 94°C melting step, 30 seconds (39 cycles), and a final stage of 98°C, 10 361 

minutes followed by holding at 12°C. Plates read on the QX200 droplet and analyzed by 362 

QuantaSoft software (Bio-rad) after setting a FAM threshold based on the ‘no template’ negative 363 

control fluorescence histogram. 364 

Neurofilament light chain (NfL) assay 365 
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The quantitative determination of NfL in human plasma was undertaken by Single Molecule Array 366 

technology using a digital immunoassay Simoa HD-1 Analyzer (Quanterix, Lexington, MA). 367 

Standards, primary and secondary antibodies, detection range including lower and upper limits of 368 

detection were specified by manufacturer (Simoa Nf-L Advantage Kit-102258, Quanterix). An 369 

equal volume was loaded for all samples in study. NfL threshold concentrations were defined by 370 

cohort tertiles: NfL <59 pg/ml for the lower tertile (81 patients), 59-109.8 pg/ml for the middle 371 

tertile (81 patients), or >109.8 pg/ml for the higher tertile (81 patients). 372 

RNA in situ hybridization 373 

Mouse studies, performed in accordance with institutional guidelines and IACUC. Adult mice 374 

were deeply anesthetized (10% ketamine, 2% xylazine in PBS, 0.01 ml / gram body weight) and 375 

intracardially perfused with 10ml of PBS, followed by 40ml of 4% Paraformaldehyde. Brains and 376 

spinal cords were dissected, fixed in fresh 4% PFA at room temperature for 24 hrs., dehydrated in 377 

graded ethanol series, cleared with ethanol / histoclear (1:1 vol. / vol.) and then in histoclear 378 

(National Diagnostics) and embedded in paraffin. 4 µm microtome sections were mounted onto 379 

Superfrost plus slides and deparaffinized. miRNA in-situ hybridization performed with hsa-miR-380 

181a-5p probe (VM1-10255-VCP, ViewRNA Tissue Assay, Thermo-Fisher Scientific), 381 

counterstained with DAPI and mounted with ProLong Gold (Molecular Probes, P36934). Adjacent 382 

sections were taken for cresyl violet (Nissl) staining. Micrograph acquisition performed on 383 

Dragonfly Spinning disc confocal system (Andor Technology PLC) with Leica Dmi8 Inverted 384 

microscope (Leica GMBH) with 10X (air) and 63X (glycerol) objectives equipped with sCMOS 385 

Zyla (Andor) 2048X2048 Camera. DAPI (Excitation 405nm, emission 450/50nm, 100ms); 386 

ViewRNA probe (excitation 561nm emission 620/60nm, 200ms). Background and Shading 387 

Correction was performed using BaSIC 41. 388 
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Analysis of the combination of NfL and miR-181 as prognostic factors  389 

Logical operators developed to define a new combined miRNA-protein predictor for ALS 390 

prognosis: 391 

If (NfL < 59 pg/ml) or (NfL 59-109.8 pg/ml AND miR-181 < 39,300 UMIs) = NfL+miR181 = 0 392 

If (NfL >109.8 pg/ml) or (NfL 59-109.8 pg/ml AND miR-181 > 39,300 UMIs) = NfL+miR181 = 393 

1 394 

Analysis of clinical features as prognostic factors  395 

A subset of 75 patients out of the all 252 participates of the study, held the complete clinical 396 

information sufficient to perform multivariate COX analysis with NfL+miR181eight clinical 397 

covariates (diagnostic delay, forced vital capacity, C9ORF72 genetics, progression rate at 398 

enrolment, cognitive dysfunction, age at onset, bulbar onset and definite ALS by El-Escorial 399 

criteria) that were described in 23. 400 

Statistical analysis 401 

In longitudinal cohort, p values were calculated by Wald test 40,42 and adjusted for multiple testing 402 

according to Benjamini and Hochberg 43. Logrank Mantel-Cox test was used for Kaplan-Meier 403 

survival estimators and a fixed date was used to censor data for survival analysis. Optimal 404 

dichotomization cut-off values of miRNA levels determined using Evaluate Cutpoints 21. 405 

Multivariate or univariate Cox proportional hazard analyses were used to calculate mortality 406 

hazard ratios, with molecular and phenotypic features as covariates. For longitudinal miRNA 407 

expression by qPCR, one-tailed paired t-test was used. Outliers were detected by Grubbs test 44 408 

and excluded from analysis. Tests were run in R Project for Statistical Computing environment 45 409 

and graphs were generated with Prism 5 (GraphPad Software, San Diego, California, USA).  410 

  411 
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 551 
Table 1. Summary of demographic and clinical characteristics of ALS samples used for the 552 
survival study. ALSFRS-R: ALS functional rating scale. Data are presented as mean ± SEM.  553 
 554 
  555 
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 556 
Table 2. Summary of demographic and clinical characteristics of ALS samples used for the 557 
longitudinal study. ALSFRS-R: ALS functional rating scale. Data are presented as mean ± SEM.  558 
  559 
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Main Figures: 560 
 561 
 562 

563 
Figure 1. Assessment of plasma miRNA stability during ALS course. (A) The x-axis denotes 564 
the standardized change in miRNA levels between the first and last measurements (number of 565 
standard deviations (SD) for log 2-transformed t4/t1 ratios), relative to the average change of all 566 
187 sequenced miRNAs. The y-axis denotes the variability in measurements, per-miRNA for 187 567 
sequenced species between the 22 individuals (- log 2-transformed values of the standard error of 568 
t4/t1 ratios). Features above (blue) or below (red) the stability threshold set at -0.2 units. (B) 569 
Variability of miR-181a-5p and miR-1-3p between fourth and first phlebotomy (t4/t1) in 22 ALS 570 
patients. F test p<0.0001.  571 
 572 
 573 
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574 
Figure 2. Identification of candidate miRNAs that predict ALS patient survival. (A) Scatter 575 
plot, assessing separation of survival by high and low (dichotomized) levels of 123 miRNA 576 
features (i.e., single miRNAs and miRNA pairs). Logrank test from study enrollment (y-axis) or 577 
first symptoms (onset, x-axis). Log 10 transformed p-values of logrank chi^2 values. The optimal 578 
threshold was calculated per miRNA in a discovery cohort of 126 patients by Evaluate Cutpoints 579 
algorithm 21. Single miRNA (black, namely, miR-103b-3p, miR-134-5p, miR-151-5p, miR-155-580 
5p, miR-181a-5p, miR-181b-5p, miR-339-3p, miR-370-3p, miR-99b-5p) or miRNA pairs (green), 581 
displaying a p-value ≤0.01 (log 10 transformed values ≥ 2), and grey: insignificant. The paired 582 
feature composed of miR-181a-5p with miR-181b-5p is called for simplicity miR-181 throughout 583 
the manuscript. (B) Scatter plot of effect (logrank chi^2 values, x-axis), against confidence (p-584 
value, y-axis). Color code as in panel A. (C) Forest plot of mortality hazard ratios calculated by 585 
multivariate COX study from enrolment for all significant miRNAs and miRNA pairs in Figure 586 
2A (colored black and green). Blue features - displaying a p-value ≤0.05, black: insignificant by 587 
Wald test. (D) Bootstrap-based model selection according to Akaike's information criteria (AIC). 588 
Backwards feature elimination for 29 features (miRNA or miRNA pairs) passing p-value ≤0.01 589 
filtering in the logrank test (Figure 2A). Plot of the percentage of times each feature was selected 590 
(x-axis), against the percentage of times the Cox regression coefficient of this feature was 591 
significant in repeated measurements (y-axis). 592 
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Figure 3. miR-181 is a prognostic biomarker of ALS. Cumulative survival (Kaplan-Meier) 598 
curves for miR-181 (104 patients with subthreshold (blue) vs. 22 patients with suprathreshold (red) 599 
miR-181 levels) in discovery cohort from enrolment (A) and onset (B). Kaplan-Meier curves for 600 
miR-181 (100 patients with subthreshold (blue) vs. 22 patients with suprathreshold (red) miR-181 601 
levels) in replication cohort from enrolment (C) and onset (D). Kaplan-Meier curves on the two 602 
cohorts merged (204 patients with subthreshold (blue) vs. 44 patients with suprathreshold (red) 603 
miR-181 levels) from (E) enrolment or (F) onset. Forest plot showing results of multivariate COX 604 
proportional hazard analysis of miR-181 corresponding to KM curves in panels A-F (G).  *p<0.05, 605 
one-tailed Wald test. **p<0.01, one or two-tailed Wald test. ***p<0.001, two-tailed Wald test. 606 
Mean ± 95% CIs.  607 
  608 
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 609 

Figure 4. miR-181a-5p localizes to neuronal soma and neurites in mouse brain and spinal 610 
cord. Nissl images of mouse brain (A, 10X  lens, scale bar 500μm) and lumbar spinal cord (B, 611 
magnification 10X, scale bar 200μm), and corresponding brain (C) and ventral horn (D) miR-612 
181a-5p in situ hybridization micrographs. miR-181 is detected in critical motor neuron soma and 613 
neurites (E, motor cortex, 63X lens, scale bar 15μm), and in motor neurons of the spinal cord 614 
ventral horn (F, 63X lens, scale bar 20μm). MC: motor cortex; VH: ventral horn. 615 

   616 
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Figure 5. Superior accuracy for combination of miRNA and NfL biomarkers in prognosis 620 
analysis. Cox proportional hazard analysis for miR-181, NfL and a combinatorial predictor 621 
NfL+miR181 in 243 patients with both miR-181 and NfL measurements (threshold values: miR-622 
181 71,000 UMIs, NfL 82.2 pg/ml, NfL+miR181 upper 118 vs lower 125), from enrolment (A) 623 
or onset (B). CIDX- concordance index. AIC -Akaike's information criteria. Kaplan Meier 624 
curves calculated from enrolment (C) or onset (D) based on tertile stratification of plasma NfL 625 
levels. (NfL threshold values by Simoa assay: < 59 pg/ml (low) ;59 -109.8 pg/ml (intermediate); 626 
>109.8 pg/ml (high). Kaplan Meier curves calculated from enrolment (E) or onset (F), whereby 627 
the middle tertile of samples with intermediate NfL levels is further subdivided by miR-181 628 
levels. Forest plots of mortality hazard ratio, calculated by survival length from enrolment (G) or 629 
onset (H) for high vs low miR-181 levels in the three NfL tertiles. Forest plots of mortality 630 
hazard ratio, calculated by survival length from enrolment (I) or onset (J) for combined miRNA-631 
protein predictor, NfL+miR181 and 8 clinical covariates 23 on a subset of 75 patients. Mean ± 632 
95% CI, Wald test *p<0.05, **p<0.01, ***p<0.001. (K) Observed survival curve (black) vs. 633 
prediction based on NfL + miR181 (green) or by 8 clinical covariates (blue), in a subset of 75 634 
patients.  635 

636 
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Supplementary Figures  637 
 638 

 639 
 640 
Figure S1. (A-C) MA plots of differential miRNA expression upon repeated sampling relative to 641 
the first phlebotomy. Red features denote miRNAs with statistically significant change in levels.  642 
  643 
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 644 

 645 
 646 
Figure S2. Analysis of miRNAs that increase during ALS course.  647 
Plasma levels of four miRNAs of the 129 miRNAs analyzed in main Figure 1A displayed low 648 
inter-individual variability, but increased with the disease course, suggesting that, although they 649 
are not suited for prognostic use, they could potentially monitor disease progression. (miR-650 
423/484/92a/b, t4/t1 > 1.5 SD, X-axis) (A). Temporal changes in the levels of (B) miR-423-5p, (C) 651 
miR-484, (D) miR-92a-3p, or (E) miR-92b-3p and revealed correlation with time passing from 652 
enrolment (in months). Spaghetti plots of individual patient trajectories (t1-t4) denoted for (F) miR-653 
423-5p, (G) miR-484, (H) miR-92a-3p, or (I) miR-92b-3p. Time intervals: t1-t2 6.3±0.3 m.; t1-t3 654 
13.0±0.3 m.; t1-t4 32.7±3 m. Disease duration: t1 28.8±3 m.; t4 61.5±3 m. Validation of changes to 655 
miRNA levels in an independent replication cohort (N=26 individuals, Table 2). Spaghetti plots 656 
of individual patient trajectories (t1-t2 13.7 ± 1.6 months) in a replication cohort, for (J) miR-423-657 
5p, p=0.17 (K) miR-484, p=0.02; (L) miR-92a-3p, p=0.02; or (M) miR-92b-3p, p=0.067. One-658 
tailed t-test. Together, miR-484 and miR-92a/b may be considered as candidate molecular 659 
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biomarkers of functional decline over the course of disease. Mean ± SEM. *p<0.05, ***p<0.001, 660 
one-tailed paired t-test or Wald test. Analysis of a single miR-423-5p sample and two miR-92b-661 
3p samples in the replication cohort deviated from the mean according to Grubbs test and these 662 
were excluded as outliers. 663 
 664 
 665 
 666 
 667 
 668 
 669 
 670 
 671 
 672 
 673 
 674 
 675 
 676 
 677 
 678 
 679 
 680 
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 682 
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 689 
 690 
Figure S3. Longitudinal change of miRNA-423-5p, miR-484, miR-92a and miR-92b with 691 
disease progression. Correlation between the relative disease covered (rD50) in longitudinal 692 
plasma collections (X-axis) and levels of (A) miR-423-5p, (B) miR-484, (C) miR-92a-3p, and (D) 693 
miR-92b-3p. The relative D50 (rD50) is a derivative of ALS Functional Rating Scale-Revised 694 
(ALSFRS-R) decay that reveals the disease covered by individual patients independent of the rate 695 
of progression 24,37. For example, an rD50 of 0.0 signifies ALS onset, and 0.5 signifies the time-696 
point where functionality is reduced by half. Longitudinal miR-484/92a/b levels in blood 697 
correlated with rD50 at the time of sampling (Figure S3A-D). 698 
 699 
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712 
Figure S4. Clinical features are comparable between cohort I and cohort II. (A) Survival from 713 
enrolment (B) survival from symptom onset (C) ALSFRS-R score at enrolment (D) progression 714 
rate at enrolment (E) sex distribution (F) onset site distribution (G) Riluzole treatment status (H) 715 
number of censored patients. 716 
 717 
 718 
 719 
 720 
 721 
 722 
 723 
 724 
 725 
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 726 
 727 
Figure S5. Pipeline for selecting miRNAs as candidate prognostic markers. 2008 miRNAs 728 
were aligned to the genome in the longitudinal study and out of them, 187 miRNAs which 729 
exhibited >50 UMI counts in 60% of the samples were included in further analysis. 125 out of the 730 
187 miRNAs were longitudinally stable with low interindividual variability (green features in 731 
Figure 1A). In the discovery cohort, 106 out of these 125 miRNAs passed a filtering criterion of 732 
average UMI counts >100 across all samples, and were analyzed for prognosis differences between 733 
low and high level in the discovery cohort. 19 miRNAs were further excluded after additional QC 734 
based on logrank analysis (opposite directions of prognosis differences between members of the 735 
same miRNA family, e.g. miR-27a and miR-27b), and the remaining 87 miRNAs were assessed 736 
for logrank and p values for prognosis differences as demonstrated in Figure 2. 9 out of these 87 737 
miRNAs displayed logrank p≤0.01, and all of their possible pairs (9*8/2=36), derived from 738 
multiplication of the levels of two single miRNAs, were further assessed for prognosis differences. 739 
Nine single miRNAs and 20 miRNA pairs which displayed logrank p≤0.01 were further subjected 740 
to feature selection by bootstrap resampling, whereby features had to be selected >70% of the 741 
bootstrap samples and display statistical significance in >85% of the samples in which it selected, 742 
in order to be tested as a prognostic marker on the full discovery cohort. miR-181 was the only 743 
feature fulfilling those criteria, hence it was tested in the discovery cohort, and exhibited 744 
significant survival differences and hazard ratios, both in the discovery cohort and when validated 745 
on a replication cohort that was set aside until that point.  746 
 747 
 748 
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 749 

 750 
 751 
Figure S6. Scatter plot, assessing agreement between separation of survival by 123 miRNA 752 
features, by logrank test from study enrollment (Chi^2, y-axis) or first symptoms (onset, Chi^2, x-753 
axis). The optimal threshold was calculated per miRNA in a discovery cohort of 126 patients by 754 
21. Single miRNA (black) or miRNA pairs (green), displaying a p-value ≤0.01 (log 10 transformed 755 
values ≥ 2), and grey: insignificant. 756 
 757 
 758 
 759 
 760 
 761 
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763 
Figure S7. miR-181 levels are predictive of survival length in both untreated patients, from 764 
enrolment (A) or onset (B), and in treated patients, from enrolment (C) or onset (D).  765 
 766 
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 781 
Figure S8. miR-181 levels in the high vs low expression bin, in the (A) discovery cohort and (B) 782 
replication cohort. Plots depicting inverse correlation between miR-181 levels and survival from 783 
first phlebotomy (C), or from disease onset (D). **p<0.01, ***p<0.001, t-test with Welch’s 784 
correction. 785 
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 795 
 796 
Figure S9. miR-181 levels with respect to parameters of the D50 model. (A) D50, a measure 797 
of disease aggressiveness, is significantly lower in high vs low miR-181 levels, indicating a more 798 
aggressive disease. (B) Individual disease covered, reflected by rD50 values, is not different 799 
between low and high miR-181 expression bins. (C) No correlation of miR-181 levels with 800 
individual disease covered. (D) miR-181 levels are not different between different phases of 801 
disease defined by rD50 values. ***p<0.001, t-test with Welch’s correction.  802 
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 819 
 820 
Figure S10. miR-181 levels at enrolment are not correlated with phenotypic properties in the 821 
discovery cohort (A-C), or in the replication cohort (D-F). These properties were not different 822 
between low and high miR-181 bins (G-I).  823 
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840 
Figure S11. Association of miR-181 with other markers. miR-181 is not correlated with NfL 841 
levels, either in the full cohort (A) or when NfL is broken into tertiles (B). (C-E) miR-181 is not 842 
correlated with markers of muscle integrity (CK and creatinine) or inflammatory marker (TNF-843 
alpha).  844 
 845 
 846 
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