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Objective > Class of Evidence

To validate a previously discovered microRNA (miRNA) panel in the CSF of patients with MS, Criteria f(?r T ating. .
we now tested the diagnostic value of CSF-derived candidate miRNAs in a case-control study in therapeutic and diagnostic

a larger MS cohort. studies

NPub.org/coe

Methods

The levels of miR-181c, miR-633, and miR-922 were analyzed in the CSF of 218 patients with
MS and 211 patients with other neurologic diseases (OND) by real-time quantitative reverse
transcriptase PCR.

Results

CSF levels of both miR-181c (p < 0.001 and miR-633 p < 0.001) were higher in patients with
MS patients compared with patients with OND. Both miR-181c (area under the curve [AUC]
0.75, 95% CI 0.70-0.80, p < 0.001) and miR-633 (AUC 0.75, 95% CI 0.68-0.83, p < 0.001)
differentiated MS from OND. Combining both miRNAs yielded a sensitivity of 62% and
specificity of 89% to differentiate MS from OND. miR-922 was not confirmed to be differ-
entially expressed in this validation cohort.

Conclusions

The results of this so far largest study on CSF-based miRNAs confirm the diagnostic value of
miR-181c and miR-633 for MS. The present study may help to extend the diagnostic tools for
patients with suspected MS and may add further knowledge to the pathology of the disease.

Classification of Evidence
This study provides Class III evidence that CSF-derived miR-181c and miR-633 distinguish
patients with MS from patients with OND.
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Glossary

AUC = area under the curve; miRNA = microRNA; MSR 1 = macrophage scavenger receptor 1; NMO = neuromyelitis optica;
OCB = oligoclonal band; OND = other neurologic diseases; PPMS = primary progressive MS; RR = relative risk; RRMS =

relapsing-remitting MS; SPMS = secondary progressive MS.

MS is the most common nontraumatic neurologic disease in
young adults in Western countries."” The disease is character-
ized by a chronic inflammatory process causing a demyelination
in the CNS leading to diverse clinical manifestations." Despite
significant improvement in rapid diagnostics by MR, in some
cases, early diagnosis is challenged by unspecific symptoms and
missing clear-cut test results. Early diagnosis of disease and early
treatment, however, determines the patients’ prognosis by re-
ducing the risk of disease progression and delaying disability.” In
addition, to date, there are no reliable markers to distinguish
between the different courses of disease, ie., the relapsing-
remitting vs progressive forms of MS. Hence, finding sensitive
biomarkers that help to facilitate the diagnostic process more
reliably may improve the patients’ clinical outcome.

Recent identification of disease-specific markers, such as
causal antibodies in aquaporin4-ab—positive neuromyelitis
optica (NMO) helps to differentiate autoimmune in-
flammatory CNS disorders from MS.

In the past decade, numerous studies in the field of RNA
research have shown microRNAs (miRNAs) to be present in
different biofluids, such as serum and urine, and to serve as

. . . . 4,
potential biomarkers of various diseases. S

MiRNAs are a class of small noncoding RNAs that regulate
gene expression on the posttranscriptional level and play an
instrumental role in almost every biological process. In the
neuroscientific field, these regulatory RNAs are known to play
a substantial role in neuronal development and, if deregulated,
directly contribute to neurologic diseases, such as neurode-
generative and neuroinflammatory diseases.”

We previously identified in a case-control profiling study 3
miRNAs that were differentially expressed in the CSF of
patients with MS, miR-181c, miR-633, and miR-922.%

However, given the small cohort size of the initial study, the
findings were interpreted with caution requiring further vali-
dation in larger cohorts. Here, we evaluated the diagnostic
implication of these miRNAs in this so far largest study on
CSF-based miRNAs.

Methods
Study population and design

The primary research question was whether one can distinguish
patients with MS from patients with other neurologic diseases
(OND) by the help of the CSF-derived miR-181c and miR-633
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(Class IIT level of evidence). Since February 2009, the
remaining CSF of samples obtained from patients with MS and
OND for routine diagnostic and therapeutic purposes was
collected and stored at —80°C after written informed consent in
accordance with the Ruhr-University Bochum ethics commit-
tee standard on CSF sample collection (No. 4493-12). For this
study, we analyzed the CSF of 218 patients having MS with
clinically well-defined disease courses and 211 patients with
OND. Details of the study population are summarized in the
table. The chosen individuals are a mixed cohort comprising
both untreated patients and patients who underwent different
forms of therapy, such as azathioprine, interferons, glatiramer
acetate, mitoxantrone, natalizumab, fingolimod, or fumaric acid.

Standard protocol approvals, registrations,
and patient consents

This study was approved by Ruhr-University of Bochum and
Hannover Medical School and followed the tenets of the
Declaration of Helsinki. Written informed consent was
obtained from all participants.

Quantification of miRNAs

RNA isolation

Before freezing, cell numbers were recorded for diagnostic
purposes, and hemorrhagic samples were excluded. All cells
and debris in CSF samples were removed by centrifugation.
After adding spiked-in control Caenorhabditis elegans miR-
39 as an internal control, total RNA was isolated from 200
microliter CSF using the miRNeasy Mini Kit (Qiagen, Hilden,
Germany), according to the manufacturer’s instructions.

Quantitative reverse transcriptase PCR
MiR-181¢, miR-633, and miR-922 were validated by quanti-
tative stem loop miRNA reverse transcriptase PCR technol-
ogy (TaqMan MicroRNA Assays; Applied Biosystems, Foster
City, CA) in n = 218 patients with MS and n = 211 patients
with OND. The stem loop structure and reverse transcription
primer, and after reverse transcription, the TagMan hybrid-
ization probes for miRNA amplification provide high speci-
ficity for the quantification of only mature miRNAs. Values
were normalized to spiked-in cel-miR-39 by the ACt method
and are expressed as Starting Quantity (microRNA)/Starting
Quantity (cel-miR-39). All samples were measured in dupli-
cates, and mean values are given.

Statistical analysis

Values are given as mean * SD or range. Comparison of mean
values was performed by 2-sided nonparametric ¢ test (Mann-
Whitney test). One-way analysis of variance (ANOVA),
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Table Patients’ characteristics

Age, y, mean (range) Sex, F:M Disease duration, y, mean, range

Patients with MS

RRMS (n = 81) 53.4 (19-74) 1.86:1 10 (2-29)

SPMS (n = 106) 56.0 (32-77) 1.65:1 19 (2-45)

PPMS (n =12) 62.3 (40-78) 2:1 14 (4-26)
Patients with OND

Vascular (n =43) 64.1 (31-94) 1.75:1

Degenerative (n = 53) 62.5 (17-88) 1.12:1

Inflammatory (n = 58) 53.7 (23-86) 1.32:1

None (n =57) 48.7 (11-85) 1.15:1

NMO (n = 4) 41.3 (27-52) 2:1

CIS(n=3) 33.0(28-38) 0:2

Abbreviations: CIS = clinically isolated syndrome; NMO = neuromyelitis optica; OND = other neurologic diseases; PPMS = primary progressive MS; RRMS =
relapsing-remitting MS; SPMS = secondary progressive MS.

The subgroup of individuals having other inflammatory neurologic diseases includes encephalitis (n = 5), optic neuritis (n = 2), sarcoidosis (n = 3), lupus
erythematodes (n =2), myelitis (n = 2), chronicinflammatory demyelinating polyneuropathy (n = 6), granulomatosis with polyangiitis (n = 1), myasthenia (n = 2),
peripheral nerve lesion (n = 1), Guillain-Barré syndrome (n = 1), lymphoma (n = 2), psoriasis (n = 1), meningitis (n = 2), vaccination reaction (n = 1) monoclonal
gammopathy of undetermined significance (MGUS) (n = 1), neuroborreliosis (n = 3), overlap syndrome (n = 1), progressive multifocal leukoencephalopathy

(PML) (n = 2), herpes infection (n = 2), sepsis (n = 1), and unknown (n = 17).

followed by Bonferroni multiple comparison test as a post hoc
analysis was performed to compare the miRNA values be-
tween 3 or more unpaired groups (GraphPad Prism, La Jolla,
CA). Receiver operating characteristic curves were generated
for specificity and sensitivity values. Logistic regression was
performed for relative risks (RRs) and 95% Cls. Spearman
correlation analyses were used to evaluate the correlation
between miRNA values and age, sex, and duration of disease,
respectively. We also performed an ordinary 1-way ANOVA
to investigate whether there is a significant correlation be-
tween the miRNA level and the medication of the analyzed
patients. The following values were considered significant: *p
< 0.05, ™p < 0.001, and **p < 0.0001.

Data availability

The authors confirm that the data supporting the findings of
this study are available within the article and from the cor-
responding author upon reasonable request.

Results
miRNAs in the CSF of patients with MS and OND

Quantitative miRNA reverse transcriptase PCR revealed ele-
vated levels of miR-181c in the CSF of patients with MS
compared with patients with OND (MS: 7.04 + 0.35, n = 218
vs OND: 6.67 £ 04, n = 211; p < 0.001) (figure 1A).
Moreover, miR-181c levels differed moderately between the
MS subtypes secondary progressive MS (SPMS) and re-
lapsing remitting MS (RRMS) (SPMS: 7.08 £ 0.36,n = 106 vs
RRMS: 6.97 + 0.32, n = 81; p = 0.036). Comparison of miR-
181c levels between patients with primary progressive MS
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(PPMS) and patients with SPMS also revealed different val-
ues (PPMS: 6.89 * 0.3, n = 12 vs SPMS: 7.08 + 0.36, n = 106;
p = 0.046). However, between patients with RRMS and
PPMS, the miR-181c levels did not differ (p = 0.381). CSF
levels of miR-181c did also not differ among patients with
OND (p = 0.662) (figure 1A).

miR-633 was detected in the CSF of 87 patients with MS and
78 patients with OND. Analysis of CSF levels of miR-633
revealed increased levels compared with patients with OND
(MS: 22.12 + 127, n = 87 vs OND: 19.78 + 2.8, n = 78; p <
0.001) (figure 1B). Comparison of miR-633 levels between
SPMS and PPMS showed higher levels in patients with SPMS
(SPMS: 22.26 + 1.1, n = 40 vs PPMS: 21.06  0.35,n = 5; p =
0.008) (figure 1B). miR-633 levels did not differ between
RRMS and SPMS (RRMS: 22.13 £ 1.46, n = 35 vs SPMS:
2226 + 1.14, n = 40; p = 0.468) nor PPMS (p = 0.052),
respectively (figure 1B). CSF levels of miR-633 did also not
differ among patients with OND (p = 0.148) (figure 1B).

The CSF levels of both miRNAs in patients with NMO were
within the range of patients with MS (figure 1, A and B).

Importantly, none of the miRNAs correlated with age
(correlation coefficient r = 0.005 for miR-181c; r = 0.019
for miR-633), sex (r = 0.001 for miR-181¢; r < 0.001for
miR-633), or disease duration (r < 0.001 for miR-181¢; r <
0.001 for miR-633). We did not detect any significant
correlation between the miRNA levels and different ther-
apies. Details of the correlation between the miR levels and
treatments are shown in figure 4, A and B. In this study, we
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Figure 1 Analysis of miR-181c miR-633 levels in the CSF of patients with MS and OND
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RRMS = relapsing-remitting MS; SPMS =
secondary progressive MS.

could not validate the diagnostic value of miR-922, as its
levels did not reveal any differences among the groups (data
not shown).

Differentiating value of candidate miRNAs

To evaluate the predictive value of the candidate miRNAs for
MS, we determined the area under the curve (AUC) of either 1
miRNA. As depicted in figure 2, the analysis revealed an AUC
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of 0.75 for miR-181c (95% CI: 0.70-0.8, p < 0.0001) (figure
2A) and an AUC of 0.75 for miR-633 (95% CI: 0.68-0.83, p <
0.0001) (figure 2B). Combining both miRs in an analysis tree
resulted in enhanced specificity and sensitivity values. The
combination of a cutoff value > 6.79 for miR-181c (RR 2.0;
95% CI: 1.6-2.4) and >21.53 for miR-633 (RR 1.8; 95% CI:
1.3-2.5) led to 62% sensitivity and 89% specificity for the
discrimination between MS and OND (figure 3).
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Figure 2 Differentiating potential of miRNA

A. miR-181c B. miR-633 C. miR-181c + miR-633
100+ 100+ 100+
80 80+ 80-
9
B\ 604 60+ 604
=
=
g 40 40+ 40
A AUC: 0.75 AUC: 0.75 AUC: 0.77
20 95%Cl: 0.70-0.80 201 95%Cl: 0.68-0.83 201 95%Cl: 0.65-0.88
p < 0.0001 p <0.0001 p < 0.0001
0 20 40 60 8 100 0 20 40 60 80 100 0020 40 €0 80 100

100% - Specificity

100% - Specificity

100% - Specificity

ROC curve analysis for single miRNAs (A: miR-181¢; B: miR-633) to discriminate MS from OND and combinations of both miRNAs to discriminate MS from OND
(C). AUC = area under the curve; miRNA = microRNA; OND = other neurologic diseases.

Discussion

In our current large validation study, we investigated
miRNAs in the CSF of patients with neurologic disorders,
which we had previously identified to be altered in MS. The
results of this study confirm elevated levels of 2 distinct
miRNAs, miR-181c and miR-633.® Moreover, our findings
demonstrate considerable specificity and sensitivity levels
of combined analysis of miR-181c and miR-633 to differ-
entiate MS from OND including vascular, degenerative,
and other inflammatory disorders of the CNS. Although we
found significantly higher miR-633 levels in patients with
SPMS compared with patients with PPMS, neither one of

Figure 3 Diagnostic trees of combined miRNAs

MS (n =218)
OND (n=211)

miR-181c¢

]

miR-633

Sensitivity 62%
Specificity 89%

Less than cut-off
MS (n = 63)
OND (n =135)

MS (n = 155)

Less than cut-off
OND (n=76)

Less than cut-off Less than cut-off

MS (n =57)
OND (n = 27)

MS (n = 155)
OND (n =76)
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OND. Cutoffs used in the respective trees were >6.79 for miR-181c and
>21.53 for miR-633. OND = other neurologic diseases.
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the miRNAs was able to discriminate between these 2
disease courses.

To date, the only reliable nonclinical measure for the di-
agnosis of MS is, apart from MRI lesions, the detection of
oligoclonal bands (OCBs) in the CSE.” Despite displaying
a high sensitivity, OCBs have a low specificity and may be
detectable in a number of inflammatory, autoimmune, or in-
fectious disorders of the CNS. In recent years, growing evi-
dence suggested a potential role of miRNAs as innovative
S.”'° However, most studies focused on
miRNA signatures in the serum or in mononuclear cells in the
peripheral blood”"° with limited potential to assess patho-
logic processes of the CNS.

markers for M

Analysis of deregulated miRNA patterns in the CSF more
likely reflects the local milieu of the CNS under diseased
conditions. In an effort to identify deregulated miRNAs in
MS, we previously performed in a derivation study
a miRNA transcriptome analysis including 760 miRNAs in
the pooled CSF of patients with MS.® Out of this panel, we
detected 3 miRNAs, of which we confirmed mir-181c and
miR-633 in the current validation study. The absolute
differences between the miRNA levels of the MS cohort
and the OND cohort seem small, and the clinical applica-
bility needs to be validated. However, because of the con-
fined compartment, i.e., CSF and the mode of action of
miRNA, it remains to be seen whether absolute miRNA
levels behave linearly to their biological impact. Notably,
elevated CSF levels of miR-181c were recently reported to
predict the conversion from a clinically isolated syndrome
to RRMS'" with increased levels of miRNA-181c in the
CSF in the early and highly active phase of MS. This study
of an independent cohort supports the previous results on
miR-181c as a marker of increased inflammatory disease
activity. Furthermore, differences between the miRNA
levels in serum and CSF were suggested as an indicator for
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Figure 4 (A) and (B): Correlation between the treatment and the miR levels
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the blood-CSF-barrier’s function further pointing to a po-
tential value of this miR-181c for disease-monitoring
purposes.

In addition to their growing clinical implication, the func-
tional role of these miRNAs in MS-related pathophysiologic
processes is now being increasingly appreciated. Experi-
mental studies have demonstrated involvement of miR-
181c in the regulation of neuronal maturation and
synaptogenesis in the cortex'” and in the molecular
responses of astrocytes under inflammatory conditions,
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such as exposure to lipopolysaccharide.”® Furthermore,
several target genes have been identified for miR-181c in-
cluding SMAD7, a negative regulator of transforming
growth factor beta (TGF-B) signaling both involved in
Th17 differentiation in MS, which is a major driver of CNS
autoimmunity.14 Similarly, mixed lineage leukemia-1 is
a direct target for miR-181c and also involved in neuro-
inflammatory processes.'> Another miR-181c target, the
Toll-like receptor 4, is involved in cerebral hypoxic dis-
eases.' In contrast, no targets for miR-633 have been val-
idated so far. A search using the bioinformatics prediction
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tool TargetScan (Whitehead Institute for Biomedical Re-
search, Cambridge, MA) revealed 8 potential binding sites
of the macrophage scavenger receptor 1 (MSR1) for miR-
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