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Abstract

Genetic studies suggest that the immune system is the greatest genetic contributor to multiple
sclerosis (MS) susceptibility. Yet, these immune-related genes do not explain why inflammation is
limited to the CNS in MS. We hypothesize that there is an underlying dysregulation in the CNS of
MS patients that makes them more vulnerable to CNS inflammation. The sparsity of CNS-related
genes associated with MS suggests that epigenetic changes in the CNS may play a role. Thus, a
miRNA profiling study was performed in NAWM of MS patients and control subjects to
determine if specific CNS pathways can be identified that may be altered due to miRNA-mediated
post-transcriptional dysregulation. There were 15 differentially expressed miRNAs found in the
MS patients” NAWM. Pathway analysis indicated that the MAPK pathway and pathways
associated with the blood-brain barrier were predicted to be significantly affected by these
miRNAs. Using target predication and mRNA analysis, an inverse relationship was found between
miR-191 and BDNF, SOX4, FZD5 and WSB1. The pathway and target analysis of the MS-
associated miRNAs suggests that MS patients” CNS is more prone to inflammation and less
capable of repair, yet enriched in neuroprotective mechanisms.
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Introduction

The cause of multiple sclerosis (MS) is still unknown, and the epidemiological data
indicates that events in childhood contribute significantly to this typically adult-onset
disease, making it even more challenging to define elements that directly influence disease
susceptibility [1]. Most of the genetic studies indicate that the immune system is the greatest
genetic contributor to disease susceptibility [2]. However, these immune-related genes do
not explain why the central nervous system (CNS) is the specific target of inflammation in
MS. We hypothesize that there is an underlying dysregulation in the CNS of MS patients
that makes them more vulnerable to CNS inflammation and/or damage.

Historically, viruses have been postulated to be the environmental factor that dictates
susceptibility to MS. This remains a valid theory, although no specific virus has been
identified and it appears that it is more likely that an altered immune response to a virus, not
a specific virus, may predispose individuals to the development of MS. Given that the CNS
harbors numerous latent viruses, it is reasonable to speculate that the episodic interaction
between the CNS and immune system to minimize virus reactivation continually shapes our
immune response and may inadvertently prime adaptive immune cells to myelin antigens.

An alternative hypothesis is that the CNS in MS patients is inherently vulnerable to
inflammation due to altered gene expression or pathway. There have been several
microarray studies that have analyzed gene expression in MS lesions and normal appearing
white matter (NAWM) in brain [3-6]. Although differential gene expression has been
observed, we still do not know if altered gene expression in the CNS specifically contributes
to the onset of MS. To date, no miRNA studies have been performed on NAWM in the CNS
of MS patients. However, miRNA studies on immune cells of MS patients have been
successful in defining alter pathways in T cells that favor CNS inflammation [7-9]. While
numerous studies have focused on the pathway analysis of CNS plaques in MS [10], there
are very limited studies of the NAWM [5,6]. These studies found molecular changes in
pathways associated with cellular homeostasis, neuroprotection for oxidative stress, and
neuroglial differentiation. In this study, we have performed a comprehensive analysis of
miRNA expression in NAWM of MS patients and control subjects to determine if specific
CNS pathways can be identified that may be altered due to miRNA-mediated post-
transcriptional dysregulation. miRNAs are small non-coding RNA that bind to the 3 UTR
of partially complementary mRNA, inhibiting specific mRNAs from being efficiently
translated into protein. Pathway analysis of the differentially expressed miRNA can identify
potential targets for investigation, making it possible to identify susceptibility factors for
MS.
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Experimental Procedure

Human Subjects

Brain specimens from MS patients (n= 16) and healthy donors (HD, n=5) were obtained
through the UCLA Human Brain and Spinal Fluid Resource Center and Dr. David Pitt.

Brain samples were kept at —700C until RNA isolation. Table I lists information on the
donors.

RNA Isolation

Normal appearing white matter from the periventricular region was homogenized under a
dry ice bed, lysed in mirVana Lysis Buffer (Life Technologies) and further processed
according to manufacturer's specifications. RNA concentration was quantified using a
Nanodrop spectrophotometer (ThermoScientific, Wilmington, DE) and RNA integrity and
quality was assessed via the RNA 6000 Nano Chip Agilent bioanalyzer (Agilent
Technologies, Santa Clara, CA) only samples with an RNA Integrity Number (RIN) >7 were
used for further processing. Samples were stored at —70°C until analysis.

Nanostring miRNA Array Profiling and Analysis

100 mg of RNA with a 260/280 ratio higher than 1.9 and a 260/230 ratio higher than 1.8
were processed with the nCounter Human miRNA Assay Vs 1 and the expression of
approximately 800 miRNA was evaluated with the nCounter System. Data was analyzed
with the support of the OSUCCC Bioinformatics Core. Molecule counts reported by
NanoString were first robust multiple-array average (RMA) normalized to the spike-in
positive control and then housekeeping genes.

DNA Microarray Profiling and Analysis

RNA (1 ug) was reverse transcribed, in vitro transcribed, labeled and hybridized to the
Affymetrix GeneChip Human Genome U133 Plus 2.0 Array at the Ohio State University
Comprehensive Cancer Center (OSUCC) Microarray facility. Raw data were normalize with
the RMA algorithm implemented in the “Expression File Creator” module and significant
differences were identified using the Comparative Marker Selection Analysis Module from
the GenePattern software package. Statistically significant changes in miRNA expression
were identified using t-test (p value) and corrected for multiple comparisons using
Bonferroni correction.

mMiRNA Target Prediction and Pathway Analysis

To identify potential mMRNA targets for the differentially expressed miRNA in MS patients
NAWM, TargetScan 6.2 was utilized. To identify cellular pathways which were potentially
altered due to the differentially expressed miRNA, DNA Intelligence Analysis (DIANA
Tools) miRPath 2.0 was utilized. In Table 2, pathways that included >30 predicted mRNA
targets were included.
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Real-time PCR

Results

Real-time PCR was performed using the Tagman Gene Expression assay (Applied
Biosystems). Results were analyzed with the comparative threshold cycle (Ct) method, by
which data were normalized with internal control gene, Hprt1.

Nanostring Technology miRNA analysis was performed on NAWM of MS patients and
control brain tissues (Table 1) to determine if there was differential expression of miRNA
that may shed light on why the CNS is vulnerable to inflammation in MS patients. The
NAWM samples were taken primarily from brain regions in which MS lesions are common,
such as the periventricular area, but there was no evidence of a lesion in the MS samples
used in this study. This strategy provided RNA samples that were from an area known to be
susceptible to inflammation, making it a highly relevant site for investigation. Lesion sites
were avoided because changes in the CNS due to inflammation would compromise
identification of inherent differences in the CNS between MS patients and control that may
be relevant to disease susceptibility. Total RNA was extracted from 16 MS patient samples
and 5 control samples acquired from individuals who died of a non-CNS disease and
showed no gross CNS abnormalities (Table I). Over 1000 human miRNA were analyzed by
Nanostring nCounter technology which is a system to directly detect and enumerate RNA
transcripts using miRNA-specific capture and color-coded reporter probes [11]. This system
is highly sensitive and accurate since it is not dependent on enzymatic amplification to
detect the RNA. Based on analysis of RNA counts and t-test, 14 miRNAs were significantly
decreased in the MS patients and one miRNA was increased (Figure 1).

Using DNA Intelligent Analysis [12], an online pathway analysis program, we determined
which molecular pathways in the NAWM were most likely altered due to the differentially
expressed miRNA in the MS patients. Table 1 lists the pathways predicted to be
significantly affected by the miRNAs in Figure 1. The mitogen-activated protein kinase
(MAPK) pathway had the most significant p-value with 86 genes predicted to be targeted by
one or more of MS-associated CNS miRNA. It is also important to note that several
pathways that would be associated with an altered blood-brain barrier were included, such as
focal adhesion, adherens junction, ECM-receptor interaction, and tight junctions. To
determine if these mMiRNA may be regulating the level of specific genes expressed in these
pathways, a subset of the RNA samples (n=10) were analyzed by mRNA microarray.
TargetScan 6.2 was used to predict specific mMRNA targets of miR-191, the most
significantly down-regulated miRNA. Since miRNA negatively regulate gene expression of
specific target mMRNA, we would predict that decreased miR-191 would result in increased
MRNA levels of predicted targets and thus have a negative correlation. There were 54
predicted targets for miR-191 and we found one, WSB1, with a statistically significant
negative correlation (Figure 2A). WSBL1 is involved in ubiquitin-mediated proteolysis [13],
one of the pathways identified in the DNA Intelligent Analysis (Table 2). Since we only had
MRNA data on 10 of the original 21 RNA samples, there was insufficient power to
determine significant correlations for most MRNA. Therefore, we analyzed if there was an
inverse relationship between miR-191 and the mean expression level of the 54 predicted
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mRNA targets identified by TargetScan 6.2. The mean mRNA levels of SOX4 and FZD5
were both increased in the MS mRNA samples compared to the control samples (Figure
2B), suggesting that decreased miR-191 in the MS patients” NAWM samples may be
responsible for the increase in SOX4 and FZD5. To determine if there was a relationship
between miR-191 and SOX4 levels, real-time PCR was used to quantitate SOX4 transcripts
in the brain samples. SOX4 mRNA was elevated in the NAWM of MS patients compared to
control subjects, and there was an inverse correlation between miR-191 and SOX4 mRNA
levels (Figure 2C). A previous study confirmed that miR-191 directly regulated SOX4 [14].
Similarly, FZD5 transcript levels were determined by real-time PCR from the same brain
samples, illustrating the FZD5 mRNA levels were lower in MS patients, and FZD5 mRNA
levels negatively correlated with miR-191 levels (Figure 2D).

SOX4 plays a role in both Wnt and TGF signaling pathways, while FZD5 is involved in the
Whnt signaling pathway, all pathways identified by the DNA Intelligent Analysis (Table 2).

It had previously been shown that BDNF was a direct target of miR-191 [15]. The mRNA
microarray analysis had no data on BDNF expression and therefore, we performed real-time
PCR on the NAWM samples to analyze BDNF mRNA levels to determine if there was a
correlation between miR-191 and BDNF expression.

As shown in Figure 2E, BDNF mRNA levels were reduced in the NAWM of MS patients
and there was a statistically significant inverse correlation between miR-191 and BDNF,
suggesting that reduced miR-191 resulted in increased levels of BDNF. BDNF has been
postulated to be a potential therapy for reducing neurodegeneration in MS [16]. However, it
has also been demonstrated that trkB signaling via BDNF on astrocytes promotes nitric
oxide production and neurodegeneration [17]. Thus, enhanced BDNF levels may have both
beneficial and detrimental effects in MS.

Discussion

The cause of MS is unknown and there are few known susceptibility factors. In the current
study, a miRNA profiling analysis of NAWM was performed to determine if there was
evidence of inherent dysregulation of cellular pathways in the CNS of MS patients. To our
knowledge, this is the first study to use miRNA to study changes in normal appearing white
matter in MS. Two previous studies used MRNA microarray analysis to address this
question. Lindberg et al. [6] found an increase in genes associated with cellular immune
responses and neural homeostasis, concluding that MS pathogenesis is a generalized process
involving the entire CNS. A similar study by Graumann et al. [5] found upregulation of
HIF-1a and PI13K/Akt pathways, consistent with our observation that the MAPK signaling
pathway is the most highly altered pathway as predicted by the miRNA profiling. Graumann
et al. [5] postulated that the cellular pathway changes in NAWM suggest activation of
neuroprotective mechanisms to preserve the cellular functions of the CNS from hypoxic
insult. Together, these three studies find that the NAWM in MS patients has distinct changes
in cellular pathways.
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What is not known from these three studies is whether these changes preceded the onset of
MS or were initiated in response to inflammation and CNS damage. It has been postulated
that epigenetic regulation of gene expression, including miRNAs, may have long-term
consequences on the central nervous system [18]. Environmental factors, such as stress or
infection, induce epigenetic changes in the CNS that may change how the CNS responds to
insults later in life. This is consistent with the observation that environmental factors in early
life influences ones susceptibility to MS. Although our goal was to determine if miRNA
profiling of NAWM could identify dysregulated pathways in the CNS of MS patients as a
mechanism to understand why the CNS of MS patients is vulnerable to inflammation, the
use of post-mortem samples from patients who have had MS for many years limits our
ability to make such conclusions. However, this study provides a foundation for
understanding differences inthe NAWM of MS patients that may be useful for the
development of neuroprotective strategies to minimize disease progression.

The analysis of miRNA in MS has largely been used to identify a biomarker or understand
peripheral immune responses in MS [8,19,9,20,21]. However, very few miRNA studies have
been done to understand their role in the CNS in MS. A miRNA profiling study analyzing
active and inactive MS lesions found that miRNAs may be regulating macrophage function
in lesions, promoting the phagocytosis to clear myelin and debris [22]. miRNAs have been
found to influence the integrity of the blood brain barrier and MS patients have an altered
miRNA signature on their endothelial cells that may compromise the blood brain barrier in
MS patients [23]. In the present study, NAMW was analyzed and most differentially
expressed miRNAs were down-regulated (Figure 1). miR-191 was the most significantly
down-regulated miRNA and mRNA correlation analysis indicated that WSB1 mRNA may
be a target of mMiRNA-191. Very little is known about the function of WSB1, also known as
WD repeat and SOCS box containing 1, an ubiquitin ligase that plays a role in hypoxia and
the proliferation of neuroblastomas [24,25]. Two additional potential genes identified as
targets of miR-191 were SOX4 and FZD5. FZD5 is a receptor for Wnt7 that has been shown
to play a role in neuron development, survival and synaptogenesis [26-28].

SOX4 is a transcription factor expressed in many cell types and a previous study found that
SOX4 is regulated by miR-191 [14]. SOX4 is expressed in oligodendrocyte precursors and
over-expression of SOX4 in oligodendrocytes prevents myelination [29]. A similar study
found that over-expression of SOX4 in radial glia and astrocytes results in cerebellar
malformation [30], suggesting that SOX4 is a negative regulator of CNS maturation. Thus,
increased expression of SOX4, due to reduced miR-191, in the NAWM of MS patients may
result in phenotypic changes in oligodendrocytes and astrocytes which in turn make the
NAWM of MS patients more vulnerable to inflammation. Alternatively, the changes in
miR-191 and SOX4 in the NAWM in MS patients may be in response to regional
inflammation and damage, and MS patients’ oligodendrocytes and astrocytes may be less
effective at responding appropriately to insults. A known target of miR-191, BDNF [15],
was found to have a negative correlation in the NAWM. Initially, one would anticipate that
increased BDNF would be beneficial for MS patients since it promotes the growth and
survival of neurons, and thus up regulation of BDNF via miR-191 may be protecting the
NAWM from inflammation. Many studies in models of MS support this idea [31]. Yet, it
has also been found that BDNF signalling via TrkB on astrocytes may enhance nitric oxide
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production and neuro degeneration in experimental autoimmune encephalomyelitis [17];
therefore, the role of BDNF in inflammatory demyelinating disease in not fully understood.

The only miRNA that was significantly increased in NAWM of MS patients was miR-223.
Several potential targets of miR-223 were identified, including FBXW?7, APC, SLC8A1,
SLC4A4 and IL6ST (data not shown), but we have not been able to confirm these targets.
Decreased expression of these molecules due to increased miR-223 would affect the
differentiation and function of neurons, oligodendrocytes and microglia [32-36]. Decreased
FBXW?7 and APC would suggest that neuron and oligodendrocyte differentiation would be
impaired [32,33]. miR-223 has been shown to be enriched in microglia relative to other CNS
cell types [37]. Decreased SLC8A1 via miR-223 would theoretically result in decreased
respiratory burst by microglia [34]. In addition, miR-223 has been shown to reduce
glutamate-mediated excitotoxicity in a stroke model [38]. Thus, increased expression of
miR-223 in NAWM of MS patients may prevent optimal differentiation of neurons and
microglia, yet provide neuroprotection from insults.

This pilot study demonstrates that miRNA are differentially expressed in the NAWM of MS
patients and a larger with well-defined MS patient samples is warranted to conclusively
define miRNA dysregulation in the CNS of MS patients. Pathway and target analysis
indicates that there may be defects in the differentiation and function of various neural cell
types that may make the NAWM of MS patients more prone to inflammation and less
capable of repair. However, the data also suggests that neuroprotective mechanisms may be
enriched in the NAWM of MS patients. It is unclear whether these changes are inherent in
the CNS of MS patients or induced due to disease. However, further study of NAWM in MS
patients may provide insights into pathways that may be therapeutically manipulated to
protect the CNS from inflammation and minimize disease progression.
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Figure 1. miRNA prafiling of NAWM from M S patients and control
Total RNA was extracted from NAWM and Nanostring Technology was used to quantitate

miRNA in the samples. (A) Significantly down-regulated miRNA in MS patients. (B)
miR-223 was the only significantly up-regulated miRNA in MS patients.
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Figure 2. Analysis of potential targets of miR-191
Using mRNA expression levels of the NAWM and miRNA predication analysis, the

potential targets of miR-191 were identified. (A) A correlation analysis was performed
between the mRNA expression of WSB1 in the mRNA microarray and miR-191. (B) Two
additional mMRNA, SOX4 and FZD4, had an inverse relationship with miR-191 expression.
Independent real-time PCR analysis of SOX4 (C), FZD5 (D) and BDNF (E) mRNA
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illustrated an inverse correlation with miR-191, as well as increased levels of these
transcripts in NAWM of MS patient brains compared to control.
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Table 1

Normal Appearing White Matter Sample Information.

CASE AGE? Genderb Postmor tem interval® Causeof death MS
1 62 M NAd Surgical complication | No
2 82 M 6 Heart Attack No
3 54 F 21 NA No
4 80 M 9 NA No
5 48 M 20 Drug Overdose No
6 36 F 5 NA Yes
7 55 F 4 Sepsis/pneumona Yes
8 38 F 8 Pneumonia Yes
9 59 M NA Myocardial infarct Yes
10 50 F 15 NA Yes
11 68 M 18 NA Yes
12 53 F 23 NA Yes
13 54 F 24 NA Yes
14 32 F 8 NA Yes
15 74 M 24 NA Yes
16 59 F 12 Pneumonia Yes
17 46 M 16 NA Yes
18 69 M 4 Sepsis Yes
19 72 F 12 NA Yes
20 58 F NA Pneumonia Yes
21 52 F 3 NA Yes

a. .o . . .
No significant difference in mean age between control and MS patients

b, . . .
There was a higher percentage of males in the control compared to the MS patients.

No significant difference in mean postmortem interval between control and MS patients.

dNA — Information is not available
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Pathways predicted to be targeted by MS-associated CNS miRNA.

Table 2

Pathway # of Genes (Union) | p-value (Union)
MAPK signaling 82 1.18 x 1077
Focal adhesion 66 2.56 x 1077
Regulation of actin cytoskeleton 68 1.14x 1078
Adherens junction 30 8.98 x 1076
ECM-receptor interaction 30 1.75x 107
Whnt signaling 46 410 x 1074
ErbB signaling 31 4.95x 1074
TGFp signaling 31 8.59 x 1074
Ubiquitin-mediated proteolysis 39 4.38 x 1073
Neuroactive ligand-receptor 34 0.011
Insulin signaling 39 0.016
Jak-STAT signaling 41 0.03
Glycan structure-biosynthesis 33 0.041
Tight junctions 33 0.049
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