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Figure 2. Type II collagen (CII) responses in MR17~ DBA/1J mice. A and B, Inguinal lymph node cells from MR17~ DBA/1J mice and MR1*/*
DBA/1J mice with collagen-induced arthritis were incubated for 48 hours in the presence of CII. Proliferative responses were determined by the
uptake of *H-thymidine (A), and the levels of interferon-y (IFNvy) and interleukin-17 (IL-17) in culture supernatants were measured by
enzyme-linked immunosorbent assay (B). C, ClI-specific antibody levels in individual serum samples obtained at the end of the experiment were
analyzed as described in Materials and Methods. Results from a single representative experiment of 2 similar experiments performed are shown.
Values are the mean = SEM of 5-8 mice per group. OD = optical density

the mean * SEM clinical score for the group, and statistical
differences were analyzed with a nonparametric Mann-
Whitney U test. Data for cytokines and proliferation were
analyzed with an unpaired r-test.

RESULTS

Amelioration of CIA in MR17~ mice. To investi-
gate whether MAIT cells play a role in the pathogenesis
of arthritis, we first evaluated the involvement of MAIT
cells in CIA using MR17~ mice lacking MAIT cells.
Because DBA/1J mice bearing the H-2q haplotype are
the most susceptible strain for CIA, MR17~ C57BL/6J
mice were backcrossed to DBA/1J mice for 10 genera-
tions to obtain MR17~ DBA/1J mice. Both MR17~
DBA/1J mice and littermate MR1*/* DBA/1J mice
were immunized with CII to induce CIA, and the clinical
severity of arthritis was evaluated by visual scoring of
each paw. As shown in Figure 1A, the clinical scores in
MR17~ DBA/1J mice were reduced in comparison to
those in MR1"/* DBA/1J mice. Histologic examination
of the joints of the 4 paws 44 days after CIA induction
showed less cell infiltration, cartilage erosion, and bone

destruction in MR17~ DBA/1J mice than in the MR1*/*
DBA/1J mice (Figure 1B). Quantification of the histo-
logic severity of arthritis revealed that MR17~ DBA/1J
mice developed milder joint inflammation than MR1*/*
DBA/1J mice (Figure 1C). These results suggest that
MAIT cells contribute to the exacerbation of the disease
course of CIA.

CII responses in MR1™~ DBA/1J mice. As the
presence of MAIT cells augmented the severity of CIA,
we next asked whether MAIT cells influence the CII-
specific responses of T and B cells. Lymph node cells
from CIA-induced animals were rechallenged with CII
ex vivo. As shown in Figure 2A, the proliferative re-
sponses of lymph node cells upon stimulation with CII
were similar in the two groups. Lymph node cells from
both MR17~ DBA/1J mice and MR1™* DBA/1J mice
produced comparable amounts of IL-17 and IFNvy in
response to CII in a dose-dependent manner (Figure
2B). We also evaluated ClI-specific immunoglobulin
levels in serum obtained 35-42 days after arthritis induc-
tion. We observed a trend of reduced levels of CII-
specific IgG1 in MR17~ DBA/1J mice compared to the



MAIT CELLS EXACERBATE MURINE ARTHRITIS

Clinical score
>

Histology score

MR1"

Figure 3. Amelioration of collagen antibody-induced arthritis
(CAIA) in MR17 mice. A, Clinical scores for CAIA in MRI1™"
C57BL/6J mice and MR1** C57BL/6] mice. Values are the mean =
SEM of 4-6 mice per group. * = P < 0.05 versus MR17~ C57BL/6J
mice. B, Representative histologic sections of the joints of MR1*/*
C57BL/6J mice and MR17~ C57BL/6J mice. Hematoxylin and eosin
stained; original magnification X 40. C, Histology scores in MR17~
C57BL/6J mice and in MR1"/* C57BL/6J mice, expressed as the sum
of the scores in the 4 paws. Results from a single representative
experiment of 2 similar experiments performed are shown. Values are
the mean £ SEM. * = P < (.05.

MR1H*

levels in MR1™* DBA/1J mice, but the difference did
not reach statistical significance (Figure 2C). These
results indicate that the presence of MAIT cells has little
effect on ClI-specific responses.
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Amelioration of CAIA in MR1™" mice. The CIA
model requires both adaptive and innate immune re-
sponses for disease development, and T cells and B cells
responding to CII are the major players in the initiation
of the disease. Although we observed significant differ-
ences in both the clinical and pathologic severity of
arthritis when comparing MR17~ DBA/1J mice to
MR1"* DBA/1J mice (Figure 1), the Cll-specific re-
sponses of T and B cells appeared not to depend on the
presence of MAIT cells (Figure 2). Thus, we hypothe-
sized that MAIT cells may influence the effector phase
of arthritis. To test this hypothesis, we induced CAIA in
MR17 and MR1** C57BL/6J mice. By 7 days after
injection of anti-CII mAb, MR1*/" C57BL/6J mice had
developed severe arthritis, as assessed by clinical scores
(Figure 3A). In contrast, the clinical scores in the
MR17~ C57BL/6J mice were lower compared to those in
the MR1*/* C57BL/6J mice. Histologic assessment 10
days after arthritis induction revealed severe arthritis
with leukocyte infiltration, synovial hyperplasia, pannus
formation, cartilage erosion, and bone destruction in
MRI1™* C57BL/6] mice, whereas these features were
milder in MR17~ C57BL/6J mice (Figures 3B and C).

Augmentation of arthritis in MR17~ mice by
adoptive transfer of MAIT cells. To demonstrate that
MAIT cells actually enhance disease severity in the

10+ & WT
0 Mr1" *
-& MR1¥ + T cell transfer

O MR1""+ MAIT cell transfer

Clinical score

Days

Figure 4. Augmentation of arthritis by adoptive transfer of mucosal-
associated invariant T (MAIT) cells in MR17~ mice. MR17~ C57BL/6]
mice received 5 X 10° NK1.1+TCRB+ T cells (MAIT cells) or an
equal number of NK1.1-TCRpB+ cells (T cells) from V19-transgenic
CD1d17/~ mice. One day later, collagen antibody-induced arthritis
was induced in wild-type (WT) C57BL/6J mice, MR17~ C57BL/6]
mice, and MR17~ C57BL/6J mice reconstituted with T cells or MAIT
cells. Results pooled from 2 similar experiments performed are shown.
Values are the mean *= SEM of 8~10 mice per group. = = P < 0.05
versus MR17~ C57BL/6J mice.
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Figare 5. Cytokine-mediated mucosal-associated invariant T (MAIT) cell activation. A, Liver mononuclear cells from MR1*/* C57BL/6J mice and
MR17~ C57BL/6J mice were stimulated for 48 hours with immobilized anti-CD3 («CD3) monoclonal antibody (mAb). The levels of interferon-y
(IFNy) and interleukin-17 (IL-17) in culture supernatants were measured by enzyme-linked immunosorbent assay (ELISA). = = P < 0.05. B, MAIT
cells were stimulated for 48 hours with immobilized anti-CD3 mAb, with or without IL-18, tumor necrosis factor @ (TNFea), IL-23, or IL-6 plus
transforming growth factor B (TGFp), and the levels of IL-17 were measured by ELISA. * = P < 0.05 versus anti-CD3 mAb stimulation alone.
C, MAIT cells were stimulated with immobilized anti-CD3 mAb or the indicated cytokines, and IL-17 levels were measured. * = P < 0.05 versus
unstimulated control. D and E, Proliferative responses after 48 hours of exposure to the indicated cytokines were determined as the uptake of
5H-thymidine. Results from a single representative experiment of 2 similar experiments performed are shown. * = P < 0.05 versus unstimulated

control. Values in A-E are the mean = SEM.

CAIA model, we performed adoptive transfer experi-
ments. Most NK1.1+ TCRB T cells within liver lympho-
cytes from CD1d1™* mice are iNKT cells, and we and
other investigators previously demonstrated that the
NK1.1+ TCRB T cell population in V_,19i-transgenic
CD1d17" mice is highly enriched in V191 TCR+ cells
(15,17). Thus, to obtain MAIT cells, we isolated NK1.1+
TCRB T cells from V _19i-transgenic CD1d17" mice. We
adoptively transferred these MAIT cells into MR17~
C57BL/6J mice, and 1 day later, we injected these mice
with anti-CIT mAb to induce CAIA. MR17~ C57BL/6J
mice reconstituted with MAIT cells developed severe
arthritis at a level similar to that of wild-type (WT)
C57BL/6J mice (Figure 4). However, the transfer of an
equal number of T cells into MR17~ C57BL/6J mice had
little effect on the clinical arthritis scores. Taken to-
gether, these results suggest that the presence of MAIT
cells augmented arthritis mainly by enhancing the in-
flammation in arthritis.

Cytokine-mediated MAIT cell activation. To un-
derstand the mechanism by which MAIT cells exacer-

bate the disease course of arthritis, we first compared
the cytokine-producing capacity of T cells from MR17~
and WT C57BL/6J mice. Upon anti-CD3 mAb stimula-
tion, LMNCs from MR17 and WT C57BL/6J mice
produced comparable amounts of IFN+y. However, the
level of IL-17 was lower in MR17~ C57BL/6J mice than
in WT C57BL/6J mice (Figure 5A).

It was recently demonstrated that human MAIT
cells express the Thl7-associated transcription factor
retinoic acid receptor-related orphan nuclear receptor
(ROR) and produce high levels of IL-17 (33). We
therefore sought to determine whether mouse MAIT
cells produce IL-17, which is known to play a pathogenic
role in arthritis. MAIT cells were sorted from LMNCs
obtained from V,19i-transgenic CD1d1™/~ mice and
were stimulated ex vivo with anti-CD3 mAb. As previ-
ously shown (34), MAIT cells produced large amounts of
IL-17. In addition, IL-17 production by anti-CD3 mAb~
stimulated MAIT cells was augmented in the presence
of IL-23 (Figure 5B).

Innate-like lymphocytes such as iNKT cells and
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/6 T cells are known to be activated by cytokines
directly, without TCR stimulation. A combination of
IL-12 and IL-18 activates iNKT cells to produce IFNvy,
and IL-1 together with IL-23 induces IL-17 production
by /8 T cells (31,35,36). We therefore next asked
whether MAIT cells are activated directly by cytokines.
MAIT cells were incubated with various cytokines with-
out TCR stimulation, and cytokine concentrations in the
culture supernatants were evaluated. Surprisingly,
MAIT cells produced high levels of IL-17 after exposure
to IL-23 in the absence of TCR stimulation (Figure 5C).

Inflammatory cytokines such as IL-18, TNFa,
and IL-6 play critical roles in arthritis models and in
human RA. Therefore, we next tested whether MAIT
cells could be activated by these cytokines. As shown in
Figure 5D, IL-18 induced robust proliferation of MAIT
cells, although cytokine production was not observed
after exposure to these cytokines, including IL-13 (data
not shown). In addition, IL-23 did not induce prolifera-
tion of MAIT cells (Figure S5E). Thus, in the absence of
TCR stimuli, IL-18 induced the proliferation of MAIT
cells and IL-23 promoted the production of IL-17 by
MAIT cells.

DISCUSSION

Previous studies by our group as well as others
revealed that iNKT cells play pathogenic roles in CIA
and CAIA by inducing a Thl or Thl17 shift of auto-
immune T cells and by augmenting the inflammation in
arthritis (25-27). In the present study, we demonstrated
that MAIT cells contribute to the severity of CIA and
CAIA mostly by augmenting joint inflammation during
the effector phase of arthritis. MR17~ mice were origi-
nally generated on the 129P2 background. Although
MR17" mice were backcrossed onto C57BL/6 or DBA/
1J, we are not able to exclude the possibility that some
residual sequence from the 129P2 mice affects the
arthritis susceptibility of MR17~ C57BL/6 and MR17~
DBA/1J mice. However, since the reconstitution of
MAIT cells induced severe CAIA in MR17~ C57BL/6
mice, the phenotype observed in MR17~ mice seems to
be dependent on the lack of MAIT cells.

It has been revealed that there are CDI1d-
restricted T cells that are different from iNKT cells and
do not express an invariant TCR« chain (V,14-7J,18 in
mice and V_24-J 18 in humans). Such CD1d-restricted
T cells are called type II NKT cells and possess different
functions from iNKT cells. Recently, CD1d-restricted
NKT cells, which recognize murine type II collagen
peptide 707-721, were reported to suppress CIA (37). It
is not known whether there are distinct subsets with
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different functions among MAIT cells or whether there
are other T cells that are restricted by the MR1 mole-
cule. As adoptively transferred V_19i T cells augmented
CAIA in MR17" mice, MAIT cells include the popula-
tion that enhances the inflammation in arthritis.

It was recently shown that IL.-17-producing /6 T
cells were observed in the joints of mice with CIA and
that blocking a certain subset of IL-17-producing /8 T
cells suppressed CIA (29). However, y/8 T cells have
been shown to be dispensable for the development of
CIA (38). In addition, anti-CII-specific antibody levels
were comparable between /8 T cell-deficient and wild-
type mice. These findings suggest that MAIT cells and
v/8 T cells share similar roles in arthritis and that both
are involved mainly in the effector phase of arthritis. It
is known that y/6 T cells as well as iNKT cells are
increased during CIA. Because MAIT cells share similar
features with /8 T cells and iNKT cells, MAIT cells may
also be increased during CIA.

We observed a significant decrease in IL-17
production by LMNCs upon stimulation with anti-CD3
mAb in MR17" mice compared to WT control mice. As
sorted MAIT cells produced high amounts of IL-17 after
anti-CD3 mAb stimulation, the major source of IL-17
responsible for the difference between MR17~ and WT
mice seems to be MAIT cells. Th17 cells and iNKT cells
have been shown to produce IL-21, which enhanced
IL-17 production or induced proliferation of IL-17-
producing cells (39). It is not known whether MAIT cells
produce IL-21, but MAIT cells might augment IL-17
production by other LMNCs, including v/8 T cells,
through such mechanisms. Further studies to determine
whether MAIT cells regulate /8 T cells under both
physiologic and pathologic conditions, including in the
presence of arthritis, will be of interest.

The frequency of murine /8 T cells is 1-5% in
blood lymphocytes and 25-60% in gut lymphocytes.
Human /8 T cells also comprise up to 2-3% of peri-
pheral T cells (9,10). Although the precise frequency of
murine MAIT cells is not known, it has been speculated
that MAIT cells may comprise up to 10% of double-
negative T cells in the gut lamina propria and <2% of
double-negative T cells in the mesenteric lymph nodes,
indicating that the frequency of murine MAIT cells is
much lower than that of mouse /8 T cells (15). It has
been suggested that /8 T cells are the predominant
source of IL-17 in the joints of CIA mice, but IL-17~
producing /8 T cells could not be detected in RA
synovial tissue (31). Recently, Martin et al (23) revealed
that human MAIT cells can be identified as V, 7.2+
CD161Me8" T cells, which are abundant in blood. In
addition, human MAIT cells produce IL-17 and express
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tissue-homing chemokine receptors (23). An IL-17-
producing CD161"8" T cell population has been de-
scribed in human arthritic joints (40). Thus, it is possible
that MAIT cells rather than y/8 T cells play a major role
in the pathogenesis of human RA.

CD4+ Th17 cells require IL-6/STAT-3 activation
for the expression of RORyt, which is a crucial tran-
scription factor for IL-17 production (41). However,
some innate-like lymphocyte subsets, such as iNKT cells,
v/8 T cells, and lymphoid tissue-inducer (LTi)-like cells,
are known to constitutively express RORyt, IL-1 recep-
tor type I, and IL-23R (42). In addition, these IL-17-
producing innate-like lymphocytes, including LTi cells,
v/8 T cells, and iINKT cells, secrete IL-17 when stimu-
lated by IL-23 with or without IL-13. In this study, we
demonstrated cytokine-mediated activation of MAIT
cells. MAIT cells produced IL-17 in response to IL-23.
Moreover, IL-18 induced proliferation of MAIT cells.
Thus, it is possible that MAIT cells may contribute to the
disease progression of arthritis through another mecha-
nism in addition to IL-17 production. In adoptive trans-
fer experiments, MAIT cells augmented the disease
severity of CAIA in MRI1-deficient mice. Thus, this
result also indicates that MAIT cell-mediated exacerba-
tion of arthritis may be induced by cytokines, without a
requirement for TCR stimulation.

In EAE, disease suppression by MAIT cells was
accompanied by a reduction in the production of cyto-
kines, including IFNy and IL-17, by T cells and in-
creased IL-10 production by B cells. Encephalitogenic T
cells play a major role in EAE (43,44). EAE can be
induced in naive mice by transferring myelin-reactive T
cells. T cell-targeted therapies, including anti—very late
activation antigen 4 treatment, have been shown to
suppress EAE. Although CIA was reduced in MR17~
DBA/1J mice, we observed a significant decrease in
Cll-specific IgG1 antibody levels in these mice as com-
pared with their WT controls in some experiments (data
not shown), suggesting the inhibition of Thl responses
by MAIT cells. Therefore, it is still possible that MAIT
cells suppress Thl response during the early induction
phase of CIA. MAIT cells may be functionally plastic,
and thus exert different functions depending on the
pathologic condition. Arthritis involves massive cytokine
production due to various types of immune cell activa-
tion. Since MAIT cells can be activated by inflammatory
cytokines, MAIT cells may contribute to augment the
immune response once overt inflammation occurs.

In summary, we have shown that MAIT cells
contribute to the progression of arthritis by enhancing
the inflammation in CIA and CAIA models. In addition,
we demonstrated that MAIT cells could be activated by
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cytokine stimulation even without TCR stimulation. We
and others previously reported that, although iNKT cells
play pathogenic roles in arthritis models, modulation of
iNKT cell function by ligands successfully suppressed
arthritis (45-47). The proportion of human MAIT cells
appears to be much higher than that of mouse MAIT
cells. Therefore, MAIT cells may play an important
pathogenic role in human arthritis and MAIT cell-
targeted therapy may hold promise as a new therapeutic
intervention for arthritis, including RA.
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the expression of a wide range of target molecules essential for neuronal and glial development, differentia-
tion, proliferation, apoptosis and metabolism. Aberrant expression and dysfunction of brain-enriched
miRNAs induce development of neurodegenerative diseases, such as Alzheimer's disease (AD) and Parkin-
son's disease (PD). Because a single miRNA concurrently downregulates hundreds of target mRNAs, the set

ﬁg&?g:;.vs disease of miRNA target genes coregulated by an individual miRNA generally constitutes the biologically integrated
Cell cycle network of functionally associated molecules. Recent advances in systems biology enable us to characterize
KEGG the global molecular network of experimentally validated targets for individual miRNAs by using pathway
KeyMolnet analysis tools of bioinformatics endowed with comprehensive knowledgebase. This review is conducted to
MicroRNA summarize accumulating studies focused on aberrant miRNA expression in AD brains, and to propose the sys-
MiRTarBase tems biological view that abnormal regulation of cell cycle progression as a result of deregulation of miRNA
target networks plays a central role in the pathogenesis of AD. .

© 2011 Elsevier Inc. All rights reserved.
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Introduction seed sequence located at positions 2 to 8 from the 5’ end of the

MicroRNAs (miRNAs) constitute a class of endogenous small non-
coding RNAs that mediate posttranscriptional regulation of protein-
coding genes by binding mainly to the 3’ untranslated region (3’

" UTR) of target mRNAs, leading to translational inhibition, mRNA de-
stabilization or degradation, depending on the degree of sequence
complementarity. During their biogenesis, the primary miRNAs (pri-~
miRNAs) are transcribed from the intra- and inter-genic regions of
the genome by RNA polymerase II, and processed by the RNase Ili en-
zyme Drosha into pre-miRNAs. After nuclear export, they are pro-
cessed by RNase IIl enzyme Dicer into mature miRNAs consisting of
approximately 22 nucleotides. Finally, a single-stranded miRNA is
loaded onto the RNA-induced silencing complex (RISC), where the

* Corresponding author. Fax: + 81 42 495 8678.
E-mail address: satoj@my-pharm.ac.jp.

0014-4886/% - see front matter © 2011 Elsevier Inc. All rights reserved.
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miRNA plays a crucial role in recognition of the target mRNA.

At present, more than one thousand of human miRNAs are regis-
tered in miRBase Release 17 (April 2011; www.mirbase.org). A single
miRNA capable of binding to numerous target mRNAs concurrently
reduces production of hundreds of proteins, whereas the 3'UTR of a
single mRNA is often targeted by multiple different miRNAs, provid-
ing the complexity of miRNA-regulated gene expression (Filipowicz
et al,, 2008; Selbach et al., 2008). Consequently, the whole human
miRNA system (microRNAome) regulates greater than 60% of all
protein-coding genes essential for cellular development, differentia-
tion, proliferation, apoptosis and metabolism (Friedman et al,
2009). Approximately 70% of presently identified miRNAs are
expressed in the brain in a spatially and temporally controlled man-
ner, where they fine-tune diverse neuronal and glial functions (Fine-
berg et al.,, 2009). Actually, aberrant expression and dysfunction of
brain-enriched miRNAs induce development of neurodegenerative
diseases, such as Alzheimer's disease (AD) and Parkinson's disease



— 0T

Table 1

Aberrant expression of miRNAs in AD brains.

Authors and years  Patients and brain regions Methods for miRNA  Aberrantly expressed miRNAs Upregulation or Target mRNAs Target prediction and Possible pathological
expression profiling downregulation characterized validation implications
Lukiw (2007) 5 AD patients and 5 age-matched Northern blot miR-9, miR-128 Up ND ND General neuropathology of AD
controls; the hippocampus
Lukiw et al. (2008) 23 AD patients and 23 Microarray, miR-146a Up CFH ND; knockdown of Sustained inflammatory
age-matched controls; northern blot miR-146a TESpPOnses
the hippocampus and the
superior temporal
lobe neocortex
Wang et al. (2008) 6 AD and 6 MCI patients and Microarray, miR-107 Down BACE1 miRanda, TargetScan, Increased production of Ab
11 non-demented controls; northern blot, ISH PicTar; luciferase reporter
the temporal cortex assay
Hébert et al. (2008) 5 AD patients and Microarray, qRT- miR-29a/b-1 Down BACE1 miRanda, TargetScan, Pictar,  Increased production of Ab
5 age-matched controls; PCR miRBase; luciferase reporter
the anterior temporal cortex assay
miR-15a, miR-9, miR-19b Down BACE1 miRanda, TargetScan, Pictar,
miRBase; not validated
let-7i, miR-15a, Down APP miRanda, TargetScan, Pictar,
miR-101, miR-106b miRBase; not validated
miR-22, miR-26b, miR-93, Down ND ND
miR-181¢, miR-210, miR-363
miR-197, miR-511, miR-320 Up ND ND
Cogswell et al. 15 AD patients and qRT-PCR miR-27a, miR-27b, miR-34a, Up ND miRanda, RNAhybrid; General neuropathology of AD
(2008) 12 non-demented miR-100, miR-125b, not validated
controls; the cerebellum miR-381, miR-422a
miR-9, miR-98, miR-132, Down ARHGAP32 for miR-132
miR-146b, miR-212, miR-425
15 AD patients and 12 miR-26a, miR-27a, miR-27b, Up ND
non-demented controls; miR-30e-5p, miR-34a, miR-92,
the hippocampus miR-125b, miR-145, miR-200c,
miR-381, miR-422a, miR-423
miR-9, miR-30c, miR-132, Down ARHGAP32 for miR-132
miR-146b, miR-210, miR-212,
- miR-425
15 AD patients and miR-27a, miR-27b, miR-29a, Up ND
12 non-demented controls; miR-29b, miR-30c, miR-30e-5p,
the medial frontal miR-34a, miR-92, miR-100,
gyrus miR-125b, miR-145, miR-148a,
miR-381, miR-422a, miR-423
miR-9, miR-26a, miR-132, Down ARHGAP32 for miR-132
miR-146b, miR-200c,
miR-210, miR-212, miR-425
Hébert et al. (2009) 19 AD patients and qRT-PCR miR-106b Down APP miRanda, TargetScan, Increased production of Ab
11 non-demented controls; Pictar, miRBase; luciferase
the anterior temporal cortex reporter assay
Sethi and Lukiw 6 AD and 13 non-AD Microarray, miR-9, miR-125b, miR-146a Up ND ND General neuropathology of AD
(2009) patients and 6 controls; northern blot
the temporal lobe cortex
Nunez-Iglesias et al. 5 AD patients and 5 Microarray miR-18b, miR-34c, miR-615, Nd positively correlated with miRanda, TargetScan, General neuropathology of AD
(2010) age-matched controls; miR-629, miR-637, miR-657, target mRNAs PicTar; not validated
the parietal lobe cortex miR-661, mir-09369,
mir-15903, mir-44691
miR-211, miR-216, miR-325, Nd negatively correlated miRanda, TargetScan,

miR-506, miR-515-3p, miR-612,
miR-768-3p, mir-06164,
mir-32339, mir-45496

with target mRNAs

PicTar; not validated

(continued on next page)
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Table 1 (continued)
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Authors and years  Patients and brain regions Methods for miRNA  Aberrantly expressed miRNAs Upregulation or Target mRNAs Target prediction and Possible pathological
expression profiling downregulation characterized validation implications
Shioya et al. (2010) 7 AD patients and 4 qRT-PCR miR-29a Down NAV3 TargetScan, Pictar, A putative compensatory
non-neurological miRBase; luciferase mechanism
controls; the frontal lobe reporter assay against neurodegenerative
events
Hébert et al. (2010) 8 AD patients and qRT-PCR miR-15a Down ERK1 TargetScan, miRanda; Hyperphosphorylation
10 non-demented patients; overexpression or knockdown of tau
the anterior temporal cortex of miR-15a, luciferase
reporter assay
Cui et al. (2010) 36 AD patients and . Microarray, miR-146a Up IRAK1 miRBase; knockdown Sustained inflammatory
30 age-matched controls; northern blot of miR-146a responses

the hippocampus and
the superior temporal
lobe neocortex

Faghihi et al. (2010) 35 AD patients and 35 normal qRT-PCR miR-485-5p Down BACE1 miRanda; luciferase increased production of Ab
elderly controls; the entorhinal reporter assay
cortex and the hippocampus
Smith et al. (2011) 11 AD patients and 11 qRT-PCR miR-124 Down PTBP1 known target previously Aberrant APP mRNA alternative
non-demented patients; validated by luciferase splicing
the anterior temporal cortex reporter assay
Wang et al. (2011) 10 elderly females with Microarray, miR-519e, miR-574-5p, Up in the gray matter ND ND General neuropathology
various pathological stages northern blot miR-498, miR-518a-5p/miR-527, (group A) of AD
of AD; the gray miR-525-5p, miR-300,
matter and the white miR-576-3p, miR-583,
matter of the superior miR-146b-3p, miR-490-3p,
and middle temporal miR-549, miR-516a-5p, miR-510,
cortex miR-184, miR-516b, miR-298,

miR-214, miR-198, miR-451,
miR-144, miR-424, let-7e

miR-509-5p, miR-574-3p, Up in the white matter
miR-576-5p, miR-302e, (group B)

miR-220b, miR-208a, miR-215

miR-485-3p, miR-381, miR-124, Down in the gray matter
miR-34a, miR-129-5p, miR-29a, (group C)

miR-143, miR-136, miR-145,
miR-138, miR-129-3p, miR-128,
miR-379, miR-299-5p, miR-218,
miR-149, miR-135a, miR-7,
miR-126, miR-411, miR-335,
miR-9, miR-378, miR-488, miR-432,
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miR-127-5p, miR-127-3p,

miR-491-5p, miR-376¢, miR-377,
miR-95, miR-222, miR-29b, miR-329,
miR-495, miR-551b, miR-195,

miR-125b, miR-30b, miR-221,
miR-139-5p, miR-487a, miR-487h,
miR-107, miR-146b-5p, miR-29¢,
miR-30a, miR-582-5p, miR-103,
miR-342-3p, miR-331-3p, miR-30c,
miR-30d, miR-382, miR-22, miR-125a-5p
miR-491-3p, miR-423-5p, miR-34b,
miR-422a, miR-34c¢-5p, miR-584,
miR-219-5p, miR-338-3p, miR-219-2-3p,
miR-338-5p, miR-181a, miR-181b,
let-7b, miR-151-3p, miR-197, miR-19a,
miR-20a, miR-17, miR-106a, miR-32,
miR-340, miR-19b, miR-21, miR-151-5p,
miR-194, let-7¢, miR-330-3p, miR-27b,
miR-93, miR-15a, miR-339-5p, miR-193b,
miR-106b, miR-16, miR-23b, miR-15b,
miR-320d, miR-320b, miR-320c,
miR-320a, miR-557, miR-33a, let-7a,
miR-374b, miR-140-3p, miR-374a, miR-24,
miR-140-5p, miR-26a, miR-513a-5p,
miR-212, miR-142-5p, miR-142-3p,
miR-26b, miR-520d-5p, miR-193a-3p,
miR-92b, miR-330-5p, miR-186, let-7f,
miR-223, miR-412, miR-185, miR-148b,
miR-101, miR-99b, miR-27a, miR-589,
let-7i, miR-361-3p, miR-361-5p,
miR-423-3p, miR-190, miR-301a,
miR-365, miR-23a, miR-363, miR-326
miR-425, miR-191, miR-519d, let-7 g,
miR-98, miR-99a, miR-30e

Down in the white matter
{group D)

Down in the gray matter
(group E)

The table is modified from that of the recent review article with permission of reproduction (Satoh, 2010). Abbreviations: AD, Alzheimer disease; MCI, mild cognitive impairment; qRT-PCR, quantitative RT-PCR; ISH, in situ hybridization;
BACET1, beta-site APP-cleaving enzyme 1; APP, amyloid precursor protein; Ab, amyloid-beta; CFH, complement factor H; NAV3, neuron navigator 3; ERK1, extracellular signal-regulated kinase 1; ARHGAP32, Rho GTPase activating protein 32
(p250GAP); IRAKT, IL-1 receptor-associated kinase-1; PTBP1, polypyrimidine tract binding protein 1; and ND, not determined.
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(PD) (Harraz et al,, 2011; Kocerha et al,, 2009; Maes et al., 2009;
Nelson et al., 2008).

Recent advances in systems biology have made major break-
throughs by illustrating the cell-wide map of complex molecular in-
teractions with the aid of the literature-based knowledgebase of
molecular pathways (Viswanathan et al, 2008). The logically ar-
ranged molecular networks construct the whole system characterized
by robustness that maintains the proper function of the system in the
face of genetic and environmental perturbations (Kitano, 2007). In
the scale-free molecular network, targeted disruption of several crit-
ical components designated hubs, on which the biologically impor-
tant molecular interactions concentrate, efficiently disturbs the
whole cellular function by destabilizing the network (Albert et al.,
2000). From the point of view of the molecular network constructed
by target genes for a particular miRNA, the identification and charac-
terization of the hub would help us to understand biological and
pathological roles of the individual miRNA. By combining the applica-
tion of the miRNA target prediction program TargetScan and the
Human Protein Reference Database (HPRD), a recent study investi-
gated the global human microRNA-regulated protein-protein interac-
tion (PPI) network (Hsu et al., 2008). Importantly, individual miRNAs
often target the hub itself within the PPI network.

AD is the most common cause of dementia worldwide, affecting
the elderly population, characterized by the hallmark pathology of
amyloid-B (AB) deposition, neurofibrillary tangle (NFT) formation,
and extensive neuronal degeneration in the brain. AR is derived
from the sequential cleavage of amyloid precursor protein (APP) by
beta-site APP-cleaving enzyme 1 (BACE1) and the y-secretase com-
plex. Although the precise pathological mechanisms underlying AD
remain largely unknown, accumulating evidence indicates that aber-
rant regulation of miRNA-dependent gene expression is closely asso-
ciated with molecular events responsible for AR production, NFT
formation, and neurodegeneration (Hébert et al., 2008, 2010; Wang
et al., 2008, 2011). The aim of the present study is to review recent
studies focused on aberrant miRNA expression in AD brains, and to
propose the systems biological view that deregulation of miRNA tar-
get networks plays a central role in the pathogenesis of AD.

Aberrant miRNA expression in AD brains

Increasing evidence indicates that deregulation of miRNA expres-
sion plays a key role in AD pathogenesis, as a recent review indicated
(Table 1 modified from Satoh, 2010). The pioneering work identified
upregulated expression of miR-9 and miR-128 in the hippocampus of
AD brains by using a nylon membrane-bound DNA array (Lukiw,
2007). More recently, the same group showed that the levels of ex-
pression of miR-146a are elevated in the hippocampus and the supe-
rior temporal cortex of AD patients (Lukiw et al., 2008). Importantly,
nuclear factor-kappa B {NF-kB), a transcription factor indispensable
for diverse immune responses, regulates the expression of miR-146a
that targets complement factor H (CFH) and IL-1 receptor-associated
kinase-1 (IRAK1), leading to sustained inflammation in AD brains
where the expression of NF-«B is also upregulated (Cui et al., 2010;
Lukiw et al., 2008). Furthermore, they clarified the limited stability
of brain-enriched miRNAs composed of a high content of AU and UA
dinucleotides (Sethi and Lukiw, 2009).

A different group showed that miR-107 targets BACE1, a rate-
limiting enzyme for AR production (Wang et al., 2008). By analyzing
a miRNA microarray, they found that miR-107 levels are substantially
reduced in the temporal cortex not only of AD but also of the patients
affected with mild cognitive impairment (MCl), indicating that down-
regulation of miR-107 begins at the very early stage of AD. More re-
cently, they validated a negative correlation between miR-107 levels
and the amounts of neuritic plaques and NFTs in the temporal cortex
of AD patients by quantitative RT-PCR (qRT-PCR) (Nelson and Wang,
2010). The levels of miR-107 and miR-103, both of which target the

actin-binding protein cofilin, are reduced in the brains of Tg19959
mice overexpressing human APP carrying the KM670/671NL and
V717F familial AD mutations (Yao et al,, 2010). These observations
are responsible for formation of rod-like aggregates of cofilin in brains
of a transgenic mouse model of AD.

By using a miRNA microarray, a previous study identified reduced ex-
pression of the miR-29a/b-1 cluster, inversely correlated with BACE1 pro-
tein levels, in the anterior temporal cortex of AD patients (Hébert et al,,
2008). The miRNA target database search predicted the presence of bind-
ing sites in the human BACE1 mRNA 3'UTR for miR-9, 15a, 19b, and
29a/b-1 and in the human APP mRNA 3'UTR for let-7, miR-15a, 101,
and 106b, all of which are downregulated in AD brains. Actually, the in-
troduction of pre-miR-29 reduces secretion of AR from HEK293 cells sta-
bly expressing the APP Swedish (APPswe) mutation (Hébert et al., 2008).
Later, they identified reduced expression of miR-106b that targets APP in
the anterior temporal cortex of AD patients (Hébert et al., 2009).

The levels of miR-298 and miR-328, both of which target mouse
BACE1, are reduced in the hippocampus of aged APPswe/PS1(A246E)
transgenic mice (Boissonneault et al., 2009). In contrast, the levels of
a noncoding BACE1-antisense (BACE1-AS) RNA that enhances BACE1
mRNA stability are elevated in the brains of Tg19959 APP transgenic
mice (Faghihi et al., 2008). BACE1-AS masks the miR-485-5p binding
site located within the open-reading frame of BACET mRNA, and
thereby inhibits miR-485-5p-mediated repression of BACE1 mRNA
translation (Faghihi et al, 2010). Actually, the levels of expression
of miR-485-5p are reduced but those of BACE1-AS are elevated in
the entorhinal cortex and the hippocampus of AD patients. In cul-
tured rat hippocampal neurons, a brain-enriched microRNA miR-
101 acts as a negative regulator of APP expression by binding to the
APP 3'UTR (Vilardo et al., 2010). i

All of these observations suggest the concept that abnormal re-
pression of a battery of miRNAs accelerates AP production via overex-
pression of BACE1, the enzyme and/or APP, the substrate in AD brains.
However, the genetic variability of miRNA-binding sites in both
BACE1 and APP mRNA 3'UTRs does not confer a risk factor for devel-
opment of AD (Bettens et al., 2009). It sounds reasonable, because
miRNAs in general induce translational inhibition without requiring
the perfect match of binding sequences in target mRNASs. It is worthy
to note that a neuron-specific microRNA miR-124, downregulated in
the anterior temporal cortex of AD brains, targets polypyrimidine
tract binding protein 1 (PTBP1), a global repressor of alternative
pre-mRNA splicing (Smith et al,, 2011). Upregulation of PTBP1 in-
duces the inclusion of APP exons 7 and 8, suggesting a novel role of
miRNAs in neuronal splicing regulation of APP.

By gRT-PCR and luciferase reporter assay, we found that miR-29a,
whose levels are decreased in the frontal cortex of AD brains, targets
neuron navigator 3 (NAV3) (Shioya et al,, 2010). NAV3 immunoreactiv-
ity was greatly enhanced in NFT-bearing pyramidal neurons in the cere-
bral cortex of AD brains. Although the precise biological function of the
human NAV3 protein remains unknown, the Caenorhabditis elegans ho-
molog regulates axon guidance (Maes et al., 2002), suggesting that
our findings reflect a neuronal compensatory response against NFT-
generating neurodegenerative events. The conditional deletion of
Dicer, a master regulator of miRNA processing, induces neurodegenera-
tion accompanied by hyperphosphorylation of tau in the adult mouse
forebrain and the hippocampus (Hébert et al., 2010). They identified ex-
tracellular signal-regulated kinase 1 (ERK1) regulated by the miR-15
family as a candidate kinase responsible for tau phosphorylation. The
levels of miR-15a are substantially reduced in AD brains.

By qRT-PCR, a previous study characterized miRNA expression pro-
files of the brain and cerebrospinal fluid (CSF) samples isolated from
AD patients and non-demented controls (Cogswell et al., 2008).
Among a panel of miRNAs either upregulated or downregulated in the
hippocampus, the medial frontal cortex, and the cerebellum of AD pa-
tients, they identified a close relationship between upregulated miRNAs
and metabolic pathways, including insulin signaling, glycolysis, and
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glycogen metabolism. Furthermore, they found that the levels of all miR-
30 family members are elevated in CSF samples of AD patients. Because
circulating miRNAs in the plasma serve as a biomarker for diagnosis and
prediction of prognosis of human cancers (Mitchell et al., 2008), the
identification of AD-specific miRNAs in the serum and the CSF would
be a worthwhile project in the future.

By combining microarray-based miRNA expression profiling and
genome-wide transcriptome analysis of the brains of AD patients and
age-matched controls, a recent study showed that the levels of several
miRNAs are not only negatively but also positively correlated with
those of potential target mRNAs (Nunez-Iglesias et al,, 2010). The expres-
sion of miR-211 shows a negative correlation with mRNA levels of BACE1,
RAB43, LMNA, MAP2K7, and TADA2L, whereas the expression of mir-
44691 exhibits a positive correlation with mRNA levels of CYRG1, CASR,
POU3F2, GGPR68, DPF3, STK38, and BCL212 in AD brains. Although a pre-
vious study showed that certain miRNAs exceptionally activate transcrip-
tion and translation of targets (Vasudevan et al, 2007), the direct
interaction between mir-44691 and their targets requires further investi-
gation and validation.

Thus, different studies identified aberrant expression of distinct
miRNAs in AD brains, This variability is mostly attributable to dis-
ease-specific and nonspecific interindividual differences, including
differences in age, sex, genetic background, the brain region, the
pathological stage, and the postmortem interval (PMI), because
most studies include fairy limited numbers of patients' samples and
controls, which are often complicated by variable confounding factors
(Table 1). Importantly, distinct populations of neurons in different ce-
rebral cortical layers express a discrete set of miRNAs in the human
transentorhinal cortex (Nelson et al., 2010).

MicroRNA target networks suggest the involvement of
deregulation of cell cycle progression in AD pathogenesis

Because a single miRNA concurrently downregulates hundreds of
target mRNAS, the set of miRNA target genes coregulated by an individ-
ual miRNA generally constitutes the biologically integrated network of
functionally associated molecules (Hsu et al., 2008; Satoh and Tabunoki,
2011). Even small changes in the expression level of a single miRNA
could affect a wide range of signaling pathways involved in diverse bio-
logical functions. From this point of view, the characterization of a global
picture of miRNA target networks would promote us to understand
miRNA-mediated molecular mechanisms underlying AD.

To identify biologically relevant molecular networks from the large-
scale data, we could analyze them by using a battery of pathway analysis
tools of bioinformatics endowed with comprehensive knowledgebase,
such as Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa
et al, 2010; www.kegg.jp), Ingenuity Pathways Analysis (IPA) (Ingenu-
ity Systems; www.ingenuity.com), and KeyMolnet (Institute of Medici-
nal Molecular Design; www.immad.cojp). KEGG is a public database,
while both IPA and KeyMolnet are commercial ones. KEGG includes
manually curated reference pathways that cover a wide range of meta-
bolic, genetic, environmental, and cellular processes, and human dis-
eases. Currently, KEGG contains 134,511 distinct pathways generated
from 391 reference pathways.

[PA is a knowledgebase that contains approximately 2,270,000 biolog-
ical and chemical interactions and functional annotations with definite
scientific evidence, curated by expert biologists. By uploading the list of
Gene IDs and expression values, the network-generation algorithm iden-
tifies focused genes integrated in a global molecular network. IPA calcu-
lates the score p-value that reflects the statistical significance of
association between the genes and the networks by the Fisher's exact test.

KeyMolnet contains knowledge-based contents on 131,000 rela-
tionships among human genes and proteins, small molecules, diseases,

‘pathways and drugs, curated by expert biologists (Satoh et al,, 2009).
They are categorized into the core contents collected from selected re-
view articles with the highest reliability or the secondary contents

Table 2
Gene ontology terms of target genes for miRNAs downregulated in AD brains.

Rank GO term The number  Bonferroni

of genes in  corrected
the term p-value

1 G0:0042127 — regulation of cell proliferation 126 3.37E-25

2 G0:0043067 ~ regulation of programmed 119 4.03E-20
cell death

3 G0:0010941 - regulation of cell death 119 5.55E-20

4 G0:0042981 - regulation of apoptosis 117 1.88E-19

5 GO:0043069 — negative regulation of 69 1.88E-16
programmed cell death

6 GO:0051094 — positive regulation 60 2.01E-16
of developmental process

7 G0:0060548 ~ negative regulation of cell death 69 2.20E-16

8 G0:0045597 — positive regulation of cell 54 2.80E-16
differentiation
G0:0043066 ~ negative regulation of apoptosis 68 3.75E-16

10 GO:0010604 — positive regulation of 114 1.00E-15
macromolecule metabolic process

11 G0O:0008284 — positive regulation of 73 2.13E-15
cell proliferation

12 G0O:0051726 — regulation of cell cycle 61 4.12E-13

13 GO:0012501 — programmed cell death 87 8.24E-13

14 GO0:0031328 ~ positive regulation of 93 1.24E-12
cellular biosynthetic process

15 GO:0006357 — regulation of transcription 96 247E-12
from RNA polymerase Il promoter

16 GO:0009891 — positive regulation of 93 3.71E-12
biosynthetic process

17 GO:0010033 — response to organic substance 95 4.53E-12

18 GO:0051174 — regulation of phosphorus 74 5.36E-12
metabolic process

19 G0:0019220 — regulation of phosphate 74 5.36E-12
metabolic process

20 GO0:0042325 — regulation of phosphorylation 72 7.00E-12

The fist of 852 target genes for the set of miRNAs downregulated in AD brains was
imported into the Functional Annotation tool of DAVID. The top 20 GO terms
showing a significant association with target genes are listed with rank, GO term, the
number of genes in the term, and p-value following Bonferroni correction.

Table 3
KEGG pathways of target genes for miRNAs downregulated in AD brains,

Rank KEGG pathway The number of Bonferroni

genes in the corrected

pathway p-value
1 hsa05200:Pathways in cancer 81 3.16E-21
2 hsa05220:Chronic myeloid leukemia 32 3.77E-14
3 hsa05212:Pancreatic cancer 30 7.55E-13
4 hsa05219:Bladder cancer 23 2.00E-12
5 hsa05215:Prostate cancer 32 9.63E-12
6 hsa05222:Small cell lung cancer 28 3.81E-09
7 hsa05210:Colorectal cancer 27 2.35E-08
8 hsa05223:Non-small cell lung cancer 21 9.28E-08
9 hsa05218:Melanoma 24 1.02E-07
10 hsa04110:Cell cycle 32 1.92E-07
1 hsa04510:Focal adhesion 42 2.35E-07
12 hsa04012:ErbB signaling pathway 26 3.12E-07
13 hsa05214:CGlioma 22 3.23E-07
14 hsa05213:Endometrial cancer 20 3.32E-07
15 hsa05211:Renal cell carcinoma 21 1.52E-05
16 hsa04115:p53 signaling pathway 20 4.75E-05
17 hsa05221:Acute myeloid leukemia 18 9.63E-05
18 hsa04010:MAPK signaling pathway 43 3.40E-04
19  hsa04914:Progesterone-mediated cocyte 21 5.61E-04

maturation

20 hsa04350:TGF-beta signaling pathway 21 6.79E-04

The list of 852 target genes for the set of miRNAs downregulated in AD brains was
imported into the Functional Annotation tool of DAVID. The top 20 KEGG pathways
showing a significant association with target genes are listed with rank, KEGG
pathway, the number of genes in the pathway, and p-value following Bonferroni
correction. The molecular pathway entitled “hsa04110:Cell cycle” (Rank 10) is
illustrated in Fig. 1.

— 106 —



442 J. Satoh [ Experimental Neurology 235 (2012) 436-446
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Fig. 1. Target genes for miRNAs downregulated in AD brains are located in the cell cycle pathway of KEGG. The list of 852 target genes for the set of miRNAs downregulated in AD
brains (Supplementary Table 1) was imported into the Functional Annotation tool of DAVID. Among the top 20 KEGG pathways showing a significant association with target genes,
the molecular pathway entitled “hsa04110:Cell cycle” (Rank 10 in Table 3) is illustrated. Target genes highlighted by pink are potentially upregulated in AD brains.

extracted from abstracts of PubMed and HPRD. By uploading the list of
Gene IDs, KeyMolnet automatically provides corresponding molecules
and a minimum set of intervening molecules as a node on networks.
The “neighboring” network-search algorithm selected one or more
molecules as starting points to generate the network of all kinds
of molecular interactions around starting molecules, including direct
activation/inactivation, transcriptional activation/repression, and the
complex formation within the designated number of paths from start-
ing points. The generated network was compared side by side with
443 human canonical pathways of the KeyMolnet library. The algorithm
counting the number of overlapping molecular relations between the
extracted network and the canonical pathway makes it possible to iden-
tify the canonical pathway showing the most significant contribution to
the extracted network. The significance in the similarity between both
is scored following the formula, where O = the number of overlapping
molecular relations between the extracted network and the canonical
pathway, V = the number of molecular relations located in the
extracted network, C = the number of molecular relations located in
the canonical pathway, T = the number of total molecular relations,
and the X = the sigma variable that defines coincidence.

Min(C;

Score = —log,(Score(p)) Score(p) = ZV) f(x) f(x)
x=0

= G 1-cCx/1Cv-

In the present study, we attempted to characterize the networks
of target genes for a battery of miRNAs aberrantly expressed in AD
brains. For this purpose, we have focused on the currently available
most comprehensive dataset of miRNA expression profiling of AD
brains (Wang et al., 2011) (Table 1). This includes expression profiles
of miRNAs isolated separately from the gray matter and the white
matter of the superior and middle temporal cerebral cortex. All sam-
ples were taken within 4 h at PMI and processed for the rigid control
of RNA quality. The samples were derived from control subjects with
no AD pathology and the patients with the early AD pathology, eval-
uated by the density of diffuse plaques, neuritic plaques, and NFTs.
Hierarchical clustering of expression profiles categorized AD-relevant
171 miRNAs into five groups tentatively named A to E, presenting
with similar expression patterns within the group, either upregulated
or downregulated in the gray matter or in the white matter of AD
brains (Wang et al,, 2011) (Table 1). Because the white matter is
enriched in neuronal axons in which certain miRNAs are transported
(Schratt et al., 2006), the white matter-enriched fraction does not ex-
clude the inclusion of neuron-specific miRNAs. For simplicity, we
combined the data of the white matter and the gray matter fractions,
and separated them into two categories, such as the set of upregu-
lated miRNAs consisting of groups A and B and the set of downregu-
lated miRNAs consisting of groups C, D, and E.

Recently, various bioinformatics programs armed with distinct
algorithms have been established for the in silico prediction of miRNA
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IPA functional networks of target genes for miRNAs downregulated in AD brains.

443

Rank

IPA functional network

Molecules in the network

Fisher's test
p-value

10

Cancer, dermatological diseases and conditions, cellular
growth and proliferation

Organ development, cellular development, nervous system
development and function

Gene expression, cell cycle, DNA replication, recombination,
and repair

Cell cycle, connective tissue development and function,
cellular growth and proliferation

Lipid metabolism, molecular transport, small molecule
biochemistry

Lipid metabolism, small molecule biochemistry,
cell signaling

Cell cycle, cell death, cancer

Cell-to-cell signaling and interaction, cellular growth and
proliferation, connective tissue development and function

Cellular growth and proliferation, tumor morphology,
cellular development

Cell death, cellular growth and proliferation, connective
tissue development and function

Ap1, BCL2, CAV1, CEBPA, CEPG3, COMMDY, CTGF, ETS1, FGF2, GLIT, HRAS,
Ige, JUN, KRAS, NFKB1, NIPAL2, Nos, OSBPLS, P38 MAPK, PAPSS2, PLAG1,
PTGFRN, PTGS2, PXDN, SERBP1, SIGMAR1, SOX9, SP1, SP3, SPP1, SQSTM1,
VDR, VEGFA, VIM, WT1

ACTR8, ACVR1, ACVR1B, ADSS, Alp, ANKRD27, BMP, BMP7, BMPRZ, BMPR1B,
COL1A2, CSHL1, CTDSP1, CTDSP2, DLL1, GSK3B, HES1, ID2, 1D3, IGF2BP1,
KLF4, MIR24 (human), Notch, NOTCH1, NOTCH2, Pro-inflammatory
Cytokine, RAB21, Smad, SMAD1, SMADS, SOX2, TGFBR1, TGFBR2,

UHMK1, ZBED3

ASXL2, BMI1, BTG2, CBX7, CDCA4, CDK2-Cyelink, DHFR,

DNA (cytosine-5-)-methyltransferase, DNMT1, DNMT3A, DNMT3E, E2F2,
E2F3, E2F5, E2F6, ERK, EZH2, Gap, HELLS, JARID2, MIR101, MIR1258
(human), MIR26A (human), MYT1, PHB, PHF19, RING1, SGPL1, SNAI2,
SPRED1, TDG, Thymidine Kinase, TYMS, UHRF1, ZNF238

ARID4B, ARL2, AURKB, BRCA1, CA12, CCDCY9, CONT2, CDCA7L, CDKNZA,
DKK1, DRAM1, E2F1, Ep300/Pcal, ERH, EYA4, FAM3C, GTF2H1,

Histone h4, Holo RNA polymerase 1I, P-TEFb, PERP, PRMTS5, Rb,

RNA polymerase Ii, RPA, RRPS, SIRT1, TAFOB, TARBP1, TMED2, TMED7,
TMED10, TMEMA43, TP53, TP53INP1

26s Proteasome, Alpha tubulin, ARIH2, ATXN1, CDC34, CDKAL1, FADS2,
HARS, HMG CoA synthase, Ikb, IKK (complex), LASS2, MAN2A1, MAPK1IP1L,
MDM4, NOVA1, ODZ2, PECI, PFK, PTEN, RAD23B, SLC25A1, SLC25A22,
SNCA, SOX4, SRSF10, TUBB6, UBE2, Ube3, UBE2I, UBE2Q1, UBE2S, UBE2V1,
Ubiquitin, UGP2

ACAA2, acetyl-CoA C-acyltransferase, ANXAS/ANXASLI, Arginase, BACET,

BNIP3L, CASP6, CASP3/6/7, Cytokeratin, Fgfr, FMOD, FNDC3B, HADH, HADHB,

Hspg, IMPDH1, Lamin, LMNB1, MBNL2, Mediator, Mhc class ii, MPHOSPH9,
MTRR, NAT6, NUCB1, PGRMC1, PGRMC2, PNP, RBMS1, RPS7, SLC35A1,
Tenascin, TGFB1, UGDH, VPS39

ABHDS5, ADIPOR2, AP2A1, APC, APP, CDKN1A, CLDND1, ELMOD2, EP300,
ERBB2, GLCCI1, Hemoglobin, HIF1A, HISTONE, Histone h3, HNRNPK, IL1,
Insulin, LAMB3, LRRC8C, MAN1A1, MYC, Ndpk, NR3C1, PPARA, PPARG,
RAB34, RADS1C, RB1, RELA, ROCK2, SLC38A1, SLC7AT1, TNFRSF21, UTP15
ATP2A2, BRAP, CCND1, CCND2, CCND3, CDCA7, CENPJ, CTNNBIP1,

Cyclin D1/cdk4, EIF4A, EIF4A1, EIFAE, Eifdebp, EIF4EBP1, Eif4g, Gm-csf,
IDH1, IGF2, IGF2R, JAK2, KAT2B, LIF, MTPN, NR4A2, p70 S6k,

Pdgf (complex), PDGF BB, PMS1, SKAP2, STAT, STAT5A, STAT5a/b,
TGFB3, TUSC2, UAP1

Adaptor protein 1, AFF1, APIM2, Camk, CAMK2G, Creb, CREB1, DNAJ,
DNAJB4, DNAJB11, DNAJC1, DNAJC27, Gi-coupled receptor,

Glutathione peroxidase, GSTM4, Hdac, HDAC4, HLA-G, HOXA11,

HSP, Hsp70, Hsp90, Hsp22/Hsp40/Hsp90, HSPOOB1, HSPATA/HSPA1B,
HSPB6, INO8OC, MHC Class Ii (complex), MLL, MLLT1, OPRM1, PDHAZ2,
SLC16A1, SOD2, TFRC

BIRC3, CASP3, CASP7, Caspase, CCL2, CCL4, CD8, CDC6, CHEMOKINE,
COX4l1, DFF, DFFA, DFFB, DR4/5, DUB, HERCB, Hsp27, IFIT5, Ifn gamma,
IL~1R, IL1RN, Interferon alpha, LDL, MCL1, NAIP, NEDD4, PANX1, PDCDGIP,
PLSCR3, RFFL, TNFRSF10B, TNFSF10, USP18, USP48, USP49

1.00E-43

1.00E-38

1.00E-34

1.00E-33

1.00E-31

1.00E-30

1.00E-30

1.00E-29

1.00E-26

1.00E-26

The list of 852 target genes for the set of miRNAs downregulated in AD brains was uploaded into IPA. The top 10 functional networks showing a significant association with target
genes are listed with rank, IPA functional network, molecules in the network, and p-value by the Fisher's Exact test. The molecular network entitled “Cell cycle, connective tissue
development and function, cellular growth and proliferation” (Rank 4) is illustrated in Fig. 2.

target genes, such as TargetScan 5.1 (www.targetscan.org), PicTar
(pictar.mdc-berlin.de), miRanda (www.microrna.org), MicroCosm
(www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5), and Diana-
microT 3.0 (diana.cslab.ece.ntua.gr/microT). However, the miRNA target
prediction by these programs is often hampered by detection of numer-
ous false positive targets. To avoid this problem, we explored the targets
for AD-relevant 171 miRNAs of Wang's dataset by using the miRTarBase
(mirtarbase.mbc.nctu.edu.tw), the recently established largest collection
of more than 3500 manually curated miRNA-target interactions from
985 articles, all of which are experimentally validated by luciferase re-
porter assay, western blot, gRT-PCR, microarray experiments with over-
expression or knockdown of miRNAs, or pulsed stable isotope labeling
with amino acids in culture (pSILAC) experiments (Hsu et al., 2011)
(Supplementary Tables 1 and 2).

Although experimentally validated targets represent a source of
reliable candidates, it is worthless when they are not expressed in
the human brain. Therefore, we verified the expression of target

genes in the human brain at mRNA levels by analyzing them on Uni-
Gene (www.ncbi.nlm.nih.gov/unigene), an organized view of the
transcriptome that semi-quantitatively exhibits the expression se-
quence tag (EST) profile as the number of transcripts per million
(TPM). After omitting the genes undetectable in the human brain,
we identified 852 non-redundant target genes for the set of miRNAs
downregulated in AD brains (Supplementary Table 1). We also
found 39 non-redundant target genes for the set of miRNAs upregu-
lated in AD brains (Supplementary Table 2). Since the former greatly
outnumbered the latter, thereafter, we have focused on molecular
networks of 852 theoretically upregulated targets for the set of down-
regulated miRNAs in AD brains.

Next, we investigated molecular networks of 852 genes by search-
ing them on the Database for Annotation, Visualization and Integrat-
ed Discovery (DAVID) (david.abcc.ncifcrf.gov), which automatically
outputs the results from KEGG pathway analysis (Huang et al.,
2009). When Entrez Gene IDs of 852 genes were imported into the
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Fig. 2. Target genes for miRNAs downregulated in AD brains are located in the cell cycle-related network of IPA. The list of 852 target genes for the set of miRNAs downregulated in
AD brains (Supplementary Table 1) was imported into IPA. Among the top 10 functional networks showing a significant association with target genes, the molecular network en-
titled “Cell cycle, connective tissue development and function, cellular growth and proliferation” (Rank 4 in Table 4) is illustrated. Target genes highlighted by red are potentially

upregulated in AD brains.

Functional Annotation tool of DAVID, it identified a statistically signif-
icant association of the genes with several functional annotation cat-
egories (Table 2) and KEGG pathways (Table 3). The set of 852 genes
showed a significant association with gene ontology (GO) terms re-
lated to regulation of cell proliferation, cell death, apoptosis, and
cell cycle (Table 2). They also constructed KEGG pathways related to
various types of cancers, cell cycle, focal adhesion, and signaling path-
ways of ErbB, p53, MAPK and TGF-beta (Table 3). Collectively, we con-
cluded that a battery of cell cycle regulators, including cyclins, cyclin-
dependent kinases (CDKs), cyclin-dependent kinase inhibitors
(CDKIs), retinoblastoma protein (Rb), E2F family proteins, and p53, are
highly enriched in both GO terms and KEGG pathways (Fig. 1).

Then, we validated the crucial involvement of cell cycle pathway
in the molecular network of 852 target genes by uploading them
into IPA and KeyMolnet. IPA suggested that these genes show a signif-
icant association with functional networks of cancer, cell growth, pro-
liferation, development, and death, and cell cycle (Table 4). Again,
major members of cell cycle regulators, including Rb, E2F1, and p53,
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are clustered in these networks (Fig. 2). KeyMolnet, based on the
neighboring network-search algorithm, extracted a highly complex
network composed of 3428 molecules and 6837 molecular relations,
exhibiting a significant association with transcriptional regulation
by a battery of transcription factors, such as Rb/E2F, cAMP responsive
element binding protein (CREB), glucocorticoid receptor (GR), vita-
min D receptor (VDR), NF-«B, hypoxia inducible factor (HIF), p53,
and AP-1 (Fig. 3) (Table 5). Although the molecular pathways
and networks illustrated by three different programs KEGG, IPA, and
KeyMolnet armed with distinct computational algorithms do not per-
fectly merge each other, all the results supported the working hy-
pothesis that the set of miRNAs downregulated in AD brains induces
abnormal regulation of cell cycle progression via synchronous upre-
gulation of multiple cell cycle regulators.

The cell cycle progression is positively and negatively regulated by
the complex checkpoint mechanism. Increasing evidence convincing-
ly shows aberrant expression of cell cycle regulators in the hippocam-
pus, the basal forebrain, and the cerebral cortex of AD brains. They
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Fig. 3. KeyMolnet illustrates the highly complex molecular network of target genes for miRNAs downregulated in AD brains, The list of 852 target genes for the set of miRNAs down-
regulated in AD brains (Supplementary Table 1) was imported into KeyMolnet. The highly complex molecular network extracted by the neighboring network-search algorithm,
composed of 3428 molecules and 6837 molecular relations, suggested the most significant relationship with the canonical pathway entitled “Transcriptional regulation by
Rb/E2F" (Rank 1, Table 5). Target genes highlighted by red are potentially upregulated in AD brains.

include cyclins A, B, D, and E, along with CDKs and CDKIs of both the
Cip/Kip and Ink4 families (Busser et al,, 1998; McShea et al., 1997;
Yang et al., 2003). The abnormal reentry into the cell cycle is an
early event in neurons of AD brains stimulated by oxidative stress,
which precedes AP deposition and NFT formation, and is potentially
deleterious for terminally differentiated neurons, serving as a direct
cause of neuronal apoptosis and degeneration (Bonda et al., 2010).
The hypophosphorylated Rb protein interacts with the E2F family
transcription factors E2F1, E2F2, and E2F3, and activates the expres-
sion of the genes pivotal for cell cycle progression, whereas the Rb
protein, hyperphosphorylated by cyclin D1-CDK4 and cyclin E1-

Table 5
KeyMolnet pathways of target genes for miRNAs downregulated in AD brains.

Rank KeyMolnet pathway Score Score p-value
1 Transcriptional regulation by Rb/E2F 882.46 2.25E-266
2 Transcriptional regulation by CREB 688.612 5.10E-208
3 Integrin family 630.668 1.41E-190
4 Transcriptional regulation by GR 508.344 9.40E-154
5 Transcriptional regulation by VDR 497.189 2.14E-150
6 Transcriptional regulation by NF-kB 495.71 5.98E-150
7 Transcriptional regulation by HIF 488.203 1,.09E-147
8 TGF-beta family signaling pathway 387.147 2.87E-117
9 Transcriptional regulation by p53 386.348 4.98E-117
10 Transcriptional regulation by AP-1 367.719 2.02E-111

The list of 852 target genes for the set of miRNAs downregulated in AD brains was
uploaded into KeyMolnet. It extracted a highly complex network composed of 3428
molecules and 6837 molecular relations, as illustrated in Fig. 3. The top 10
KeyMolnet pathways showing a significant association with target genes are listed
with rank, KeyMolnet pathway, score, and p-value of the score. Abbreviations: Rb,
retinoblastoma; CREB, cAMP responsive element binding protein; GR, glucocorticoid
receptor; VDR, vitamin D receptor; NF-kB, nuclear factor kappa B; and HIF, hypoxia
inducible factor.

CDK2 complexes, releases E2Fs, and represses the expression of cell
cycle genes (Swiss and Casaccia, 2010). Thus, the Rb/E2F pathway
constitutes a molecular switch deciding either progression or arrest
of the cell cycle. We found that RB1 is an experimentally validated
target for miR-23b, 26a, 106a, 106b, 124a and 335, while E2F1 is a tar-
get for miR-17, 20a, 21, 23b, 93, 98, 106a, 106b, 223 and 330, E2F2 for
miR-21, 24 and 98, and E2F3 for miR-34a, 34c and 195 (Supplemen-
tary Table 3). Thus, it is evident that E2F1 serves as one of hub mole-
cules that play a central role in the cell cycle pathway. All of these
miRNAs are downregulated in AD brains in the dataset of Wang et
al. (Table 1), suggesting the logical hypothesis that the levels of ex-
pression of Rb and E2F proteins are abnormally elevated in AD brains
(Figs. 1 and 2). Most importantly, aberrant expression of Rb protein
and E2F1 is actually identified in neurons and glia cells in the frontal
cortex of AD brains, where the Rb protein is hyperphosphorylated
(Ranganathan et al., 2001).

In conclusion, we identified 852 experimentally validated target
genes for the set of miRNAs downregulated in AD brains by searching
them on the miRTarBase and UniGene. The molecular network analy-
sis of 852 target genes by using three distinct pathway analysis tools
of bioinformatics KEGG, IPA, and KeyMolnet proposed the system bi-
ological view that aberrant expression of cell cycle regulators might
serve as a direct cause of neurodegeneration in AD brains.

Supplementary materials related to this article can be found online
at doi:10.1016/j.expneurol.2011.09.003.
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Introduction

Neuromyelitis optica (NMO) is a rare inflammatory disease
primarily affecting the optic nerve and spinal cord, with
relatively sparing brain white matter [1]. NMO exhibits a
relapsing-remitting course reminiscent of multiple sclerosis
(MS) and was previously thought to be a variant of MS.
However, NMO is now considered to have a unique
pathogenesis characterized by the elevation of autoantibodies
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against aquaporin 4 (AQP4) [2,3]. NMO is more often
accompanied by the elevation of serum autoantibodies
including anti-nuclear, anti-SSA, and anti-SSB antibodies than
MS. Notably, the relapses of NMO are not prevented but rather
triggered by disease-modifying agents prescribed for MS,
including interferon-betaf4,5]. Recent studies have indicated
that primary autoimmune targets in NMO can be astrocytes,
which abundantly express AQP4 in the end foot processes
[6-8]. Consistently, inflammatory lesions of NMO are
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surrounded by deposits of antibodies and complement that are
associated with necrotic astrocytes, whereas AQP4 expression
in astrocytes is downregulated in the early stage of NMO [6,7].
Moreover, large amounts of glial fibrillary acidic protein (GFAP)
can be detected in the cerebrospinal fluid (CSF) of NMO
patients during relapse [8]. Experimentally, systemic injection
of large quantities of anti-AQP4 autoantibodies (AQP4Ab) from
patients’ sera exacerbated inflammatory pathology as well as
clinical signs of experimental autoimmune encephalomyelitis in
rats [9,10]. In this model of central nervous system (CNS)
autoimmunity, the blood-brain barrier (BBB) integrity is
disrupted following T-cell-mediated inflammation. In addition,
similar astrocyte pathology was evoked in mouse brain by
directly injecting AQP4Ab with human complement [11].
However, in human NMO, it remains unclear whether sufficient
quantities of AQP4Ab may enter the CNS from the periphery so
that they can cause the astrocyte pathology. This leaves room
for a significant role of local production of AQP4Ab in the
pathogenesis of NMO.

Recently, we reported that plasmablasts (PBs), bearing a
phenotype of CD19"CD27M"CD38""CD180-, are B-cells
selectively increased in the peripheral blood of NMO,
compared with control subjects [12]. A significant increase in
PBs was observed during remission of NMO, but the increase
was more remarkable during relapse in individual patients.
Moreover, we identified the PBs as AQP4-Ab—producers in the
peripheral blood of NMO. In principle, pathogen-activated B-
cells migrate to lymphoid organs, and differentiate into PBs or
memory B-cells (mB) within a germinal center. Some PBs
move to the bone marrow and give rise to long-lived plasma
cells, which contribute to maintaining the levels of serum
antibodies against pathogens. The other PBs would die after
undergoing apoptosis, or survive in lymphoid or non-lymphoid
tissues in the inflammatory milieus [13]. However, the fate of
the circulating PBs in the peripheral blood of NMO remains
unclear.

The CSF of NMO patients reportedly contains much lower
titers of AQP4-Ab than their peripheral blood [14], which is also
supported by our unpublished results. On the other hand,
cytokines preferring B-cell activation and survival, such as
interleukin (IL)-6 or B-cell activating factor (BAFF), are elevated
in the CSF of NMO patients [15,16]. Thus, low titers of AQP4-
Ab in the CSF would not exclude the possibility of intrathecal
AQP4-Ab production, but could reflect its deposition in
inflammatory lesions. In this respect, the presence of AQP4-
Ab-producing B-cells in the CSF was demonstrated in a patient
with NMO [10], although the origin and identity of the cells were
not fully characterized.

Here, we report that CSF lymphocytes obtained during the
relapse of NMO are enriched in a subpopulation of PBs
expressing CD138 and human leukocyte antigen (HLA)-DR
(CD138*HLA-DR* PB). These cells correspond to recently
activated PBs, and also increase in the peripheral blood of
patients with NMO during relapse. We found that during the
relapse, the activated PB cells in the peripheral blood
selectively upregulated CXCR3, a receptor for CXCL10
(interferon gamma-induced protein 10, IP-10) elevated in the
CSF of NMO [17]. In contrast, PB expression of CXCR4, a
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receptor for bone marrow trafficking, was not altered during
relapse. In parallel, we examined PB phenotypes in recently
vaccinated healthy subjects. In these subjects, activated PBs
increased significantly in number but did not upregulate either
CXCR3 or CXCR4. These results led us to suspect that the
upregulation of CXCRS3 during the relapse of NMO might confer
the PBs the ability to migrate to the CNS. Moreover, single-cell
analysis of the antibodies variable region sequences revealed
that the same complementarity-determining region (CDR)
sequences in the y chains were detected in PB clones derived
from peripheral biood and from CSF. These results indicate
that the CXCR3*-activated PBs in the peripheral blood
preferentially migrate to the CSF during the relapse of NMO
and take part in the formation of the inflammatory pathology.

Materials and Methods

Ethics Statement

Informed consent was obtained from all participants after the
nature and possible consequences of the studies were
explained. The study was approved by the Ethics Committee of
the each participated Institute or University; Ethics Committee
of National Center of Neurology and Psychiatry, Ethics
Committee for Medical Science of Kobe Graduate School of
Medicine, Ethics Committee for Medical Research of
Yokohama City University, and Ethics Committee of Juntendo
University Hospital. Participants provided their written informed
consent to participate in this study.

Patients and Controls

A cohort of 20 AQP4-Ab-seropositive patients was recruited
at the National Center of Neurology and Psychiatry (NCNP)
Hospital, Juntendo University Hospital, Yokohama City
University Hospital, and Kobe University Hospital. Each patient
either met the revised NMO diagnostic criteria [18] or was
diagnosed with NMO spectrum disorder (NMOSD) [3]. Serum
AQP4-Ab levels were measured with a previously reported cell-
based assay using AQP4 transfectants, provided by courtesy
of Dr. Kazuo Fujihara at Tohoku University [14]. Eight age-
matched patients with MS were enrolled as controls. All MS
patients fulfilled the McDonald diagnostic criteria [19]. Clinical
demographics of the patients are summarized in Table 1.

None of the seropositive patients or patients with MS had
received intravenous (i.v.) corticosteroids, plasma exchange, or
i.v. immunoglobulins for at least one month before blood or
CSF sampling. Peripheral blood samples with or without CSF
samples were obtained from seven seropositive NMO patients
during relapse before they received intensive therapy such as
i.v. corticosteroids. There were no significant differences
among the NMO patients who provided samples during relapse
or during remission, with regard to age, sex, disease duration,
2-year-relapse rate, expanded disability status scale (EDSS),
and secondary prevention therapy. Peripheral blood was also
taken from six healthy subjects before and one week after
annual influenza vaccinations in 2010 to compare their PB cell
phenotypes with those from NMO patients.
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Table 1. The clinical profiles of patients with neuromyelitis
optica (NMO)YNMO NMO spectrum disorder (NMOSD) and
multiple sclerosis (MS).

Patient NMO/NMOSD MS

8.1+£20 9.9+ 3.7

Disease duration

EDSS" score in disease remission 33+0.5 4.1%1.0
The values are expressed as the numbers or means # standard error of the mean
(SEM)

* Expanded disability status scale

doi: 10.1371/journal.pone.0083036.1001

Flow Cytometry Analysis and Cell Sorting

Peripheral blood mononuclear cells (PBMCs) were
separated using density centrifugation on Ficoll-Paque PLUS
(GE Healthcare Biosciences). CSF cells were directly stained
for surface markers after centrifugation. FACSCanto Il and
FACSCalibur flow cytometers (BD Biosciences) were used for
cell analysis along with the FACSAria Il (BD Biosciences) cell
sorter. We prepared samples with the same concentration of
staining antibody and same fluorescence-activated cell sorting
(FACS) setting (i.e., background autofluorescence control was
set at the same levels and setting compensation was
performed for each experiment using single-stained cells as
compensation controls). The following monoclonal antibodies
(mAbs) were used for flow cytometry analysis and cell sorting:
anti-CD19 conjugated with electron-coupled dye (ECD), anit-
CD38 conjugated with FITC, anti-HLA-DR conjugated with
fluorescein isothiocyanate (FITC), anti-CD3 conjugated with
FITC, and anti-CD138 conjugated with phycoerythrin (PE;
Beckman Coulter); anti-CD38 conjugated with peridinin
chlorophyll-protein  complex (PerCP)-Cy5.5, anti-CD138
conjugated with PerCP-Cy5.5, anti-CD27 conjugated with
Pacific Blue, anti-CXCRS3 conjugated with PerCP-Cy5.5, anti-
CXCR4 conjugated with biotin or with PE-Cy7-streptavidin
(BioLegend); anti-CD19 conjugated with allophycocyanin
(APC)-Cy7, anti-CD27 conjugated with PE-Cy7, anti-CD180
conjugated with PE, and anti-lgG conjugated with FITC (BD
Biosciences); anti-CCR10 conjugated with APC; and anti-
CXCR3 conjugated with FITC (R&D systems)

Sequencing Analysis of Inmunoglobulin Gene Variable
Regions

Since IgA-secreting PBs reportedly express CCR10 [20], we
sorted CCR10-PB cells
0 CD3-CD19™CD27"MehCD38M"CD180-CCR 10 [to obtain 1gG-
secreting PB cells. These PB cells were single-cell sorted into
96-well polymerase chain reaction (PCR) plates containing
RNase inhibitor (Promega). We determined the variable region
sequences of immunoglobulin genes in the sorted PBs
according to a previously described protocol with some minor
modifications [21]. Briefly, cDNA fragments of the variable
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regions of heavy chain (V,,) and light chain (Vi) in each
sorted cell were amplified by reverse transcription (RT)-PCR.
High-fidelity Taq polymerase (Takara Bio) was used to avoid
incorrect amplification. The reactions were followed by nested
PCR using primer cocktails [21]. V gamma and V kappa cDNA
fragments obtained from the first patient were cloned into
pMD20-T vectors using Mighty TA-cloning reagents (Takara
Bio). More than two clones derived from each single-cell sorted
were sequenced to confirm the uniformity of the single PB
sorting. Moreover, cDNA fragments of the V gamma genes
obtained from another patient were directly sequenced using
nested primer sets.

Data Analysis

Flow cytometry data were analyzed using the FlowJo
software (Tomy Digital Biology). Statistical analysis was
performed using Prism (GraphPad Software). In addition,
Wilcoxon signed rank test, Mann-Whitney U test, or one-way
analysis of variance (ANOVA) post-hoc test was used when
appropriate.

Results

Predominance of PBs in CSF from NMO during relapse

We previously showed a significant increase of PB
(CD19CD27M"CD38MhCD180) in the peripheral blood of
NMO patients [12]. However, it remained unclear whether the
PBs were also present in the CSF of NMO patients. In an
extension study, we analyzed pairs of CSF and peripheral
blood from NMO and MS patients. These samples were
obtained during disease relapse. We have confirmed that
CD27* cells among CD19* B-cells are more frequently found in
the CSF (approximately 70%) than in the blood (30%) not only
in MS but also in NMO (Figure 1A and Figure S1). CD27 is a
marker for mB carrying somatically mutated variable region
genes [22]. More interestingly, the proportions of the PB cells
were increased in the CSF lymphocytes from NMO compared
to those from MS. In contrast, the proportions of mB
(CD27+*CD38Pw-mdCD180* cells) tended to decrease
reciprocally, even though it was not statistically significant
(Figure 1B). The proportions of the CD19* B-cells and
CD19*CD27* B-cells among the PBMC and CSF were not
different between NMO and MS patients (Figure $2). However,
the frequency of PB cells among CD19* B-cells increased
significantly in the peripheral blood and CSF of NMO patients
compared to that of MS patients (Figure S3). An additional
study on three NMO patients during remission did not reveal
the presence of PBs in the CSF, despite the presence of mB.
Therefore, we speculated that the PB cells in the CSF might
play an active role during the relapse of NMO.

PB cells infiltrating CNS are CD138*HLA-DR*

We asked whether a particular PB subset might exhibit more
drastic changes than the whole PB cells. Then, we analyzed
the phenotypes of PB subpopulations in the peripheral blood,
using antibodies against CD138 and HLA-DR. We showed
previously that some PBs in NMO would express the plasma
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