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Pro(—) and Pro(+) samples for each subject, and the
guantity difference was also obtained by subtracting
the 16S read number of the Pro(+) samples from
that of the Pro(—) samples. This is because OTUs
showing a high quantity difference, but less fold
change may also have substantial influence on gut
microbiota composition. We found several OTUs sig-
nificantly changed by probiotic administration, includ-
ing OTUs assigned to both the indigenous and
administrated strains (Fig. 5). We listed 88 OTUs
(7.5% of all analysed 1175 OTUs) showing significant
change of >3-fold, among which 30 OTUs changed
by >10-fold (Supplementary Fig. S5). We excluded 6
OTUs assigned to the administrated strains from the
30 OTUs and obtained 24 OTUs assigned to the indi-
genous species, including OTU00072 assigned to
Streptococcus  salivarius that showed significant
change in 2 subjects (Supplementary Table S9). We
also found seven OTUs showing significant difference
in quantity between both samples (Supplementary
Table S10). Of the combined 32 OTUs (2.7%), 18
were increased and 14 were decreased by probiotic ad-
ministration. Many of the OTUs showing a significant
increase were assigned to minority species in the
Pro(—) samples, but some increased up to nearly 7%
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Eubacterium rectale). On the other hand, the OTUs
showing a significant decrease were almost undetected
in the Pro(+) samples. Phylum-level species
assignment showed that species belonging to the
phylum Firmicutes were most largely affected by both
probiotics, and all species belonging to the phylum
Bacteroidetes were affected only by Lactobacillus
probiotics (Table 1). The 32 OTUs were assigned to
27 indigenous species, among which 4 species
(Clostridium  clostridioforme, Eubacterium  eligens,
E. rectale, and Faecalibacterium prausnitzii) were
assigned by 8 different OTUs and 1 species (S. salivarius)
was assigned by the 2 same OTUs as described above.
All these species except for S. salivarius were found to
show significant change only in one subject, indicating
that response of the indigenous species to probiotics is
highly individual specific (Supplementary Fig. S6).
Two different OTUs (OTU02677 and OTU027438)
assigned to F. prausnitzii, of which the reduction is
known to be correlated with inflammatory bowel
disease,”® were found to both decrease and increase
in the same subject (APr40) by probiotic administra-
tion, suggesting that these two phylogenetically close
species may have the diversity of response to probiotic
action. We also examined distribution of the 32 OTUs in

in abundance (eg. OTU00372 assigned to the subjects. The results revealed that 4 subjects
e 600

500
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400 -
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Figure 5. OTUs showing > 2-fold change and their difference in quantity between the Pro(—) and Pro(+) samples. The x-axis represents the

scale of fold change between the Pro(+) and Pro(—) samples. The y-axis represents the difference (number of reads) in quantity
between the Pro(+) and Pro(—) samples. Closed and open circles indicate the administrated probiotic and indigenous species,

respectively.
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Table 1. Phylum-level species assignment of OTUs showing significant fold change or quantity difference by administration of probiotics

Type of Change "Number of Fold change (>10-fold) Number of Difference (>150 reads)
probiotics varied OTUS girmicutes Actinobacteria Bacteroidetes Unclassified varied  firmicutes Bacteroidetes
bacterium TUs

Lactobacillus Increase 9 7 0 1 1 3 2 1
Decrease 7 3 1 3 0 1 1 0
Total 16 10 1 4 1 4 3 1

Bifidobacterium Increase 5 5 0 0 0 1 1 0
Decrease 4 4 0 0 0 2 2 0
Total 9 9 0 0 0 3 3 0

All Increase 14 12 0 1 1 4 3 1
Decrease 11 7 1 3 0 3 3 0
Total 25 19 1 4 1 7 6 1

dAdministrated probiotic strains were excluded, and only OTUs with a P-value < 0.05 are shown.

7

6

|
N

. B

o B
SIS TP IS LTS FEE

Figure 6. Distribution of 32 OTUs showing a significant change in 18 subjects. The y-axis indicates the number of OTUs showing significant
change between the Pro(~) and Pro(+) samples in each subject (see Supplementary Tables S9 and S10). Open and closed bars indicate

increased and decreased OTUs, respectively.

(APr11,20,22,and 37) did not have such OTUs and 8
subjects had only 1 OTU, whereas 4 subjects (APrO1,
02,31,and 39) had more than 4 OTUs showing signifi-
cant change (Fig. 6), suggesting their uneven distribu-
tion in the 18 subjects. These data imply existence of
the sensitive and less sensitive responders to probiotic
action and if so, it would be interesting to investigate
the relation between gut microbiota type and its re-
sponse to probiotics.

In summary, we analysed changes of the gut micro-
biota composition of healthy adults fed with probio-
tics using the 454 pyrosequencing platform with the
improved quantitative accuracy for evaluation of the
overall bacterial composition. The present study
using large datasets enabled us to more comprehen-
sively and precisely evaluate the effect of probiotics
on gut microbiota than the previous probiotic inter-
vention researches in which the analysis exclusively

focussed on only several limited bacterial species
using conventional methods. Our data further
support the high inter-subject variability and the
high intra-subject stability that is the current
common view for the feature of adult gut microbiota.
A recent study of gut microbiota in twins demon-
strated that probiotics had almost no effect on the
community structure, but affected the gene expres-
sion of microbiota.®? To more deeply understand
the potential function of probiotics, the analysis of
bacterial and host cell’s transcriptome and intestinal
metabolome is required.
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ChlIP-Seq; - : Background: The transcription factor nuclear factor-kappa B (NF-xB) acts as a central

GenomeJack; ' regulator of immune response, stress response, cell proliferation, and apoptosis. Aberrant

Molecular network; regulation of NF-xB function triggers development of cancers, metabolic diseases, and

Multiple sclerosis; autoimmune diseases. We attempted to characterize a global picture of the NF-kB target gene

?:;Jeii?:?t‘on : network relevant to the immunopathogenesis of multiple sclerosis (MS).

NF-«B T Methods: We identified the comprehensive set of 918 NF-xB p65 binding sites on protein-
coding genes from chromatin immunoprecipitation followed by deep sequencing (ChIP-Seq)
dataset of TNFa-stimulated human B lymphoblastoid cells. The molecular network was studied
by a battery of pathway analysis tools of bioinformatics.

Results: The Genomelack genome viewer showed that NF-xB p65 binding sites were
accumulated in promoter (35.5%) and intronic (54.9%) regions with an existence of the NF-xB
consensus sequence motif. A set of 52 genes (5.7%) corresponded to known NF-xB targets by
database search. KEGG, PANTHER, and Ingenuity Pathways Analysis (IPA) revealed that the
NF-xB p65 target gene network is linked to regulation of immune functions and oncogenesis,
including B cell receptor signaling, T cell activation pathway, Toll-like receptor signaling, and
apoptosis signaling, and molecular mechanisms of cancers. KeyMolnet indicated an involvement
of the complex crosstalk among core transcription factors in the NF-xB p65 target gene
network. Furthermore, the set of NF-xB p65 target genes included 10 genes among 98 MS risk
alleles and 49 molecules among 709 MS brain lesion-specific proteins.

Conclusions: These results suggest that aberrant regulation of NF-xB-mediated gene expres-
sion, by inducing dysfunction of diverse immune functions, is closely associated with
development and progression of MS.
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1. Introduction

The transcription factor nuclear factor-kappa B (NF-xB) acts
as a central regulator of innate and adaptive immune
response, stress response, cell proliferation, and apoptosis
(Barnes and Karin, 1997; Hayden et al., 2006). Deregulation
of NF-xB function triggers development of cancers, meta-
bolic diseases, and autoimmune diseases, such as multiple
sclerosis (MS) and rheumatoid arthritis (RA) (Yan and Greer,
2008; Gregersen et al., 2009). The NF-xB family proteins
consist of five members, such as RelA (p65), RelB, c-Rel, NF-
kB1 (p105), and NF-kB2 (p100) (Gilmore, 2006). The latter
two are proteolytically processed into p50 and p52, respec-
tively. All the members share the Rel homology domain
(RHD) acting for DNA binding and dimerization. The NF-xB
family proteins constitute either homodimers or heterodi-
mers, except for RelB that exclusively forms heterodimers.
The p50-RelA heterodimer represents a predominant NF-xB
dimer in various cell types. The NF-xB dimers interact with
specific DNA sequences named the xB site located on
promoters to activate or repress transcription of target
genes. Only p65 and c-Rel act as a potent transcriptional
activator, whereas p50 and p52 homodimers generally
repress transcription (Rothwarf and Karin, 1999). Optimal

induction of NF-xB target genes requires phosphorylation of

p65 within its transactivation domain in response to distinct
stimuli by various kinases (Viatour et al., 2005).

NF-kB activity is regulated tightly at multiple levels
(Viatour et al., 2005; Gilmore, 2006). In unstimulated cells,
NF-kB proteins exist in an inactive state, being sequestrated
in the cytoplasm via non-covalent interaction with the
inhibitor of NF-kB (IxB) proteins, such as IkBa, IkBp, IkBy,
and IkBe. Viral and bacterial products, cytokines, and oxida-
tive stress activate the specific kB kinase (IKK) complex,
composed of two catalytic kinase subunits called IKKo and
IKKB and a regulatory subunit called NF-xB essential mod-
ulator (NEMO). IkB proteins, when phosphorylated by the
IKK complex, are ubiquitinated, and processed for 265
proteasome-mediated degradation, resulting in nuclear trans-
location of NF-xB dimers. The NF-xB signaling cascade is
categorized into canonical and non-canonical pathways
(Oeckinghaus et al., 2011). The canonical pathway is acti-
vated by various proinflammatory cytokines, such as tumor
necrosis factor-alpha tumor necrosis factor-alpha (TNFa) and
interleukin-1 (IL-1), transduced by both IKKB and NEMO that
chiefly mediate phosphorylation of IxBa, followed by nuclear
translocation of p65-containing NF-xB heterodimers. The non-
canonical pathway, activated by CD40 ligand, B-cell activating
factor (BAFF), and lymphotoxin-beta (LTB), requires IKKo-
mediated phosphorylation of p100 dimerized with RelB, which
are processed to form the p52-RelB complex.

MS is an inflammatory demyelinating disease of the
central nervous system (CNS) white matter, presenting with
a relapsing-remitting (RR) and/or progressive clinical
course. It is mediated by an autoimmune process triggered
by a complex interplay between genetic and environmental
factors, leading to development of autoreactive T helper
type 1 (Th1) and type 17 (Th17) lymphocytes (Comabella
and Khoury, 2012). Several lines of evidence indicate that
aberrant regulation of NF-xB signaling pathway plays a
central role in acute relapse of MS. By gene expression
profiling, we identified 43 differentially expressed genes in

peripheral blood CD3* T cells between the peak of acute
relapse and the complete remission of RRMS (Satoh et al.,
2008). We found that the molecular network of 43 genes
showed the most significant relationship with transcrip-
tional regulation by NF-kB. Our observations are supported
by several studies that verified an aberrant expression of
NF-kB signaling molecules in peripheral blood mononuclear
cells (PMBC) during MS relapse (Achiron et al., 2007; Lindsey
et al., 2011). Intravenous methylprednisolone pulse (IVMP)
immediately reduces the levels of activated p65 in PBMC of
MS patients (Eggert et al., 2008). Furthermore, interferon-
gamma (IFNy, a prototype Th1 cytokine, is identified as one
of NF-xB target genes (Sica et al., 1997), while interferon-
beta (IFNB, the first-line medication for RRMS, attenuates
proinflammatory responses by inhibiting the NF-xB activity
in lymphocytes (Martin-Saavedra et al., 2007). Mucosa-
associated lymphoid tissue lymphoma translocation gene 1
(MALT1), a key regulator of NF-kB activation, positively
regulates the encephalitogenic potential of inflammatory
Th17 cells (Bristle et al., 2012). To elucidate the precise
role of NF-xB in MS relapse, it is highly important to
thoroughly characterize NF-xB target genes involved in the
immunopathogenesis of MS.

A number of previous studies identified hundreds of NF-xB
target genes, including those involved in not only inflam-
matory and anti-apoptotic responses, but also anti-
inflammatory and proapoptotic responses (Pahl, 1999).
Importantly, NF-xB target genes often activate NF-xB itself,
providing a positive regulatory loop that amplifies and
perpetuates inflammatory responses (Barnes and Karin,
1997). However, it remains unclear how many of previously
identified genes actually represent direct targets for NF-xB-
mediated transcriptional activation.

Recently, the rapid progress in the next-generation
sequencing (NGS) technology has revolutionized the field
of genome research. As one of NGS applications, chromatin
immunoprecipitation followed by deep sequencing (ChIP-
Seq) provides a highly efficient method for genome-wide
profiling of DNA-binding proteins, histone modifications, and
nucleosomes (Park, 2009). ChIP-Seq endowed with an
advantage of higher resolution, less noise, and greater
coverage of the genome, compared with the microarray-
based ChIP-Chip method, serves as an innovative tool for
studying the comprehensive gene regulatory networks.
However, since the NGS analysis produces extremely high-
throughput experimental data, it is often difficult to extract
the meaningful biological implications. Recent advances in
systems biology enable us to illustrate the cell-wide map of
the complex molecular interactions by using the literature-
based knowledgebase of molecular pathways (Satoh, 2010).
The logically arranged molecular networks construct the
whole system characterized by robustness, which maintains
the proper function of the system in the face of genetic and
environmental perturbations. Therefore, the integration of
high dimensional NGS data with underlying molecular net-
works offers a rational approach to characterize the
network-based molecular mechanisms of gene regulation
on the whole genome scale.

In the present study, to characterize a global picture of
the NF-kB target gene network, we investigated the NF-xB
p65 ChIP-Seq dataset of TNFa-stimulated human B lympho-
blastoid cells. The dataset was retrieved from the public

— 241 —



96

J.-i. Satoh

database of the Encyclopedia of DNA Elements (ENCODE)
project (encodeproject.org/ENCODE) (Kasowski et al.,
2010; Gerstein et al., 2012).

2. Methods
2.1. ChlIP-Seq dataset

To identify a comprehensive set of NF-kB p65-target genes, we
studied a series of ChiIP-Seq data retrieved from DDBJ Sequence
Read Archive (DRA) under the accession number of SRP007993.
The ChiIP-Seq experiments were performed for the ENCODE
project by researchers in Dr. Michel Snyder's Laboratory,
Stanford University (Kasowski et al., 2010). The data were
derived from 10 distinct Epstein-Barr virus (EBV)-transformed
human lymphoblastoid cell lines (LCL) numbered GM10847,
GM12878, GM12891, GM12892, GM15510, GM18505, GM18526,
GM18951, GM19099, and GM19193. In these experiments, the
cells were exposed for 6 h to 25 ng/mL recombinant human
TNFa (#14-8329-62; eBioscience), and then were fixed with
formaldehyde to crosstink NF-kB-DNA complexes, and immuno-
precipitated from sonicated nuclear lysates by using rabbit anti-

Fig. 1

NF-kB p65 antibody (sc-372; Santa Cruz Biotechnology) or
normal rabbit IgG for input control. NGS libraries were
constructed from 120 to 350 bp size-selected ChIP DNA frag-
ments. They were processed for deep sequencing at a 28 bp
read length on Genome Analyzer Il (Illumina).

We converted SRALite-formatted files into FASTQ-
formatted files, and combined 10 antibody-treated samples
into the “test set” and 10 corresponding input controls into
the “control set”. We mapped these data on the human
genome reference sequence hgt19 by using the Bowtie
0.12.7 program (bowtie-bio.sourceforge.net). Subsequently,
we identified statistically significant peaks of mapped reads
by using the MACS program (liulab.dfci.harvard.edu/MACS)
under the stringent condition that satisfies the false dis-
covery rate (FDR) <0.1% and fold enrichment >10 to avoid
the detection of false positive binding sites if at all possible.
Then, we identified the genomic location of MACS peaks by
importing the processed data into GenomelJack v1.4, a
novel genome viewer for NGS platforms developed by
Mitsubishi Space Software (www.mss.co.jp/businessfield/
bioinformatics). Based on RefSeq ID, MACS peaks were
categorized into the following; the peaks located on
protein-coding genes supplemented with NM-heading
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Location of NF-xB p65 ChIP-Seq peaks in the promoter region of target genes. From the dataset numbered SRP007993, we

identified totally 1630 stringent ChIP-Seq peaks that satisfied the criteria of both FDR <0.1% and fold enrichment > 10. The genomic
location of the peaks was determined by importing the processed data into GenomeJack. An example of NF-xB p105 subunit (NFKB1)
(Entrez Gene ID 4790 in Table 1), composed of two transcript variants NM_003998 and NM_001165412, is shown, where a MACS peak
numbered 15207 is located in the promoter region of NFKB1 (panel a) with a NF-xB consensus sequence motif highlighted by an
orange square (panel b). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)
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numbers, the peaks located on non-coding genes supplemen
ted with NR-heading numbers, and the peaks located in
intergenic regions with no relevant neighboring genes.
Genomic locations of the peaks were further classified into
the following; the promoter region defined by the location
within a 5 kb upstream from the 5 end of genes, the 5
untranslated region (5'UTR), the exon, the intron, the 3’
UTR, and intergenic regions outside these, as described
previously (Satoh and Tabunoki, in press).

The consensus sequence motif was identified by importing a
400 bp-length sequence surrounding the summit of MACS peaks
into the MEME-ChIP program (meme.sdsc.edu/meme/cgi-bin/
meme-chip.cgi). The information on known NF-xB target genes
was collected from web accessible databases constructed by Dr.
Thomas Gilmore, Boston University (www.bu.edu/nf-kb/gene-r
esources/target-genes) and by Bonsai Bioinformatics, the Labor
atoire d’Informatique Fondamentale de Lille (LIFL), Université
Lille 1 (bioinfo.lifl.fr/NF-KB).

3. Molecular network analysis

To identify biologically relevant molecular networks and path-
ways, we imported Entrez Gene IDs of NF-xB p65 target genes

into the Functional Annotation tool of Database for Annota-
tion, Visualization and Integrated Discovery (DAVID) v6.7
(david.abcc.ncifcrf.gov) (Huang et al., 2009). DAVID identifies
relevant pathways constructed by Kyoto Encyclopedia of
Genes and Genomes (KEGG) (www.kegg.jp) or by the Protein
Analysis Through Evolutionary Relationships (PANTHER) classifi
cation system (www.pantherdb.org). They are comprised of
the genes enriched in the given set with statistical significance
evaluated by the modified Fisher's exact test corrected by
Bonferroni's multiple comparison test. KEGG is a publicly
accessible knowledgebase containing manually curated refer
ence pathways that cover a wide range of metabolic, genetic,
environmental, and cellular processes, and human diseases,
currently composed of 207,161 pathways generated from 432
reference pathways. PANTHER includes the information on 175
signaling and metabolic pathways manually curated by expert
biologists, expressed in a Systems Biology Markup Language
(SBML) format. We also imported Entrez Gene IDs into
Ingenuity Pathways Analysis (IPA) (Ingenuity Systems; www.
ingenuity.com) and KeyMolnet (Institute of Medicinal Molecu
lar Design; www.immd.co.jp), both of which are commercial
tools for molecular network analysis.

IPA is a knowledgebase that contains approximately
2,500,000 biological and chemical interactions and functional
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Fig. 2 Location of NF-kB p65 ChIP-Seq peaks in the intronic region of target genes. The genomic location of the peaks was
determined by GenomeJack. An example of ADAM metallopeptidase domain 8 (ADAM8) (Entrez Gene ID 101 in Table 1), composed of
three transcript variants NM_001109, NM_001164489, and NM_001164490, is shown, where a MACS peak numbered 2974 is located in
the intronic region of ADAM8 (panel a) with a NF-xB consensus sequence motif highlighted by an orange square (panel b). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) ’
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annotations with definite scientific evidence. By uploading
the list of Gene IDs and expression values, the network-
generation algorithm identifies focused genes integrated in a
global molecular network. IPA calculates 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
150,500 relationships among human genes and proteins,
small molecules, diseases, pathways and drugs (Satoh,
2010). They are categorized into the core contents col-
lected from selected review articles with the highest
reliability or the secondary contents extracted from
abstracts of PubMed and Human Reference Protein database
(HPRD). By importing the list of Gene ID and expression
values, KeyMolnet automatically provides corresponding
molecules as nodes on the network. 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 one path
from starting points. The generated network was compared
side by side with 484 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
identify the canonical pathway showing the most significant
contribution to the extracted network.

4. Results

4.1. Identification of 918 ChIP-Seq-based NF-«xB
p65 target genes

After mapping short reads on hg19, we identified totally
1630 stringent ChlP-Seq peaks that satisfied the criteria of
both FDR<0.1% and fold enrichment>10. The genomic
location of the peaks was determined by GenomeJack
(Figs. 1-3, panel (a). After omitting the peaks located in
non-coding genes (n=114), those in intergenic regions
(n=502), and several redundant genes, we extracted 918
peaks located in protein-coding genes. They are tentatively
designated as the set of ChIP-Seg-based NF-xB p65 target
genes (Supplementary Table 1). They included many genes
important for regulation of innate and adaptive immune
response and inflammation, such as CD22, CD69, CD70,
CD83, CD86, CD209, IL1RN, IL2RG, IL3RA, IL7, IL18R1,
IL21R, IL27RA, IL31RA, TGFB1, CXCR4, CX3CL1, TAP1,
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Fig. 3 Location of NF-xB p65 ChIP-Seq peaks in the intergenic region. The genomic location of the peaks was determined by
GenomeJack. An example of intergenic location of a MACS peak numbered 6239 is shown (panel a) with a NF-kB consensus sequence
motif highlighted by an orange square (panel b). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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chr21 45376690 45379750,;50.,41, 0 - Intron 56894 AGPAT3  1-acylglycerol-3-phosphate
l - G e S o- acyltransferase 3 L
chr4 86477139 86479329,44;42 0 Intron 83478 ARHGAP24 Rho GTPase activating protein 24
chré 138186536} 138200020 39230 Promoter 7128 TNFAIP3 Tumor necrosis factor, alpha -induced
e e inn il , ~ protein3
chrig - f 130,49_6255“ , 10498250' 37.53 0. Promoter 7297 TYKZ  Tyrosine | kinase 2
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chr12 - 121997680 121999150 35.14 0 ,Intron 84678 KDM2B Lysine (K)- specrﬁc demethylase 2B
chrt 75196627 75200204 34.45 0 Intron 1429 CRYZ Crystallin, zeta (quinone reductase) -
chrt. 775200204 34.45 0 Promoter 127253 TYW3 * tRNA-yW synthesmng proteln 3 homolog '
S i (S cerevisige)
chri9 = . 36389424,,:;‘363‘92142 34.36 0 - Promoter 10870, HCST ~ Hematopoietic cell srgnal transducer
chr19. . 36389424,7 36392142 34.36 0. Intron 84807 NFKBID ~ Nuclear factor of kappa light polypeptide
e s Fe o o gene « enhancer in B-cells inhibitor, delta
chr1é - ~10914391 i 1'091 6414 33.92 0 - Promoter 780776 FAM18A Famlly with sequence srmrlanty 18
S GeniEou e Do e e  member A ‘
~chr7 - g 155607589; 155608757 32.79 0 Promoter =~ 6469 SHH Somc hedgehog homolog (Drosophlla)
chrl - ce 37938865 : 37946222 32.09 0 lntron 80149 ZC3H12A Zinc ﬁnger CCCH type contalnmg 12A
chri7 . ' 75429437, 75430665 32.06 0 Intron 10801 SEPT9 ':VSeptm 9
chr5 = . 150456868!,15046383931'.,6,' 0 5UTR 10318 TNIP1 - TNFAIP3 mteractmg prote1n1 .
chry - o 1397638 31.44 0 Promoter 3563 IL3RA Interleukin 3 receptor, alpha (low afﬁmty)
chr17 11376790 1378860 31.19 0 Exon 4641 MYOIC  MyosinlC
chrié ~3012819' 3014867 30.98 0 Promoter 79412 KREMEN2 - Knngle contammg transmembrane protem
chri6 30128197 o 3014867 30.98 0 Promoter 124222 PAQR4 - Progestm and adrpoQ receptor famlly
Hi i . member V. , ,
chr22. - 50448174 50450362 30.14 0 Intron ~ 400935 IL17REL  Interleukin 17 receptor E-like =~
chr19 . : 45503851 45505730“30' .0 Promoter 5971 RELB ~ = v-rel retlculoendothellosrs viral oncogene
Sl ~ homologB
chr3. =~ .. . 15‘2,3443;55 52345830 29.9 0  Promoter 25981 DNAH1  Dynein, axonemal, heavy cham 1
chrt0 . 1041 53066 104156567 29.62 0 Promoter 4791 NFKB2  Nuclear factor of kappa light polypeptide
G ; Sy 5 Vs gene enhancer i in B-cells 2 (p49/p100)
chr17 61772,029 61780506' 29.54 0 Intron 80774 LIMD2 = - LIM domain containing 2 :
chr14 35868073 35876918 29.08 0 Promoter 4792 NFKBIA  Nuclear factor of kappa light polypeptlde =
. e AEE e 'gene enhancer in B cells inhibitor, alpha
chr9 140130602 140131876 28.81 0 Promoter 10383 TUBB4B . Tubulin, beta 2C :
chr15 31803605 - 31804982 27.48 0 Intron 161725 OTUD7A ~ OTU domain containing 7A
chr7 44787088 ,44791813 27.47 0 Intron 83637 ZMIZ2 ~Zinc finger, MIZ-type cOntaining 2.

From the NF-«xB p65 ChlP Seq dataset numbered SRP007993 we ldentrﬁed 918 stnngent peaks on protem codmg genes exh1bmng false.
discovery rate (FDR) <0. 1% and fold enrichment (FE) >10. Top 30 genes based on FE are listed with the chromosome, the position
(start, end), FE, FDR, the locat1on (promoter, 5'UTR, exon, intron, 3'UTR), Entrez gene ID, gene symbol, and gene name. Known
NF-kB target genes by database search are in bold. The complete list of 918’ genes is shown in Supplementary Table 1.

TYK2, IRAK2, NOD2, IRF1, IRF5, STAT1, GATA3, SMAD3,
ICAM1, ITGAM, MMP9, FAS, BCL2, and TP53, in addition to
NF-kB signaling molecules such as TRAF1, TRAF2, TRAF3,
IKBKE, IKBKG, NFKB1, NFKB2, NFKBIA, NFKBIB, NFKBID,
NFKBIE, REL, RELA, and RELB. The top 30 genes are listed

in Table 1. By searching NF-xB target gene databases, the

set of 918 genes included 52 known targets (5.7%), such as
ICAM1, IL1RN, IRF1, IRF2, CSF1, NFKBIA, NFKB1, NFKB2,
RELB, TNFAIP3, MMP9, TP53, BCK2, and BCL3. The summits
of the peaks were located in the promoter (n=326; 35.5%),

5'UTR (n=49; 5.3%), exon (n=23; 2.5%), intron (n=504;
54.9%), or 3'UTR (n=16; 1.7%) regions. Because we did not
study NF-xB p6é5 ChIP-Seq data of TNFa-unstimulated cells,
the possibility could not be excluded that a subset of ChIP-
Seq peaks we identified are attributable to the constitutive
binding of NF-xB p65 on target genes in the absence of TNFa
stimulation.

By motif analysis with MEME-ChIP, both promoter and
intronic regions of target genes contained the NF-xB con-
sensus sequence motif, defined as 5'GGG(A/G)N(A/T)(C/T)
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(C/T)CC3” where N accepts any nucleotide (Gilmore, 2006)
(Fig. 4, panels a and b), being consistent with the results
of Genomeldack (Figs. 1 and 2, panel b). These results
validated the specificity of mapping of NF-xB p65 ChiP-Seq
short reads onto genomic regions containing the NF-xB
consensus sequence motif.

4.2. Molecular network of ChlP-Seq-based NF-kB
p65 target genes

Next, we studied the molecular network of 918 ChIP-Seg-
based NF-xB p65 target genes by using four distinct pathway
analysis tools operating on different computational algo-
rithms. DAVID identified functionally associated gene ontol-
ogy (GO) terms. They include “intracellular signaling
cascade” (G0:0007242; p=0.0000008), “protein kinase cas-
cade” (GO: 0007243; p=0.000004), and “positive regulation
of biosynthetic process” (G0:0009891; p=0.00003) as the
top three3 most significant GO terms (Supplementary
Table 2). These results suggest that ChIP-Seq-based NFxB
p65 target genes play a role in a wide range of biological
functions. KEGG showed close relationships with the “Neu-
rotrophin signaling pathway” (hsa04722; p=0.0000004),
“B cell receptor signaling pathway” (hsa04662; p=0.00008)
(Fig. 5), “Small cell lung cancer” (hsa05222; p=0.00009),
“Apoptosis” (hsa04210; p=0.00016), “Pathways in cancer”
(hsa05200; p=0.0007), “Leukocyte transendothelial migra-
tion” (hsa04670; p=0.0039), “Prostate cancer” (hsa05215;
p=0.0042), “Pancreatic cancer” (hsa05212; p=0.0054),
“Toll-like receptor signaling pathway” (hsa04620; p=0.0058),
and “Focal adhesion” (hsa04510; p=0.0193) (Table 2). Thus,
ChiP-Seg-based NF-kB p65 target genes play a pivotal role in
regulation of not only immune functions but also oncogenesis.
PANTER indicated a significant relationship with the “Apoptosis
signaling pathway” (P00006; p=0.00321), “B cell activat-
ion” (PO0010; p=0.00326), “Toll receptor signaling pathway”
(P00054; p=0.0058), “T-cell activation” (P00053; p=0.0104),
and “Inflammation mediated by chemokine and cytok-
ine signaling pathway” (P00031; p=0.0378) (Supplementary
Table 3). The core analysis tool of IPA extracted “CD40
signaling” (p=4.59E-15), “Molecular Mechanisms of Cancer”
(p=8.38E-13), and “B Cell Receptor Signaling” (p=5.93E-12)
as top 3 most significant canonical pathways associated with
the set of 918 genes. All of these results support a predomi-
nant role of ChIP-Seq-based NF-xB p65 target genes in immune
regulation and oncogenesis. Furthermore, IPA extracted the
networks defined by “Gene Expression, Developmental Dis-
order, Hereditary Disorder” (p=1.00E-77), “Cellular Function
and Maintenance, Cellular Growth and Proliferation, Hemato-
logical System Development and Function” (p=1.00E-64), and
“Cellular Function and Maintenance, Immunological Disease,
Cell Signaling” (p=1.00E-57) (Fig. 6) as the top three most
significant functional networks (Supplementary Table 4).
KeyMolnet by the neighboring network-search algorithm
operating on the core contents extracted the highly com-
plex molecular network composed of 3177 molecules and
5489 molecular relations. The network showed the most
significant relationship with canonical pathways termed
as “transcriptional regulation by p53” (p=2.00E-292),
“transcriptional regulation by CREB” (p=1.44E-238), and
“transcriptional regulation by NF-xB” (p=1.50E-169)

(Supplementary Fig. 1). These results suggest an involve-
ment of the complex cross talk among core transcription
factors p53, CREB, and NF-xB in the molecular network of
918 ChiP-Seq-based NF-kB p65 target genes.

4,3, ChIP-Seg-based NF-kB p65 target genes
corresponding to MS risk alleles and MS lesion-
specific proteins

Finally, we studied the relevance of ChIP-Seq-based NFxB
p65 target genes to the immunopathogenesis of MS. The
recent large-scale collaborative genome-wide association
study (GWAS) involving 9772 cases of European origin
discovered the collection of 102 MS risk SNPs outside the
MHC region (International Multiple Sclerosis Genetics
Consortium et al., 2011). They validated 98 of the 102 SNPs
overrepresented in MS patients versus the controls. Among
the set of 98 genes, we found that CLEC16A, CD86, RGS14,
ARHGEF3, TCF7, BATEF, EVI5, RNF213, ODF3B, and ZFP36L1
correspond to ChiP-Seq-based NF-xB p65 target genes.

A different study by a high-throughput proteomics tech-
nique comprehensively characterized the profile of MS
lesion-specific proteome (Han et al., 2008). They isolated
proteins by laser-captured microdissection (LCM) from fro-
zen brain samples of histologically validated acute plaques
(AP), chronic active plaques (CAP), or chronic plaques (CP)
of progressive MS. Peptide fragments were processed for
mass spectrometric analysis. They identified 154, 405 and
231 MS lesion-specific proteins detected exclusively in AP,
CAP and CP, respectively. The CAP proteome showed
significant relationship with integrin-extracellular matrix
interaction (Satoh et al., 2009). We compared 709 MS
lesion-specific proteins with 918 ChIP-Seg-based NF-xB p65
target genes. Totally, 49 MS lesion-specific proteins (6.2%)
were classified into ChlP-Seg-based NF-xB p65 target genes
(Table 3). These results suggest that aberrant regulation of
NF-xB-mediated gene expression, by inducing dysfunction of
diverse immune functions, is actively involved in develop-
ment of inflammatory demyelination in MS.

5. Discussion

In the present study, we identified 918 NF-xB p65 ChIP-Seq
peaks on protein-coding genes from the dataset of TNFa-
stimulated human B lymphoblastoid cells. They were located
mainly in promoter and intronic regions of target genes with
an existence of the NF-xB consensus sequence motif. Our
observations are supported by a previous ChIP-Chip study
showing that a substantial number of NF-kB-binding sites are
located in intronic regions (Martone et al., 2003). Unexpect-
edly, only 52 genes (5.7%) were known targets by database
search, suggesting that both binding of NF-xB and recruit-
ment of appropriate coactivators to responsive elements are
crucial for the full-brown activation of target genes (Ziesché
et al., 2013). We studied the molecular network of 918 ChiP-
Seqg-based NF-xB p65 target genes by using four different
pathway analysis tools of bioinformatics. KEGG, PANTHER,
and IPA consistently showed that the molecular network has
significant relationship with regulation of immune functions
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Identification of NF-xB consensus sequence motif located in promoter and intronic regions. The consensus sequence motif

was identified by importing a 400 bp-length sequence surrounding the summit of MACS peaks of top 50 genes into the MEME-ChIP
program, which identified a series of NF-xB consensus sequence motifs as top five most significant motifs in promoter regions (a) and
intronic regions (b), typically defined as 5 GGG(A/G)N(A/T}C/T)(C/T)CC3’, where N accepts any nucleotide.
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Fig. 5 KEGG pathways of ChiP-Seq-based NF-xB p65 target genes. Entrez Gene IDs of 918 ChiP-Seq-based NF-xB p65 target genes
were imported into DAVID. It identified KEGG pathways relevant to the set of imported genes (Table 2). The second rank pathway
termed “B cell receptor signaling pathway” (hsa04662) is shown, where NF-xB p65 target genes is colored orange. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and oncogenesis, including B cell receptor signaling, T cell
activation pathway, Toll-like receptor signaling, apoptosis
signaling, and molecular mechanisms of cancers. We identi-
fied CD22, a negative regulator of B cell receptor signaling
(Collins et al., 2006) and CD81, a component of the CD19
complex pivotal for antibody production (van Zelm et al.,

2010), as two key genes of ChIP-Seq-based NF-«xB p65 targets
(Fig. 5). Importantly, recent evidence indicated that B cells
play a central role in MS pathogenesis (Krumbholz et al.,
2012). However, the possibility could not be excluded that
these results are derived from a bias caused by the use of
EBV-transformed human B lymphoblastoid cells stimulated
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Table 2 Top 10 KEGG pathways relevant to 918 C Seq-based NF-kB p6k5’,genes’. : ;
Rank Category ﬁ ' ‘ . : pfvalue FDR FE

1 hsa04722 Neurotrophm ’
| ’ slgnalmg pathway : NFKB1 NFKBIA NFK |
~ s PIK3CB, PIK3CD PIK3

2 hsa04662:B ce,llk

. 0.0000004‘ 0.0000036 3.858

0.00064

,'_BCL10 CD22 CD81 IKBKG UN; LYN NFKB1 NFKBIA NFKBIB 0.00008 4.252
receptor signaling NFKBIE PlK3C q PIK3CB PI, 3CD PIK3R1 PLCGZ RASGRP3 : :
pathway = RELA, VAVZ o o , b . -

3 hsa05222:Small cell BCL2, BIRC3 CDKé, COL4A2 IKBKG LAMCZ NFKB1, NFKBIA 10.00009 - 0.00072° 4.008
lung cancer PIK3CA, PIK3C PIK3CD PIK3R1 RELA, RXRA TP53, TRAF1 : S
4 hsa04210:Apoptosis BCL2, BIRC3, APN2, FAS, IKBKG IL3RA IRAK2 NFKB1 NFKBIA 0.00016 - 0.0013 3.869
: NTRK1, PIK3CA PIK3CB, PIK3CD PlK3R1 PRKAR1B RELA o
Lo TNFRSF1OB TP5 :TRAFZ o
5 hsa05200:Pathways in = BCL2, BIRC3, BRAF, CCDCS, CDK6, OL4A2 CREBBP CTNNB1 0.0007 0.0053 2.161
cancer - EGF, FAS,’FGFZ BKG, JUN, KIT, LAMC2, MMP9, NFKB1 NFKBZ ‘
' NFKBIA, NTRK1, PIK3CA, PIK3CB, PIK3CD PlK3R1 PLCGZ
RALGDS RARA, RELA RXRA, SHH SMAD3, STAT1, TCF7, TGFB1
e ,TP53 TRAF1 TRAF2, TRAF3 TRAF4, WNT10A Gt
6 - hsa04670 Leukocyte ACTB, ACTG1 BCAR1 CLDN14, CTNNB1 CXCR4,. GNAIZ ICAM1 '0.0039 - 0.0304 3003
: transendothehal © o ITGAM, ITK, MMP9, MYLZ MYL5 PIK3CA PIK3CB PIK3CD : Sy
" migration PIK3R1, PLCGZ VAVZ, VCL i e e S
7 hsa05215: Prostate BCLZ BRAF, CREBT, CREBBP CTNNB1 EGF IKBKG NFKB1 0.0042 0.0333 3.384
cancer NFKBIA, PDGFD PIK3CA PIK3CB, PIK3CD, "PIK3R1, RELA TCF7
S k TP53 e b L
8 hsa05212:Pancreatic - BRAF, CDK6, EGF, IKBKG NFKB1, P1K3CA PIK3CB PIK3CD 0.0054 0.0429 3.691
cancer. PIK3R1; RALGDS, RELA SMAD3, STAT1, TGFB1, TP53 G
9 hsa04620:Toll-like CD86, IKBKE, IKBKG IRF5, JUN, MAP2K3, MAP3KS,; NFKB1, 10.0058 . 0.0455 3.158
: receptor signaling - NFKBIA, PIK3CA PIK3CB PIK3CD PIK3R1, RELA, STAT1 TICAM1, o
pathway TICAM2, TRAF3 : S :
10 hsa04510 Focal ACTB, ACTG1, BCAR1 BCL2, BIRC3 BRAF, CAPNZ, COL1A1 0.0193 0.1516 2.292
adhesion COL4A2, CTNNB1, EGF, JUN,. LAMC2; MYL2, MYLS5, PARVB, PDGFD,

PIK3CA PlK3CB PIK3CD PIK3R1 RAPGEF1 SRC, TNR VAVZ VCL

By 1mportmg Entrez gene IDs of 918 ChiP- Seq based NF'KB p65 target genes into the Functlonal Annotation tool of DAVID, KEGG
pathways showing significant relevance to the lmported genes were identified. They are listed with p-value corrected by Bonferroni's
multiple comparison test, false discovery rate (FDR), and fold ennchment (FE). :

with TNFa. It is worthy to note that the epidemiological
association of EBV with a risk for development of MS is well
established (Levin et al., 2010). We also identified TRAF4, a
negative regulator of IL-17 signaling (Zepp et al., 2012) as
one of ChIP-Seq-based NF-xB pé65 target genes (Fig. 6).
KeyMolnet revealed an involvement of the complex crosstalk
among core transcription factors, such as NF-xB, p53, and
CREB in the NF-xB p65 target gene network, supporting
previous observations (Park et al., 2005; Schneider et al.,
2010; Oeckinghaus et al., 2011).

Although ChIP-Seq serves as a highly efficient method for
genome-wide profiling of DNA-binding proteins, it requires
several technical considerations (Landt et al., 2012). The
specificity of the antibody, reproducibility of the results,
sequencing depth, and the source of controls, along with
cell types, developmental stages, and culture conditions
capable of affecting epigenetic features, constitute critical
factors. In general, DNA-binding of transcription factors is a
highly dynamic process. However, the ChIP-Seq data reflect
a snapshot of binding actions. Motif analysis of a defined set
of high-quality peaks makes it possible to evaluate the
antibody specificity to some extent (Landt et al., 2012).

Increasing evidence suggests a central role of aberrant
NF-xB activation in the immunopathogenesis of MS. Patho-
logically, RelA (p65), c-Rel, and p50 subunits of NF-kB are
overexpressed in macrophages in active demyelinating
lesions of MS (Gveric et al., 1998). RelA (p65) is activated
in oligodendrocytes surviving in the lesion edge (Bonetti
et al., 1999). Genetically, a predisposing allele in the
NFKBIL gene is associated with development of RRMS, while
a protective allele in the promoter of the NFKBIA (IxBa)
gene is found in the patients with primary progressive MS,
suggesting that the NF-xB cascade contributes certainly to
susceptibility to MS (Miterski et al., 2002). Targeted disrup-
tion of the NFKB1 (p105) gene confers resistance to devel-
opment of experimental autoimmune encephalomyelitis
(EAE), an animal model of MS (Hilliard et al., 1999). In vivo
administration of selective inhibitors of NF-kB protects mice
from EAE (Pahan and Schmid, 2000). Furthermore, the CNS-
restricted inactivation of NF-kB ameliorates EAE, accompa-
nied by suppression of activation of proinflammatory genes in
astrocytes (van Loo et al., 2006). We found that 10 genes
among 98 MS risk alleles (10.2%) and 49 proteins among 709 MS
lesion-specific proteins (6.2%) have met with ChlP-Seg-based
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Fig. 6 IPA functional networks of ChiP-Seq-based NF-xB p65 target genes. Entrez Gene IDs of 918 ChIP-Seq-based NF-xB p65 target
genes were imported into the core analysis tool of IPA. It extracted functional networks relevant to the set of imported genes
(Supplementary Table 4). The third rank network termed “Cellular Function and Maintenance, Immunological Disease, Cell
Signaling” is shown, where NF-xB p65 target genes is colored by red. TRAF4 is highlighted by a blue ellipse. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

NF-xB p65 target genes, although it is difficult to evaluate the
statistical significance of enrichment of MS-associated genes.

NF-xkB acts as a central regulator of various cellular
processes (Barnes and Karin, 1997; Pahl, 1999). Actually,
molecular network of ChiIP-Seq-based NF-xB pé5 target
genes not only involves immune responses relevant to MS
and other autoimmune diseases, such as rheumatoid arthri-
tis (RA) (Myouzen et al., 2012) and systemic lupus erythe-
matosus (SLE) (Zhang et al., 2012), but also regulates
oncogenic processes of various cancers. Therefore, we
consider that the involvement of molecular network of
NF-xB p65 target genes in immune regulation is not a MS-
specific phenomenon. However, our results would suggest
that deregulation of NF-xB might be actively involved in
development and progression of MS, and that drug devel-
opment targeted to fine-tuning of NF-xB function in

autoreactive T and B cells and CNS resident cells could
provide a promising approach to suppress the clinical
activity of MS (Yan and Greer, 2008).

6. Conclusion

We identified the comprehensive set of 918 stringent NF-xB
p65 binding sites on protein-coding genes from the ChIP-Seq
dataset of TNFe-stimulated human B lymphoblastoid cells.
They were located mainly in promoter and intronic regions
with an existence of the NF-xB consensus sequence motif.
Pathway analysis by KEGG, PANTHER, IPA, and KeyMolnet
showed that the NF-xB p65 target gene network is closely
associated with the network involved in regulation of diverse
immune functions relevant to the immunopathogenesis of MS.
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Tab[e 3 ChIP Seq -based NF-xB p65 target genes correspondmg to MS lesron specrﬁc proteome

MS plaque type Entrez ~ Gene E  Gene name : e ‘ P Rty ' U‘niPr'ot’

(p65 targets/ ~ geneID  symbol ' : - ‘ e ID
proteome) e - 1 : L :
AP (10/154) 375790 AGF Agrin ; e - ‘ 000468
, ..23092 AR “Rho GTPase actwatmg protem 26 : Q9UNA1
27 AT ,ATPase H+ transportmg, lysosomal 16kDa, VO subumt C P27449
284001 7CCDC57 -Coiled-coil domam contammg 57 Q2TAC2
1209 ‘CLPTM1 Cleft lip and palate as ated transmembrane protem 1 " 096005

59269 HIVEP3 “Human lmmunodeﬁcrenc v1rus type I enhancer bmdmg : ~ Q9BZSO

, 1protem 3 £
11,4783“, LMTK3~ ? Lemur tyros e kmase Q96Q04
4649 MYO9A  Myosin IXA et S - Q9UNR2
5529 PPP2R5E  Protein ph sphatase H glJlatory subum‘t B, epsilon , Q16537
o - isoform e S S
54434 SSH1 Slmgshot homolog 1 (Drosophrla) SRS : Q8WYL5
CAP (21/405) - 3732 (D82 ',‘CD82 molecule : P27701
: 1277 COL1A1  Collagen, type | ,alphat : P02452
953 ‘ENTPD1 Ectonucleomde triph phate d1phosphohydrolase 1 P49961
54932 EXD3 Exonuclease 3'- -5' domain containing 3 B Q8N9H8

83856 FSD1L; Flbronectln type IIl and SPRY domam contammg 1-like Q93XM9
2902 - GRIN1 Glutamate receptor, ronotroplc, N- methyl D- aspartate 1 Q05586
4151 MB  Myoglobin - P02144
4241 MFI2 ' Antrgen p97 (melanom' , assocrated) ldentlﬁed by monoclonal P08582 .
.. antibodies 133 2 and 6. ~ ,

4641 MYOIC  Myosin IC - : 000159
100128731 - -0ST4 Ohgosaccharyltransf ase 4 homolog (S. cerewsrae) POC6T2

55690 PACS1  Phosphofurin acidi sorting protein 1 : Q6VY07

5142 PDE4B Phosphodlesterase 4B, cAMP-specific (phosphodresterase E4 Q07343
. dunce homolog, Dro, phrla) : ; 5 .
5581 PRKCE Protein kinase C, eps1lon L : : Q02156

10801 - SEPT9 Septin9 o : f Q9UHD8
9644  SH3PXD2A SH3 and PX domalns 24 ' ' Q5TCZ1
6714 SRC; V- src sarcoma (Schmldt Ruppm A -2) viral oncogene homolog P12931

iR (avian)

10809  STARD10  StAR-related lipid transfer (START) domain containing 10 Q9Y365
6772‘ STAT1 Signal transducer and activator of transcnptlon 1, 91 kDa o - P42224
9144 SYNGR2  Synaptogyrin 2 S 043760
5976 UPFT UPF1 regulator of nonsense transcnpts homolog (yeast) ' Q92900

o , 152485  ZNF827 Zinc finger protem 827 , Lo 'Q17R9s '
CP (18/231) 83478 - ARHGAP24  Rho GTPase actwatmg protem 24 . : : Q8N264
521 ATPS5I ATP synthase, H* transporting, mitochondrial FO complex, P56385
subunit E '

8030 CCDC6 Coiled-coil domain contammg 6 il Q16204
1284 - COL4A2 Collagen, type IV, alpha 2- P08572

51700 CYB5R2 "~ * Cytochrome b5 reductase 2 : Q6BCY4
9732 DOCK4 Dedicator of cytokinesis 4 Q8N1I0

26088  GGA1 Golgi associated, gamma adaptm ear containing, ARF Q9UJY5

binding protein 1 oy

2788 GNG7 Guanine nucleotide bmdlng protein (G protein), gamma 7 060262
4650 MYO9B Myosin IXB Q13459
9612 - NCOR2 Nuclear receptor co-repressor 2 QoY618
23178  PASK- PAS domain containing serine/threonine kinase Q96RG2
221692 PHACTR1  Phosphatase and actin regulator 1 Q9CODO
5290 PIK3CA Phosphoinositide-3-kinase, catalytic, alpha polypeptide P42336

-~ 84687  PPP1R9B  Protein phosphatase 1, regulatory (inhibitor) subunit 9B Q96B17
6146 = RPL22 Ribosomal protein L22 P35268
6160 RPL31 Ribosomal protein L31 P62899
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Table 3 (continued) :
MS plaque type Entrez Gene  Gene name ‘l"Jhi'Pr'o't ‘
(p65 targets/  geneID  symbol o DI
/proteome) ‘ a " ’ ’i i’ ‘ -
- 10044  SH2D3C  SH2 domain containing 3C : : Q8N5H7
8027 STAM 5 ngnal transducmg adaptor molecule (SH3 domam and ITAM mot1f) 1 Q92783 :

We ldentlﬁed a set of 918 ChIP- Seq -based NF-xB P65 target genes (Suplementary Table 1) We compared these with 790 ‘MS leswn—/
spec1ﬁc protems identified by a high- throughput protemics technique (Han et al 2008) Overlappmg genes between both are hsted

with Entrez Gene ID, gene symbol, gene name, and UniProt ID.
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ABSTRACT

Obijective: To evaluate the safety and efficacy of a humanized anti-interleukin-6 receptor anti-
body, tocilizumab (TCZ), in patients with neuromyelitis optica (NMO).

Methods: Seven patients with anti-aquaporin-4 antibody (AQP4-Ab)-positive NMO or NMO spec-
trum disorders were recruited on the basis of their limited responsiveness to their current treat-
ment. They were given a monthly injection of TCZ (8 mg/kg) with their current therapy for a year.
We evaluated the annualized relapse rate, the Expanded Disability Status Scale score, and
numerical rating scales for neurogenic pain and fatigue. Serum levels of anti-AQP4-Ab were
measured with AQP4-transfected cells.

Results: Six females and one male with NMO were enrolled. After a year of TCZ treatment, the
annualized relapse rate decreased from 2.9 = 1.1 to 0.4 = 0.8 (p < 0.005). The Expanded
Disability Status Scale score, neuropathic pain, and general fatigue also declined significantly.
The ameliorating effects on intractable pain exceeded expectations.

Conclusion: Interleukin-6 receptor blockade is a promising therapeutic option for NMO.

Classification of evidence: This study provides Class |V evidence that in patients with NMO, TCZ
reduces relapse rate, neuropathic pain, and fatigue. Neurology® 2014;82:1302-1306

GLOSSARY
Ab = antibody; AQP4 = aquaporin-4; AZA = azathioprine; EDSS = Expanded Disability Status Scale; IL = interleukin;
IL-BR = interleukin-6 receptor; NMO = neuromyelitis optica; PB = plasmablasts; PSL = prednisolone; TCZ = tocilizumab.

Neuromyelitis optica (NMO) is a relatively rare autoimmune disease that predominantly
affects the spinal cord and optic nerve. Anti—aquaporin-4 antibody (AQP4-Ab), which is
a disease marker of NMO, has an important role in causing the destruction of astrocytes
that express AQP4.! Empirically, the use of disease-modifying drugs for multiple sclerosis,
including interferon @, is not recommended for NMO,? which is consistent with the dis-
tinct pathogenesis of NMO and multiple sclerosis. We have recently described that plas-
mablasts (PB), which are a subpopulation of B cells, increased in the peripheral blood of
patients with NMO and that PB are a major source of anti-AQP4-Ab among peripheral
blood B cells.? In addition, we observed that exogenous interleukin (IL)-6 promotes the
survival of PB and their production of anti-AQP4-Ab in vitro. Given the increased levels of
IL-6 in the serum and CSF during relapses of NMO,"? we postulated that blocking IL-6
receptor (IL-6R) pathways might reduce the disease activity of NMO by inactivating the
effector functions of PB. A humanized anti~IL-6R monoclonal antibody, tocilizumab
(TCZ) (Actemra/RoActemra), has been approved in more than 100 countries for use in

the treatment of rheumatoid arthritis.* Herein, we describe our clinical study that aimed to
explore the efficacy of TCZ in NMO.

From the Multiple Sclerosis Center (M.A., T.O., SM., T.A., T.Y.) and Department of Neurology (T.O., M.M.), National Center Hospital, and
Department of Immunology, National Institute of Neuroscience (T.M., S.M., T.A., T.Y.), National Center of Neurology and Psychiatry, Tokyo;
Department of Neurology (K.M., S.K.), Kinki University School of Medicine, Osaka; and Department of Pediatrics (T.M.), Graduate School of
Medicine, University of Tokyo, Japan.

Go to Neurology.org for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

This is an open access article distributed under the terms of the Creative Commons Attribution-Noncommercial No Derivative 3.0 License, which
permits downloading and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially.

© 2014 American Academy of Neurology
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[ Table Demographics of the patients

Age, y/sex

Immunotherapies for
exacerbations

pa

General fatigue, NRS

nd ‘nti‘sfpka’sytiqity = :

IVMP, PLEX

IVMP, PLEX

IVMP, PLEX

PSL,
tacrolimus

Abbreviations: AQP4-Ab = aquaporin-4 antibody; ARR = annualized relapse rate; AZA = azathioprine; CBZ = carbamazepine; CZP = clonazepam; CyA =
cyclosporine; EDSS = Expanded Disability Status Scale; GBP = gabapentin; IFNg = interferon 8; IVig = [V immunoglobulin; IVMP = IV methylprednisolone;
MITX = mitoxantrone; NRS = numerical rating scale; NSAID = nonsteroidal anti-inflammatory drug; NTP = Neurotropin (an extract from the inflamed skin
of vaccinia virus-inoculated rabbits); OBP = oral betamethasone pulse therapy; PGB = pregabalin; PLEX = plasma exchange; PSL = prednisolone; TCZ =
tocilizumab.

© 2014 American Academy of Neurology. Unauthorized reproduction of this article Is prohibited.

METHODS Level of evidence. The aim of this Class IV evi-
dence study was to evaluate the effect and safety of a2 monthly
injection of TCZ (8 mg/kg) with their current therapy in patients
with NMO. We evaluated the adverse events based on Common
Terminology Criteria for Adverse Events, version 4.0.

Standard protocol approvals, registrations, and patient
consents. All patients gave written informed consent before the
first treatment with TCZ. The insticutional ethical standards
committee on human experimentation approved this clinical
study. The study is registered with University Hospital Medical
Information Network Clinical Trials

UMIN000005889 and UMIN000007866.

Registry, numbers

Patients and treatment. Seven patients who met the diagnos-
tic criteria of NMO in 2006 were enrolled after providing
informed consent (table). Results of chest x-rays, interferon
7y release assays, and plasma 1,3-B-D-glucan measurement
excluded latent tuberculosis and fungal infection. All of the
patients had been treated with combinations of oral predniso-
lone (PSL) and immunosuppressants, including azathioprine
(AZA). Nevertheless, they had at least 2 relapses during the year
before enrollment (figure 1). Among their past immunomodu-
latory medications, interferon  had been prescribed in 4
patients before the anti-AQP4-Ab assay became available.
Although symptomatic treatments had been provided, the
patients experienced general fatigue and intractable pain in
their trunk and limbs. There were no abnormalities in their
routine laboratory blood tests. Neither pleocytosis nor
increased levels of IL-6 were observed in the CSF. MRI
revealed high-intensity signals in the optic nerves and

longitudinally extensive lesions in the spinal cord. All patients

— 2564 —

except one had scattered brain lesions. A monthly dose (8 mg/kg)
of TCZ was added to the patients’ oral corticosteroid and
immunosuppressive drug regimen.

Clinical and laboratory assessment. As clinical outcome
measures, we evaluated alterations in the number of relapses,
Expanded Disability Status Scale (EDSS) scores, and pain and
fatigue severity scores (numerical rating scales). A relapse was
defined as an objective exacerbation in neurologic findings that
lasted for longer than 24 hours with an increase in the EDSS
score of more than 0.5. Brain and spinal cord MRI scans were
examined every 4 or 6 months. CSF examinations, sensory-
evoked potentials, and visual-evoked potentials were also
evaluated art the time of entry into the study and 12 months
serum  anti-AQP4-Ab
evaluating the binding of serum immunoglobulin G to

later. We measured levels by

AQP4 transfectants, as previously described.” All outcome
measures were analyzed with nonparametric Wilcoxon rank-
sum tests, with the use of 2-tailed statistical tests at a
significance level of 0.05.

RESULTS After starting TCZ treatment, the total
number of annual relapses in the patients significantly
reduced (figures 1 and 2). Notably, 5 of the 7 patients
were relapse-free after starting TCZ. The relapses
observed in patients 1 and 5 were mild and their
symptoms recovered after IV methylprednisolone.
On average, the annualized relapse rate reduced
from 2.9 = 1.1 (range, 2-5) during the year before
study to 0.4 * 0.8 (range, 0-2) during the year after
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