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while RXR binding is ligand-independent.'” VDREs are
often multiple, composed of a pair of hexameric binding
sites arranged as direct or inverted repeats interspaced by
typically three (DR3) but a varying number of nucleotides
different in the context of target genes.'® We identified 2997
VDR-binding ChIP-Seq peaks distributed on protein-
coding genes with location of the summits on the promoter
(45.1%), 5’UTR (8.3%), exon (2.8%), intron (41.8%) or
3’UTR (1.9%). Thus, the peaks were concentrated in the
promoter and intronic regions having VDRE motifs. The
accumulation of VDREs in introns of VDR target genes is
not unusual, because VDR-binding sites are located at a
frequency of 44% within introns and exons but at only 13%
in classical promoter regions in mouse preosteoblasts.!®
Furthermore, VDRE sequences are located occasionally in
distant intergenic regions far from target gene promoters.2°
Upon binding to VDRE, the VDR-RXR heterodimer
recruits protein complexes that alter the chromatin struc-
ture, either open for transcriptional activation or closed for
transcriptional repression.?! For transcriptional activation
of target genes, the complex is comprised of CBP/p300 and
SRCI that exhibit histone acetyltransferase (HAT) activity,
accompanied by accumulation of ATP-dependent chroma-
tin remodeling complex. For transcriptional repression, the
VDR-RXR heterodimer, capable of interfering with cog-
nate transcription factors for expression of their target
genes, recruits co-repressors, such as NCOR1, NCOR2,
and COPS2, resulting in accumulation of histone deacety-
lases (HDAC) and DNA methyltransferases (DMT).
However, by transcriptome analysis, we did not detect cal-
citriol-repressed genes having ChIP-Seq-based stringent
VDR-binding sites. A recent study suggests that long-term
binding is coupled to transcriptional activation, whereas
fast binding and turnover is linked to lower levels of tran-
scriptional output, indicating a pivotal role of transcrip-
tional factor-binding dynamics across the genome for fine
tuning of expression levels.??

The original ChIP-Seq studies of VDR-binding sites cor-
responding to the datasets we analyzed are quite different in
the concentration and exposure time of calcitriol, i.e. B
lymphoblast cell lines with 100 nM calcitriol for 36 h!2 ver-
sus THP-1 monocyte cell lines with 10 nM calcitriol for 40
min.!3 However, both studies consistently identified a DR3-
type VDRE as major VDR-binding sites, although within
100 bp of ChIP-Seq peak summits, only less than 40% of the
peaks actually contain DR3.15 Importantly, one of these
studies showed that genetic loci associated with MS suscep-
tibility detected by genome-wide association study (GWAS)
are enriched for VDR-binding sites accumulated in active
regulatory regions of chromatin.’>?? The other study found
the most significant relevance of upregulated VDR target
genes to the intracellular signaling cascade by using the
gene ontology (GO) analysis with GeneTrail.!3

We found that the complex molecular network of 1541
calcitriol-responsive VDRTGs is functionally related to

leukocyte transendothelial migration and Fcy receptor-
mediated phagocytosis. These observations propose a sce-
nario that vitamin D deficiency in MS patients could cause
aberrant regulation of leukocyte and macrophage functions
by disorganizing autoregulatory loops of the molecular net-
work. Migration of activated T cells and monocytes into the
brain across the disrupted blood-brain barrier (BBB) plays
a key role in the development of active demyelinating
lesions in MS. Vitamin D reduces the clinical severity of
experimental autoimmune encephalomyelitis (EAE), an
animal model of MS, by stimulating T cell apoptosis and
inhibiting monocyte recruitment in the CNS.?* We identi-
fied CD99, a cell-surface glycoprotein involved in T cell
migration and apoptosis,? as one of calcitriol-responsive
VDRTGs, potentially serving as a novel therapeutic target
for MS (Figure 3). TCR signaling upregulates VDR expres-
sion on T cells, and subsequently elevates the levels of
expression of PLCG1, a signaling molecule pivotal for T
cell activation.?6 We also identified PL.GC1 as a calcitriol-
responsive VDRTG (Supplementary Table 7 online).

NR4A2, a member of the nuclear receptor superfamily,
whose expression is greatly upregulated in T cells of active
MS patients,? plays a key role in differentiation of Th1, Th17,
and Treg cells with relevance to induction of autoimmunity.
We identified NR4A2 as a calcitriol-responsive VDRTG
(Figure 4). Transcription factors RUNX1 and RUNX3 are
essential for induction and suppressive function of Foxp3*
inducible Treg (iTreg) cells,?® and both are calcitriol-respon-
sive VDRTGs (Supplementary Table 7 online), suggesting a
crucial role of vitamin D in immune tolerance induction.
Furthermore, we identified EBI3, a component of anti-inflam-
matory cytokine IL-35 produced mainly by Treg cells,?® as a
calcitriol-responsive VDRTG (Supplementary Table 7 online).

B cells play an active role in the immunopathogenesis
of MS.?® They constitute lymphoid follicle-like struc-
tures ectopically located in the meninges of secondary
progressive MS (SPMS) patients. We identified CXCRS,
the receptor for the B-cell attractant CXCL13 produced
by monocytes,>! as a calcitriol-responsive VDRTG
(Supplementary Table 7 online). Importantly, vitamin D
itself regulates development and functionality of B
cells.® Fey receptors act as a major phagocytotic recep-
tor of macrophages/monocytes and microglia for inges-
tion of opsonized myelin. The expression of FCERI1G is
elevated in chronic MS lesions, and FCER1G-knockout
mice show improved recovery from EAE.3? Fcy recep-
tor-mediated phagocytosis requires cell membrane
extension with cytoskeletal organization regulated by
Rho family GTPase proteins, such as Racl and CDC42.33
We identified CDC42 as one of calcitriol-responsive
VDRTGs (Supplementary Table 7 online).

In conclusion, we found that the molecular network
of 1541 calcitriol-responsive VDRTGs is linked to leuko-
cyte transendothelial migration, Fcy receptor-mediated
phagocytosis, and transcriptional regulation by VDR.
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These results suggest a pivotal role of genome-wide
VDRTGs in immune regulation and tolerance induction.
These observations propose the working hypothesis that
persistent deficiency of vitamin D might perturb the com-
plex network of VDRTGs in immune cells, being responsi-
ble for induction of an autoimmune response causative for
MS. Further studies, including VDR ChIP-Seq analysis of
purified populations of Th17, Thl, Treg, B cells, and mono-
cytes derived from the serum vitamin D-sufficient and
insufficient MS patients during relapse and remission, are
required to evaluate this hypothesis.
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Introduction

Kir4.1 is an adenosine

inner ear cells,
end-feet of astrocytes.'>
the water channel, aquaporin-4

© 2013 Japanese Society for Neuroimmunology

triphosphate-dependent,
inwardly rectifying potassium channel essential for
the homeostasis of extracellular potassium, which
forms a tetramer expressed on renal epithelial cells,
and perivascular and perisynaptic
Kir4.1 is colocalized with
(AQP4),
dystrophin-associated glycoprotein complex (DGC)
at the interface of astrocytes and small blood ves-
sels, where Kird.1 cooperates with AQP4 for the
spatial buffering of potassium and water trans- ity.®
port.>* Furthermore, the electrochemical gradient
generated by K* buffering across the cell membrane

Abstract

Objectives Kir4.1, an inwardly rectifying potassium channel expressed on
perivascular and perisynaptic end-feet of astrocytes, plays a pivotal role in the
spatial buffering of the potassium in the brain. A recent study showed that
autoantibodies directed to Kird.1 are detectable in the serum derived from
approximately half of the patients with multiple sclerosis (MS) and clinically
isolated syndrome, although their pathogenic roles should be elucidated.
Methods We studied Kir4.1 expression in MS and control brains by immu-
nohistochemistry.

Results We found that reactive astrocytes expressed an intense immunore-
activity for Kird.1 in active demyelinating lesions of MS, active lesion edges
of neuromyelitis optica, ischemic lesion edges of cerebral infarction and
neurodegenerative lesions of Alzheimer’s disease. Reactive astrocytes accu-
mulated in active MS lesions coexpressed Kir4.1 and AQP4. A subset of amy-
loid plaques in Alzheimer’s disease brains also expressed Kir4.1. In contrast,
infiltrating macrophages, activated microglia and surviving oligodendrocytes
in active MS lesions did not express Kir4.1. Furthermore, cultured human
astrocytes expressed Kir4.1, and the expression levels were not altered by
exposure to tumor necrosis factor-o or interleukin-1B, but were elevated by
transforming growth factor-p1.

Conclusions These results show that reactive astrocytes abundantly express
Kir4.1, and Kir4.1T immunoreactivity is not lost in active demyelinating lesions
of MS. (Clin. Exp. Neuroimmunol. doi: 10.1111/cen3.12011, March 2013)

of perisynaptic astrocytes regulates the uptake of
extracellular glutamate.’ Kir4.1 is expressed on cell
bodies of oligodendrocytes in the rat optic nerve
during development.® Kir4.1 knockout mice show
motor impairment as a result of hypomyelination
and axonal degeneration in the spinal cord, suggest-
ing that Kir4.1 is indispensable for oligodendrocyte
development.” The conditional knockout of astro-
cytic Kir4.1 leads to glial membrane depolarization,
along with reduced clearance of the excitatory neu-
rotransmitter glutamate, suggesting that Kir4.1 plays
a key role in the regulation of neuronal excitabil-
Supporting this view, loss of function muta-
tions in the human KCNJ10 gene encoding Kir4.1
cause the epilepsy, ataxia, sensorineural deafness,

in the
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and tubulopathy (EAST)/seizure, sensorineural deaf-
ness, ataxia, mental retardation, and electrolyte
imbalance (SeSAME) syndrome, characterized by
epilepsy, ataxia, sensorineural deafness and renal
tubulopathy.” Furthermore, the expression of
Kir4.1, a-syntrophin and dystrophin is concurrently
lost in perivascular end-feet of astrocytes in hippo-
campal sclerosis lesions of the patients with tempo-
ral lobe epilepsy.'°

Accumulating evidence has indicated a pivotal role
of B cells in the immunopathogenesis of multiple
sclerosis (MS), an inflammatory demyelinating dis-
ease affecting mainly the human central nervous
system (CNS) white matter.'' More than 90% of MS
patients show oligoclonal bands (OCB) in the cere-
brospinal fluid (CSF), suggesting an intrathecal clo-
nal expansion of B cells.'> The meninges of MS
patients often contain ectopic B cell follicles having
germinal centers.'> A subtype of acute demyelinat-
ing lesions of MS shows prominent deposition of
immunoglobulins and complement activation.'*
Treatment with B cell-targeting monoclonal antibod-
ies dramatically suppresses formation of new lesions
in relapsing-remitting MS patients.*>

A recent study showed that immunoglobulin G
(IgG) autoantibodies directed to Kir4.1 are detect-
able in the serum derived from approximately half
of the patients with MS, regardless of clinical sub-
types, and dlinically isolated syndrome (CIS),

Table 1 Human brain tissues examined in the present study

J. Satoh et al.

whereas they are barely detectable in the serum of
the patients with other neurological diseases.'®
Intrathecal injection of serum anti-Kir4.1 IgG, in
combination with human complement, reduced
Kir4.1 expression on subpial and cortical astrocytes,
accompanied by complement activation at antibody-
binding sites in mouse brains in vivo.'® However,
the question remains to be clarified whether anti-
Kir4.1 antibodies are pathogenic in the human
brain. It is well known that anti-AQP4 antibodies
are found in the serum derived from the great
majority of patients with neuromyelitis optica
(NMO), whereas they are rarely detectable in the
serum of MS patients.'” The active lesions of NMO
show a profound loss of AQP4-expressing astro-
cytes.'® Previously, we found that AQP4 expression
is greatly enhanced in astrocytes and glial scars in
active MS lesions.'® Therefore, it is highly impor-
tant to address the question whether or not Kir4.1
expression is lost in active demyelinating lesions of
MS. The present study was designed to characterize
Kir4.1 expression in active demyelinating lesions of
MS by immunohistochemistry.

Methods

Human brain tissues
For immunohistochemistry, 10-um thick serial sec-
tions of the cerebral cortex were prepared from

Case no. Age and sex Clinical diagnosis Cause of death

MS-1 29 Female Secondary progressive multiple sclerosis Asphyxia

MS-2 40 Female Secondary progressive multiple sclerosis Respiratory failure

MS-3 43 Female Primary progressive multiple sclerosis Hyperglycemia

MS-4 33 Male Secondary progressive multiple sclerosis Sepsis and multiple organ failure

NMO-1 70 Female Devic's disease Pneumonia

NC-1 88 Female Neurologically normal subject Myocardial infarction

NC-2 84 Male Neurologically normal subject Mmyocardial infarction

NC-3 77 Male Neurologically normal subject Lung cancer

NC-4 67 Male Neurologically normal subject Dissecting aortic aneurysm

Cl1 47 Male Acute cerebral infarction Sepsis

Cl-2 84 Male Acute cerebral infarction Disseminated intravascular
coagulation

Cl-3 62 Male Old cerebral infarction Pancreatic cancer

-4 56 Male Old cerebral infarction Myocardial infarction

AD-1 59 Male Alzheimer's disease Pneumonia

AD-2 68 Female Alzheimer's disease Multiple organ failure

AD-3 80 Male Alzheimer's disease Pneumonia

AD-4 72 Male Alzheimer's disease Pneumonia

AD-5 77 Female Alzheimer's disease Pulmonary infarction

The present study includes four cases of multiple sclerosis (MS), one case of neuromyelitis optica (NMO), four cases of neurologically normal controls

(NC), four cases of cerebral infarction (Cl), and five cases of Alzheimer's disease (AD).
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autopsied brains of four MS patients and 14 non-MS
subjects (Table 1). All four MS cases were clinically
diagnosed as chronic progressive MS.*°

Non-MS cases included a previously reported case
of neuromyelitis optica (NMO),** four neurologically
normal control (NC) subjects, four patients with
cerebral infarction (CI) and five patients with Alz-
heimer’s disease (AD). All AD cases were satisfied
with the Consortium to Establish a Registry for Alz-
heimer’s Disease (CERAD) criteria for diagnosis of
definite AD, and were categorized into the stage C of
amyloid deposition and the stage VI of neurofibril-
lary degeneration, following the Braak staging sys-
tem, as described previously.*?

Autopsies were carried out at the National Center
Hospital, National Center of Neurology and Psychia-
try (NCNP), Kohnodai Hospital, National Center for
Global Health and Medicine (NCGM), or the Nishit-
aga National Hospital. Comprehensive examination
by four established neuropathologists (KA, YS, TI,
HK) validated the pathological diagnosis. Written
informed consent was obtained from all the cases.
The Ethics Committee of the corresponding institu-
tions approved the present study. The serum samples
were not available from any of these cases.

Human astrocytes in culture

Cultured human astrocytes (AS) were established from
primary cultures of neuronal progenitor (NP) cells iso-
lated from human fetal brains (Cambrex, Walkersville,
MD, USA), as described previously.>> NP cell cultures
were maintained in Dulbecco’s modified Eagle’s med-
ium (DMEM)/E-12 medium (Invitrogen, Carlsbad,
CA, USA) supplemented with an insulin-transferrin-
selenium (ITS) supplement (Invitrogen), 20 ng/mL
recombinant human epidermal growth factor (EGF)
(Higeta, Tokyo, Japan), 20 ng/mL recombinant
human basic fibroblast growth factor (bFGF) (Pepro-
Tech, London, UK) and 10 ng/mL recombinant
human leukemia inhibitory factor (LIF) (Millipore,
Temecula, CA, USA). For the induction of astrocyte
differentiation, NP cells were incubated for several
weeks in DMEM (Invitrogen) supplemented with
10% fetal bovine serum (FBS), 100 U/mL penicillin
and 100 pg/mL streptomycin (feeding medium). The
purity of astrocytes exceeded 98% by glial fibrillary
acidic protein (GFAP) immunolabeling.?> In some
experiments, human astrocytes were incubated in the
feeding medium supplemented with 50 ng/mL recom-
binant human transforming growth factor-f1 (TGF-
B1), tumor necrosis factor-o. (TNF-01) or interleukin-1
(IL-1B) (all from PeproTech).

© 2013 Japanese Society for Neuroimmunology
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Immunohistochemistry and immunocytochemistry

After deparaffination, tissue sections were heated in
10 mmol/L citrate sodium buffer, pH 6.0 by autoclave
at 110°C for 15 min in a temperature-controlled pres-
sure chamber (Biocare Medical, Concord, CA, USA).
They were treated at room temperature (RT) for
15 min with 3% hydrogen peroxide-containing
methanol to block the endogenous peroxidase activ-
ity. The tissue sections were then incubated with
phosphate-buffered saline (PBS) containing 10% nor-
mal goat serum at RT for 15 min to block non-specific
staining. They were incubated in a moist chamber at
4°C overnight with a rabbit antibody against the
C-terminal peptide of Kir4.1, whose sequence is con-
served among the human, mouse and rat (1:2000;
APC-035; Alomone Labs, Jerusalem, Israel), a rabbit
antibody against the C-terminal peptide of human
AQP4 (1:1000; sc-20812; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) or a rabbit anti-GFAP antibody
(prediluted; N1506; Dako, Tokyo, Japan). After
washing with PBS, the tissue sections were labeled at
RT for 30 min with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Nichirei, Tokyo,
Japan), followed by incubation with diaminobenzi-
dine tetrahydrochloride (DAB) substrate (Vector,
Burlingame, CA, USA). They were processed for a
counterstain with hematoxylin. For negative con-
trols, tissue sections were incubated with the Kir4.1
antibody (APC-035) preabsorbed with the specific
peptide (Almone Labs). Non-astroglial cell types were
identified by immunolabelling with cell type-specific
antibodies.”*

For double labeling, tissue sections and human as-
trocytes on glass slides were initially stained with a
mixture of Kir4.1 antibody (APC-035) and a mouse
monoclonal anti-GFAP antibody (GA5; Nichirei).
They were then incubated with a mixture of Alexa
Fluor 488-conjugated anti-rabbit IgG and Alexa
Fluor 568-conjugated anti-mouse IgG (Invitrogen),
followed by nuclear staining with 6'-diamidino-2-
phenylindole (DAPIL Invitrogen). They were exam-
ined under the Olympus BX51 fluorescent micro-
scope. Negative controls were processed following all
the steps except for exposure to primary antibody.

Reverse transcription polymerase chain reaction
analysis

DNase-treated total cellular RNA was processed for
cDNA synthesis using oligo(dT);,.;s primers and
SuperScript II reverse transcriptase (Invitrogen).
Then, ¢cDNA was amplified by polymerase chain
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reaction (PCR) using HotStar Taq DNA polymerase
(Qiagen, Valencia, CA, USA), and a panel of sense
and antisense primer sets following: 5'gttgtgaaagt
ggectetectagt3’ and 5'tcagacattgetgatgegeacact3’ for a
144 bp product of Kir4.1; S5'cctcgctggtggectttatgagta3’
and 5'gtctttccecttcettetectetec3’ for a 218 bp product of
AQP4; and 5’ccatgttcgtcatgggtgtgaacca3’ and 5'gccag-
tagaggcagggatgatgttc3’ for a 251 bp product of the
glyceraldehyde-3-phosphate dehydrogenase (G3PDH)
gene, serving as an internal control. The amplification
program consisted of an initial denaturing step at
95°C for 15 min, followed by a denaturing step at
94°C for 1 min, an annealing step at 60°C for 40 s and
an extension step at 72.9°C for 50 s for 35 cycles,
except for G3PDH amplified for 28 cycles. For the
positive control, total RNA of the human frontal cere-
bral cortex (Clontech, Mountain View, CA, USA) was
processed in parallel for reverse transcription poly-
merase chain reaction (RT-PCR).

For quantitative RT-PCR (qPCR), cDNA was
amplified by PCR in LightCycler ST300 (Roche Diag-
nostics, Tokyo, Japan) using SYBR Green I, and the
set of sense and antisense primers described earlier.
The expression levels of target genes were standard-
ized against the levels of G3PDH detected in the cor-
responding c¢DNA samples. All the assays were
carried out in triplicate.

Transient expression of Kir4.1 and AQP4 in HEK293 cells

Open reading frames (ORF) of the human KCNJ10
gene encoding Kir4.1 (GenBank NM_002241) and
the human AQP4 gene (GenBank NM_001650) were
amplified by PCR using PfuTurbo DNA polymerase
(Stratagene, La Jolla, CA, USA), and sense and anti-
sense primer sets following: 5'acgtcagttgccaaggtgtat-
tac3’ and 5'tcagacattgctgatgcgcacact3’ for KCNJ10
and 5'agtgacagacccacagcaaggcgg3’ and 5'tcatactgaaga-
caatacctctcc3’ for AQP4. Then, they were cloned in
an expression vector named pcDNA4/HisMax-TOPO
(Invitrogen). Then, the vectors were transfected into
HEK293 cells by using Lipofectamine 2000 reagent
(Invitrogen). At 24 h after transfection, the cells
were processed for western blot analysis.

Western blot analysis

To prepare total protein extract, the cells were
homogenized in a non-denaturing lysis buffer com-
posed of 20 mmol/L Tris-HCl, pH 8.0, 137 mmol/L
NaCl, 1% Nonidet P40, 2 mmol/L ethylenediamine-
tetraacetic acid, and a cocktail of protease inhibitors,
followed by centrifugation at 13200 g for 5 min
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at RT. The supernatant was separated on a 12%
sodium dodecylsulfate-polyacrylamide gel electro-
phoresis gel. After gel electrophoresis, the protein
was transferred onto nitrocellulose membranes, and
immunolabeled at RT overnight with anti-Kir4.1
antibody (APC-035) or anti-AQP4 antibody (sc-
20812). Then, the membranes were incubated at RT
for 30 min with HRP-conjugated secondary antibod-
ies (Santa Cruz Biotechnology). The specific reaction
was visualized by using a chemiluminescent sub-
strate (Pierce, Rockford, IL, USA). After the antibod-
ies were stripped by incubating the membranes at
50°C for 30 min in a stripping buffer composed of
62.5 mmol/L Tris-HCl, pH 6.7, 2% sodium dodecyl-
sulfate and 100 mmol/L. 2-mercaptoethanol, the
membranes were relabeled with a goat anti-heat
shock protein HSP60 antibody (sc-1052; Santa Cruz
Biotechnology), serving as an internal control for
protein loading, or a mouse anti-Xpress antibody
(R91025,; Invitrogen).

Results

Reactive astrocytes expressed Kir4.1 in chronic active
demyelinating lesions of multiple sclerosis brains

First, to verify the specificity of anti-Kir4.1 antibody
(APC-035), the ORF of either the human KCNJ10
gene or the human AQP4 gene cloned in the expres-
sion vector was expressed transiently as an Xpress-
tagged protein in HEK293 cells. APC-035 reacted
specifically with the recombinant Kir4.1 protein, but
not with the AQP4 protein (Fig. la, lanes 1-3),
whereas anti-AQP4 antibody (sc-20812) reacted with
the recombinant AQP4 protein, but not with the
Kir4.1 protein (Fig. 1b, lanes 1-3), validating the
specificity of these antibodies.

Next, the expression of Kir4.1 was studied in brain
tissue sections of four MS and 11 non-MS cases by
immunohistochemistry using APC-035. In the brains
of neurologically normal control (NC) subjects, an
intense Kir4.l immunoreactivity was identified
chiefly in the vascular walls, in addition to the cho-
roid plexus, the ependymal lining and the pial base-
ment membrane (Fig. 2a). In NC brains, Kir4.1
immunoreactivity was almost absent in the capillar-
ies, whereas vascular smooth muscle cells of larger
vessels showed an intense immunoreactivity for
Kir4.1.

In chronic active demyelinating lesions of MS,
GFAP-positive reactive astrocytes expressed a very
intense Kir4.1 immunoreactivity, whereas infiltrat-
ing myelin-phagocytosing macrophages, reactive
microglia and surviving oligodendrocytes did not

© 2013 Japanese Society for Neuroimmunology
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Figure 1 Validation of the specificity of anti-Kir4.1 antibody. The full-
length protein of Kir4.1 or AQP4 fused with an Xpress tag was
expressed in HEK293 cells, and the cellular protein extract was pro-
cessed for western blot. (a) Kir4.1, (b) AQP4, (c) Xpress and (d) Hsp60,
an internal control for protein loading. Lanes 1-3 indicate 15 pg of pro-
tein isolated from (1) non-transfected cells, (2) Kird.1 expression vector-
transfected cells and (3) AQP4 expression vector-transfected cells. The
position of molecular weight size markers is shown on the left.

express Kir4.1 (Fig. 3a—e). Double labeling validated
coexpression of Kir4.1 and GFAP in reactive astro-
cytes accumulated in active MS lesions (Fig. 4a—c).
Reactive astrocytes in chronic active lesions of MS
also coexpressed AQP4 (Fig. 3d-f). In contrast, in
inactive MS lesions without accumulation of macro-
phages, Kir4.1 immunoreactivity on astrocytes was
fairly weak or often absent. However, glial scar-
forming astrocytes surrounding active demyelinating
lesions and the glial scar were often intensely
labeled with APC-035 (Fig. 3g). In contrast, Kir4.1
immunolabeling was totally absorbed by preincuba-
tion of APC-035 with the specific peptide (Fig. 3h).
Notably, numerous hypertrophic reactive astrocytes
accumulated in active lesion edges of NMO brains
expressed an intense Kir4.1 immunoreactivity
(Fig. 3i).

© 2013 Japanese Society for Neuroimmunology
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Reactive astrocytes expressed Kir4.1 in ischemic lesions
and Alzheimer's disease brains

Reactive astrocytes accumulated in ischemic lesion
edges, and the penumbra of acute and chronic cere-
bral infarction also expressed an intense Kir4.1
immunoreactivity, whereas foamy macrophages,
reactive microglia and surviving oligodendrocytes
did not express Kir4.1 (Fig. 2b,c). In neurodegenera-
tive lesions of AD brains, reactive astrocytes, some
neurons, the neuropil, the vascular walls and capil-
laries expressed Kir4.1 immunoreactivity at variable
intensities (Fig. 2d—f). Notably, a subset (less than
5%) of amyloid plaques and perivascular deposits of
amyloid were labeled with APC-035 (Fig. 2d,f).

Cultured human astrocytes constitutively expressed
Kir4.1

Finally, we studied the expression of Kir4.1 in cul-
tured human AS. By RT-PCR, we identified mRNA
expression of Kir4.1 and AQP4 in both AS and NP
cells, in addition to human brain tissues (Fig. 5a,b,
lanes 1, 3 and 4). The levels of G3PDH, an internal
control, were almost constant in the cells and tissues
examined, whereas no products were amplified
when the reverse transcription step was omitted
(Fig. 5¢, lanes 1-4). GFAP-immunoreactive AS
intensely expressed Kir4.1 chiefly located on the cell
surface by double-labeling immunocytochemistry
(Fig. 4d-f). Next, we quantitatively studied Kir4.1
and AQP4 mRNA levels in AS after exposure to
TNF-0, IL-1f or TGF-B1. The levels of expression of
Kir4.1 and AQP4 were not altered in AS exposed to
TNF-o0 or IL-1B (Fig. 5d,e) Although a trend for
upregulation of Kir4.1 and downregulation of AQP4
was found in AS after exposure to TGF-BI, these
alterations did not reach statistical significance. How-
ever, AS exposed to TGF-B1 showed a 1.49-fold
increase in Kir4.1 protein levels by western blot,
suggesting that TGF-B1 acts as a potential inducer of
Kir4.1 expression in AS (Fig. 5f,g, lane 8).

Discussion

Kird.1, an inward rectifying potassium channel
expressed in renal epithelial cells, inner ear cells and
glial cells in the CNS regulates the spatial buffering
of extracellular potassium pivotal for glial function
and neuronal excitability."*?° Recently, IgG auto-
antibodies directed to Kir4.1, binding to the first
extracellular loop of Kir4.1, were detected in the
serum derived from approximately half of MS and
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Figure 2 Kird.1 expression in non-multiple sclerosis brains. The brain tissue sections of neurologically normal controls (NC), cerebral infarction (Cl) and
Alzheimer's disease (AD) were processed for immunohistochemistry with anti-Kir4.1 antibody. (a) NC, the temporal cortex, the vascular walls express
Kira.1. (b) Acute Cl, the parietal cortex, Kir4.1-negative foamy macrophages on the left and Kir4.1-positive reactive astrocytes on the right. (c) Acute Cl,
the parietal white matter penumbra. (d) AD, the frontal cortex, Kird.1-positive amyloid plaques (arrows). (e} AD, the frontal cortex, some neurons
express Kird.1. (f) AD, the frontal cortex, perivascular deposits of amyloid express Kir4.1.

CIS patients, although their pathogenic roles remain
unknown.'® The present study, by using immuno-
histochemistry, showed that reactive astrocytes
express Kir4.1 in active demyelinating lesions of MS,
active lesion edges of NMO, ischemic lesion edges of
cerebral infarction and neurodegenerative lesions of
AD. In contrast, infiltrating macrophages, activated
microglia and surviving oligodendrocytes do not
express Kird.1. Thus, these observations show that
Kir4.1 expression is not lost in active lesions of MS.
We found that cultured human AS express Kir4.1,
and the levels of Kir4.1 on AS are not altered by
exposure to pro-inflammatory cytokines, TNF-o and
IL-1B, but upregulated modestly by TGF-B1, one of
the gliosis-inducing cytokines.?® In the mainstream
of post-receptor signaling pathways, TGF-B1 utilizes
SMAD proteins as a central signal transducer,
whereas both TNF-o and IL-1f activate nuclear fac-
tor-kB (NF-kB), being responsible for the differential
effects of these cytokines. In contrast to the present
results, a recent study showed that IL-1P reduces
Kir4.1 expression in cultured human AS isolated
from a mixture of aborted fetal brains.?” The appar-
ent inconsistency is attributable to differences in cul-
tured cells utilized. We found that reactive astrocytes
accumulated in active MS lesions coexpress Kir4.l
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and AQP4. A recent study showed that reactive as-
trocytes surviving in NMO brain lesions express
AQP4 located on the cells surface and in cytoplasmic
vesicles.?®

Previous studies showed that Kir4.1 is expressed
in both astrocytes and oligodendrocytes in the rat
optic nerve,® and Kir4.1 knockout mice show an
impaired ability to develop oligodendrocytes.” In
contrast to the observations on rodent models, we
did not identify Kir4.1 expression on oligodendro-
cytes existing in the white matter of MS and non-
MS brains. This discrepancy is attributable to differ-
ences in the species, regions, and the stages of devel-
opment and maturation. Supporting our
observations, a previous study showed that Kir4.1 is
expressed mainly in astrocytes surrounding synapses
and blood vessels, but undetectable in the white
matter in the adult rat brain.' In MS and non-MS
brains, we identified Kir4.l expression in vascular
smooth muscle cells of larger vessels, in addition to
vascular end-feet of astrocytes, being consistent with
a recent study carried out on Kir4.l expression in
mouse mesenteric vascular smooth muscle cells.*”

Increasing evidence indicates that Kir4.1 expres-
sion is regulated in a cell type-specific manner
dependent on cellular growth and differentiation,

© 2013 Japanese Society for Neuroimmunology
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Figure 3 Kird.1 expression in chronic active demyelinating lesions of multiple sclerosis (MS) brains. The brain tissue sections of MS and neuromyelitis
optica (NMO) were processed for immunohistochemistry with anti-Kir4.1 antibody, anti-AQP4 antibody or anti-glial fibrillary acidic protein (GFAP)
antibody. (a) Kird.1, MS, the active demyelinating lesion center in the frontal white matter. (b) Kir4.1, the higher magnification of the same area as
(a). () Kir4.1, MS, the active demyelinating lesion in the frontal white matter, perivascular foamy macrophages (arrows) do not express Kir4.1. (d) Kir4.1,
MS, the frontal subcortical white matter. (€) GFAP, the same area as (d). (f) AQP4, the same area as (d), perivascular end-feet of reactive astrocytes
express AQP4. (g) Kird.1, MS, the periventricular white matter and glial scar-forming astrocytes express Kird.1. (h) Kir4.1 absorbed by the specific
peptide, the same area as (g). (i) Kird.1, NMO, the active lesion edge in the frontal subcortical white matter and hypertrophic reactive astrocytes on

the left express Kir4.1.

and in response to stress-inducing insults. A previous
study showed that Kir4.1 channels are absent in
immature, proliferating glial cells.>® In these cells,
upregulated expression of Kir4.1 correlates with
astrocyte differentiation characterized by the estab-
lishment of a negative membrane potential and cell
growth arrest. The levels of Kir4.l expression are
elevated in human astrocytic tumors with an
increasing pathological grade.?’ Reactive gliosis
induces redistribution of Kir4.1 in Miiller cells from
end-feet to cellular fibers, accompanied by inactiva-
tion of Kir4.1 channel function in a rabbit model of
proliferative vitreoretinopathy.>* Spinal cord injury
causes a widespread loss of Kir4.1 and glutamate
transporter 1 expression on astrocytes in situ.’>’
Downregulation of Kir4.1 by RNAi in cultured rat

© 2013 Japanese Society for Neuroimmunology

astrocytes inhibits not only the potassium transfer,
but also the glutamate uptake.’ Progressive loss of
Kir4.1 is identified in the spinal cord of the SOD1-
G93A transgenic mouse model of amyotrophic
lateral sclerosis (ALS), suggesting that higher extra-
cellular concentrations of potassium and glutamate
are responsible for induction of motor neuron cell
death.**

We identified coexpression of Kir4.1 and AQP4 in
reactive astrocytes in active MS lesions, supporting a
functional interaction between Kir4.1 and AQP4 in
the regulation of potassium and water transport.>* A
previous study showed that cerebral amyloid angio-
pathy (CAA) causes a loss of expression of both
Kir4.l1 and AQP4 from the astrocyte end-feet.>
However, we found that some amyloid plaques and
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200 pm

Figure 4 Coexpression of Kird.1 and glial fibrillary acidic protein (GFAP). The (a—c) brain tissue section of active multiple sclerosis lesions and (d-f) cul-
tured human astrocytes (AS) were processed for double labeling with anti-Kird.1 antibody and anti-GFAP antibody. (a,d) Kir4.1, (b,e) GFAP and
(c.,f) merge with 6'-diamidino-2-phenylindole (DAPI) nuclear staining.
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Figure 5 Expression of Kir4.1 in cultured human astrocytes. cDNA prepared from cultured human astrocytes (AS) and neuronal progenitor (NP) cells
was processed for reverse transcription polymerase chain reaction (RT-PCR). (a) Kir4.1, (b) AQP4 and (c) G3PDH, an internal control. Lanes 1-4 indicate
(1) the human frontal cerebral cortex (CBR) with inclusion of the reverse transcription (RT) step, (2) CBR omitting the RT step, (3) AS and (4) NP cells.
AS exposed to 50 ng/mL tumor necrosis factor-o. TNF-o,, interleukin-1p (IL-1B) or transforming growth factor-p1 (TGF-B1), or untreated (CNT) were pro-
cessed for quantitative RT-PCR (qPCR) and western blot. (d) Kir4.1 and (e) AQP4 expression on gPCR in AS after a 24-h exposure. No statistically signif-
icant differences (ns) are found among the treatments by one-way anova with post-hoc Turkey's test. (f) Kir4.1 and (g) Hsp60 expression on western
blot of 15 pg of protein isolated from AS after a 48-h exposure. Kir4.1 expression levels normalized by Hsp60 levels, an internal control for protein
loading, are indicated in the panel (f). Lanes 5-8 indicate AS (5) untreated or exposed to (6) TNF-o, (7) IL-1f or (8) TGF-B1.

perivascular amyloid deposits moderately express caused by hypotonic osmotic stress, suggesting a pro-
Kir4.1. Importantly, Kir4.1 prevents swelling of tective role of Kir4.1 expressed on astrocyte end-feet
astroglial processes in experimental spinal cord edema against aberrant water transport.>®
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At present, the precise mechanisms remain
unknown as to how MS patients generate autoanti-
bodies against KiR4.1, and how these antibodies
induce pathogenic effects on demyelinated axons
through defective transport of potassium, glutamate
and water. Because astrocyte damage, called astro-
cytopathy, occurs not only in NMO lesions, but also
in a subtype of active MS lesions,?” we could put
forward a possible scenario that Kir4.l-expressing
reactive astrocytes damaged in active and aggressive
MS lesions serve as a continuous source of immuno-
gens, leading to sensitization of autoreactive lym-
phocytes in MS.
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ChIP-Séq; st Background: The transcription factor nuclear factor-kappa B (NF-xB) acts as a central
GenomelJack; © . 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
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autoimmune diseases. We attempted to characterize a global picture of the NF-kB target gene
network relevant to the immunopathogenesis of multiple sclerosis (MS).

Methods: We identified the comprehensive set of 918 NF-kB 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 Genomedack 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-kB 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 pé5 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.

© 2013 Elsevier B.V. All rights reserved.
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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-xB2 (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 kB 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-xB 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-xB (IkB) proteins, such as IkBa, 1kBf, 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 IKKa and
IKKB and a regulatory subunit called NF-xB essential mod-
ulator (NEMO). IxB proteins, when phosphorylated by the
IKK complex, are ubiquitinated, and processed for 26S
proteasome-mediated degradation, resulting in nuclear trans-
location of NF-kB dimers. The NF-kB 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 IkBa, 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 [KKa-
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. [t 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-xB 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-xB activation, positively
regulates the encephalitogenic potential of inflammatory
Th17 cells (Briistle 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-xB target gene network, we investigated the NF-xB
p65 ChiIP-Seq dataset of TNFa-stimulated human B lympho-
blastoid cells. The dataset was retrieved from the public

— 130 —



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. ChiIP-Seq dataset

To identify a comprehensive set of NF-xB p65-target genes, we
studied a series of ChlP-Seq data retrieved from DDBJ Sequence
Read Archive (DRA) under the accession number of SRP007993.
The ChiP-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 crosslink NF-xB-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 hg19 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 Genomeldack 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

ADAMS intron 8

: SRPO07IIBtest.sorted bam Coverage. |

MACS peak 2974

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 GenomelJack. 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

hg19] Genome Jack

ark  Amazon Help

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 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 GenomelJack
(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 ChlIP-Seqg-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,

106,141,070 - 106,162,504

Fig. 3 Location of NF-xB p65 ChIP-Seq peaks in the intergenic region. The genomic location of the peaks was determined by
GenomelJack. An example of intergenic location of a MACS peak numbered 6239 is shown (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.)

— 133 —



ChIP-Seg-based NF-xB p65 target genes relevant to MS

99

' 'Table’ 1

Top 30 ChIP-Seq- based NF'KB p65 target genes m human lymphoblastord cells
i "Chromosome Start “End FE FDR Location Gene Gene Gene name
chr10 135087960 135090808 51.95 0 Intron 101 ADAM8 - ADAM metallopeptidase domain 8
chr21 45376690 45379750 50.41 0 Intron: 56894 AGPAT3 1- acylglycerol 3- phosphate :
e L ' L e 06 am/ltransferase 3 ' -
chrd 86477139 86479329 44.42 0 Intron 83478 ARHGAPZ4 Rho GTPase actwatmg proteln 24
chré 138186536 138200020 39:23 0 Promoter = 7128 TNFAIP3  Tumor necrosis. factor, alpha mduced
: ' T ... protein3: ,
~chr19: 10496255 10498250 37.53 0. . Promoter - 7297 TYKZ2. Tyrosine. kmase 2.
- chri2 111866233 111869690 37.44 0. - Intron 10019 SH2B3 SH2B adapter protem 3
- chr4 g 103421 036 103426349 36.81:0 - Promoter 4790 NFKB1 - Nuclear factor of kappa hght polypeptlde
S el . peiiialn gene enhancer in B-cells 1 ~
~chr12 . +.121997680 121999150 35.14 0 - Intron 84678 KDM2B Lysine' (K)-specific demethylase 2B
- chr1 75196627 75200204 34.45 0 Intron 1429 CRYZ Crystallin, zeta (quinone reductase)
o chr1 75196627 75200204 34.45 0 = Promoter 127253 TYW3 tRNA-yW synthesizing protein-3 homolog
G e e oo (S. cerevisiae) ,
chr19 36389424 - 36392142 34:36 0 Promoter 10870 HCST - - Hematopoietic cell srgnal transducer
chr19 36389424 36392142 34.36. 0 Intron' 84807 NFKBID Nuclear factor of kappa light polypeptide
; % i A : ga% : : gene enhancer in B- cells inhibitor, delta
chr1é 10914391 10916414 33.92 0 Promoter 780776 FAM18A Family with sequence s1m1lar1ty 18,
s A w g i = " member A :
chr7 155607589 155608757 32.79. 0 Promoter 6469 SHH Sonic hedgehog: homolog (Drosophrla)
chrt 37938865 37946222 32.09 0 Intron 80149 ZC3H12A  Zinc finger CCCH-type containing 12A
chr17 75429437 75430665 32.06 0 Intron: 10801 SEPT9 Septin 9
chr5~ 150456868 150463839 31.6 0 5'UTR. 10318 TNIP1 TNFAIP3 mteractmg protein 1
chrY E 1396361 = 1397638 31.44 0 Prornoter 3563 IL3RA Interleukin 3 receptor, alpha (low afﬁmty)
chr17. 1376790 - 1378860 31.19 0 Exon 4641 MYO1C  Myosin IC :
chr1é 3012819 3014867 30.98. 0 Promoter 79412 KREMEN2 Krmgle contalmng transmembrane protern
chr1é 3012819 3014867 30.98 0 - Promoter 124222 PAQR4 ‘Progestm and adrpoQ receptor family.
~ . . ~ ~ memberiv
chr22 50448174 50450362 30.14 0 Intron 400935 IL17REL lnterleukm 17 receptor E- l1ke
chr19’ 45503851 45505730 30° 0  Promoter 5971 RELB v-rel retrculoendothelrosrs viral oncogene
e - . homolog B - .
chr3 52344355 52345830 29.9 -0 Promoter 25981 DNAH1 Dynein, axonemal heavy chain 1
chr10 104153066 104156567 29.62 0  Promoter 4791 NFKB2  Nuclear factor of kappa light polypeptide
: : o gene enhancer in B-cells 2 (P49/p100)
chr17. 61772029 ‘61,780506 29.54 0 Intron 80774 LIMD2 LIM domam contammg 2
chr14 35868073 35876918 29.08 0 Promoter 4792 NFKBIA _ Nuclear factor of kappa llght polypeptide
o - s . : gene enhancer in B- cells mhlbltor, alpha
chr9 140130602 140131876 28.81 0 Promoter 10383. TUBB4B. Tubulm beta 2C :
chr15 31803605 31804982 27.48 0 Intron 161725 OTUD7A  OTU domain contalmng 7A
chr7 44791813 27 47’ 0 Intron 83637 ZMIZ2 Zinc ﬁnger MIZ-type containing 2

44787088

From the NF- kB p65 ChIP Seq dataset numbered SRPOO7993 we 1dentrﬁed 918 stringent peaks on proteln codmg genes exhibiting false
dlscovery rate (FDR) <0.1% and fold enrichment (FE) >10 Top 30 genes based on FE are listed w1th the chromosome; the position
(start, end), FE, FDR, the location (promoter, 5'UTR, exon, intron, 3’ UTR), Entrez gene ID, gene symbol and gene name. Known
NF-xB 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-xB 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%),

5UTR (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 p65 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/THC/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 GenomelJack (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 ChIP-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” (G0O: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-Seg-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-Seq-based NF-xB 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” (P00010; p=0.00326), “Toll receptor signaling pathway”
(P00054; p=0.0058), “T-cell activation” (P0O0053; 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-Seg-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-xB p65 target genes.

4.3. ChlIP-Seqg-based NF-kB p65 target genes
corresponding to MS risk alleles and MS lesion-
specific proteins

Finally, we studied the relevance of ChIP-Seg-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 ChlP-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-Seq-based NF-xB p65
target genes. Totally, 49 MS lesion-specific proteins (6.2%)
were classified into ChIP-Seq-based NF-xB pé5 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-kB 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-xB-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 ChlP-
Seg-based NF-xB p65 target genes by using four different
pathway analysis tools of bicinformatics. KEGG, PANTHER,
and IPA consistently showed that the molecular network has
significant relationship with regulation of immune functions
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